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Abstract

Recently diverged species present particularly informative systems for studying speciation and
maintenance of genetic divergence in the face of gene flow. We investigated speciation in two
closely related Senecio species, S. aethnensis and S. chrysanthemifolius, which grow at high
and low elevations, respectively, on Mount Etna, Sicily and form a hybrid zone at intermediate
elevations. We used a newly generated genome-wide single nucleotide polymorphism (SNP)
dataset from 192 individuals collected over 18 localities along an elevational gradient to
reconstruct the likely history of speciation, identify highly differentiated SNPs, and estimate
the strength of divergent selection. We found that speciation in this system involved
heterogeneous and bidirectional gene flow along the genome, and species experienced
marked population size changes in the past. Furthermore, we identified highly-differentiated
SNPs between the species, some of which are located in genes potentially involved in
ecological differences between species (such as photosynthesis and UV response). We
analysed the shape of these SNPs’ allele frequency clines along the elevational gradient. These
clines show significantly variable coincidence and concordance, indicative of the presence of
multifarious selective forces. Selection against hybrids is estimated to be very strong (0.16 —
0.78) and one of the highest reported in literature. The combination of strong cumulative
selection across the genome and previously identified intrinsic incompatibilities likely work
together to maintain the genetic and phenotypic differentiation between these species —
pointing to the importance of considering both intrinsic and extrinsic factors when studying
divergence and speciation.

Keywords

speciation, gene flow, selection, adaptation, hybrid zone
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Introduction

Defining what constitutes a species and understanding how new species form are central
questions in evolutionary biology. The idea that speciation is driven by adaptation to distinct
environmental conditions has a long history going back to Darwin’s concept of new species
formation by means of natural selection. Although natural selection is the main driver of
evolutionary changes, its role in creating barriers to gene flow is not well understood.
Adaptation to distinct environments (divergent selection) may lead to differentiation in loci
responsible for adaptation or even fixation of different alleles in isolated populations. This can
generate a mosaic with different genomic regions having different extents of gene flow, and
consequently, genetic divergence (Feder, Egan, & Nosil, 2012; Mallet, 2005; Teeter et al., 2008;
Wu, 2001). This effect allows evolutionary biologists to study genetic and phenotypic
differences between species in relation to environmental or ecological change, and in areas
where populations meet, such as hybrid zones. Hybrid zones, and more generally systems in
which reproductive isolation is incomplete, are powerful tools for this purpose. This is because
the basis of reproductive isolation and recombinants can be more easily detected in these
systems without being obscured by post-speciation divergence.

Genetic and phenotypic trait differences between species or populations can be
tracked along geographical clines. Parameters of clines are informative about the strength of
selection and dispersal rate (Barton & Gale, 1993; Barton & Hewitt, 1985; Szymura & Barton,
1986; 1991), while cline coincidence and concordance inform us about selective pressures in
the hybrid zone. For instance, both coincidence and concordance could suggest they are
influenced by their respective gradients (whether identical or different) in a similar way

(Barton & Gale, 1993; Kruuk et al., 1999; Young, 1996); whereas discordant clines could
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suggest the presence of several external selective pressures (Durrett, Buttel, & Harrison, 2000).
Tracking the change in allele frequency or trait values along the clines allow us to evaluate the
nature, magnitude and relative importance of selection in shaping the hybrid zone, thus
enable a deeper understanding of microevolutionary bases of local adaptation and
reproductive isolation. Several studies have estimated the strength of selection in different
systems (Table 1), with estimated selection coefficient ranging from as low as 0.0017 to over
0.7. Surprisingly, although interspecific hybridisation is common in plants, there is a lack of
selection estimates for plant hybrid zones [e.g. Antonovics & Bradshaw, 1970 (this study
estimated selection using a different method comapred to the one in our study); Brennan et
al., 2009]. Our study aims to fill this gap, providing a detailed analysis of selection maintaining
an altitudinal hybrid zone in Senecio on Mount Etna, Sicily.

It is thought that the chance of local adaptation leading to speciation can be increased
by either strong selection on a single trait or selection on a larger number of traits (stronger
selection and multifarious selection hypotheses; Nosil, Harmon, & Seehausen, 2009).
Although speciation with one or few traits have been well characterised, an increasing number
of cases are reporting the presence of multifarious selection in different systems. For example,
selection by both breeding pool acidity and predators in frogs (Rana arvalis; Egea-Serrano,
Hangartner, Laurila, & Rasdnen, 2014), selection on female oviposition preference and
diapause initiation in butterflies (Lycaeides sp.; Gompert et al., 2013), selection on various
diapause life-history traits in flies (Rhagoletis sp.; Daroski & Feder, 2007), and selection on
floral colour and other ecophysiological traits in monkeyflowers (Mimulus aurantiacus; Sobel
et al., 2019; Stankowski et al., 2017). In cases where there is multifarious selection, although

selection on each trait might not be strong enough to cause speciation on its own, it is the
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cumulative effect of many selective agents that leads to strong reproductive isolation and
divergence overall; genetic hitchhiking leading to correlated response of many genes could
also be effective in driving divergence in the multifarious selection scenario (Nosil et al., 2009).

In this study, we created clines for several genetic and phenotypic markers, and
estimated the strength of selection against hybrids in an altitudinal hybrid zone in two Senecio
(Asteraceae) species on Mount Etna, Sicily. We also reconstructed the history of their
speciation and describe the interplay among demography, gene flow and selection in this
system. The two study species, Senecio aethnensis and Senecio chrysanthemifolius, maintain
a hybrid zone at their intermediate elevations at around 1,000 — 2,000m (Chapman, Forbes, &
Abbott, 2005; James & Abbott, 2005), where they exhibit a range of intermediate phenotypes
between the two species (Brennan, Bridle, Wang, Hiscock, & Abbott, 2009; James & Abbott,
2005). S. aethnensis and S. chrysanthemifolius’ habitats show contrasting environmental
conditions, both elevation- and ecology-related, such as temperature, solar radiation, and
water availability (James & Abbott, 2005; Koérner, 2007; Ross, 2010). Their divergence was
estimated to have occurred less than 200,000 years ago, coinciding with the rise of Mount
Etna to elevations above 2,000 m due to volcanic activity (Chapman, Hiscock, & Filatov, 2013;
Muir, Osborne, Sarasa, Hiscock, & Filatov, 2013; Osborne, Batstone, Hiscock, & Filatov, 2013).
Typical S. aethnensis occurs above 2000 m whereas typical S. chrysanthemifolius occurs below
1000 m (Brennan et al., 2009; Muir et al., 2013). Both species are short-lived, obligately
outcrossing perennials pollinated by generalist insects and bear wind-dispersed fruits; they
can be distinguished by several morphological and physiological characters, such as degree of
leaf dissection, size of capitula and florets, and flowering time (Brennan et al., 2009; James &

Abbott, 2005). The two species produce fertile hybrids (Chapman et al., 2005), but significant
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hybrid breakdown in F; hybrids (Chapman, Hiscock, & Filatov, 2016), and evidence of genetic
incompatibilities (Brennan, Hiscock, & Abbott, 2014; 2016; 2019; Chapman et al., 2016)
suggests the two are distinct species that have evolved substantial reproductive isolation.
Previous demographic studies in this system (Filatov, Osborne, & Papadopulos, 2016;
Chapman et al., 2013; Muir et al., 2013; Osborne et al., 2013) have shown the presence of low
on-going gene flow between the species. It was also demonstrated that an allopatric phase
during divergence of the two Senecio species is unlikely (Filatov et al., 2016). Other studies
have identified differentially expressed genes (Chapman et al., 2013); investigated geographic
clines in the Etnean Senecio system using phenotypic data, allozymes and simple sequence
repeats, and estimated moderate selection against hybrids (0.02 - 0.41; Brennan et al., 2009);
and mapped hybrid breakdown to several quantitative trait loci (Chapman et al., 2016).
However, these studies have not directly tested for other demographic parameters (such as
heterogeneous gene flow and population size change), patterns of gene flow within the hybrid
zone, and the extent of divergent selection. In our study, we addressed these issues
specifically using finer scale sampling throughout the geographical cline on the southern side
of Mount Etna, combined with analysis of leaf morphology and genetic diversity based on
reduced-representation genomic data (“nextRAD”; Russello, Waterhouse, Etter, & Johnson,
2015). We hypothesize that: 1) as reproductive isolation is incomplete, the two species would
show demographic features of recent speciation with gene flow, such as heterogenous gene
flow; 2) the system is under multifarious selection thus there would be many genetic markers
under various strengths of divergent selection; and 3) there is strong cumulative selection
against hybrids to maintain species divergence despite on-going gene flow. To test these

hypotheses, we: 1) reconstructed the likely speciation scenario in this system, specifically
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including hybrid groups and demographic models comprising parameters previously
unexplored; 2) identified potential genomic targets of divergent selection and carried out cline
analysis on them; and 3) estimated the strength of selection in the hybrid zone. These analyses
allowed us to infer the patterns of gene flow in different parts of the hybrid zone and the
extent of selection that is responsible for the maintenance of species identity and build-up of

species divergence despite on-going interspecific gene flow.

Materials and Methods

Sampling

To infer the extent of genome-wide divergence between S. aethnensis and S.
chrysanthemifolius, and the potential selective pressures acting on this system, we generated
and analysed data comprising reduced-representation nextRAD sequences (Russello et al.,
2015) and leaf dissection measurements. The same individuals were used in generating both
datasets. A total of 192 individuals from 18 localities were sampled over an elevational
gradient from 585 m to 2,645 m on a transect on the southern side of Mount Etna. These
include six typical S. aethnensis (above 2,000 m) localities, three typical S. chrysanthemifolius
(below 1,000 m) localities and nine hybrid localities (Fig. 1d); nine to 14 individuals were
sampled from each locality (Table S1). Leaf material was collected and dried in silica gel for
DNA extractions; while fresh leaves were collected from each individual on site and

photographed on top of gridded paper for measurements.

nextRAD sequencing



152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

In the nextRAD dataset, the two highest and lowest elevation localities were previously used
in a demographic study (Filatov et al., 2016), while the remaining 14 localities are new
additions to the dataset. Genomic DNA was extracted from dried leaves using a modified CTAB
protocol (Doyle & Doyle, 1987) and purified with QIAGEN DNeasy mini-spin columns. DNA was
then sent to SNPsaurus (Oregon, USA), who prepared nextRAD sequencing libraries and
carried out 150b single-end lllumina sequencing. This approach is similar to RAD-seq, but uses

degenerate primers instead of restriction enzymes.

Analyses of raw reads, genetic diversity and structure in nextRAD dataset

Raw reads from nextRAD sequencing were processed using STACKS v1.34 (Catchen, Amores,
Hohenlohe, Cresko, & Postlethwait, 2011). The process_radtags function was used to remove
any reads that contained uncalled bases and other low-quality reads. The denovo_map.pl
script was then used to create a de novo catalogue of loci and genotype reads. A minimum
stack depth (option -m) of 15, maximum number of mismatches between loci of the same
individual (option -M) of two, and maximum number of mismatches between loci in the
catalogue (option -n) of two were allowed in making the de novo catalogue. The populations
function was used to call SNPs from the samples, calculate genetic diversity statistics (number
of private alleles, percentage of polymorphic loci, observed heterozygosity, expected
heterozygosity, nucleotide diversity, inbreeding coefficient, and pairwise Fst), and create
genotype input files for further analyses using other software packages. SNPs with 50% or less
missing data were retained for subsequent analyses. Isolation by distance was assessed using
pairwise genetic distance [Fst/(1-Fst)] and difference in elevation or geographic distance

between locality pairs, with Mantel test, all carried out in /BD v1.52 (Bohonak, 2002). Analysis
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of molecular variance (AMOVA), using only localities involved in demographic modelling, was
carried out to test that polymorphism is mostly within species or hybrid groups instead of
among individual localities (see demographic modelling section below for details on grouping).
To assess the genetic clustering within the dataset, we carried out a principal component
analysis (PCA) with the R package ade4 (Bougeard, 2018; Chessel, Dufour, & Thioulouse, 2004;
Dray, Dufour, & Chessel, 2007; Dray & Dufour, 2007) and factoextra (Alboukadel & Fabian,
2017). Missing data in PCA were replaced with mean allele frequencies. We also used
STRUCTURE (Pritchard, Stephens, & Donnelly, 2000) to analyse the clustering of samples. In
this analysis, the admixture model was used and the data was run for K = 2 to 18, with 10
iterations for each K. 200,000 generations of burn-in was performed, with 100,000
generations retained. The value for K was then determined using the ad hoc statistic AK
(Evanno, Regnaut, & Goudet, 2005) calculated with Structure Harvester v0.6.94 (Earl &

vonHoldt, 2012).

Demographic modelling using nextRAD data

To explore the demographic history of the two Senecio species and their hybrids and visualise
the two-dimensional site frequency spectra (2D-SFS), we investigated 14 demographic models
(Fig. S2) using Poisson random field-based demography inference framework implemented in
the dadi package (Gutenkunst, Hernandez, Williamson, & Bustamante, 2009). For this analysis,
localities were pooled to represent each of the typical species localities and hybrid localities
at the top and bottom of the hybrid zone (inferred from STRUCTURE plot): localities 1 to 3
(585 — 910 m) were pooled to represent typical S. chrysanthemifolius (C); localities 7 to 9

(1,310 — 1,515 m) were pooled to represent low-elevation hybrids (LH); localities 12 to 14
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(1,880 — 2,090 m) were pooled to represent high-elevation hybrids (HH); localities 16 to 18
(2,386 — 2,645 m) were pooled to represent typical S. aethnensis (A). This pooling strategy was
necessary to increase the number of samples in each group. To avoid artificially inflating gene
flow between groups through pooling localities, AMOVA was carried out to test that
polymorphism is mostly within these groupings instead of among individual localities.
Moreover, a test run using only one locality of each typical species (locality 1 and 18) were
consistent with those from pooled localities. Since no outgroup data was available, folded site
frequency spectra (SFS) were generated for each group using the python script easySFS.py

(accessed from https://github.com/isaacovercast/easySFS). Following recommendations in

the dadi manual, each group’s sample size was projected down to 10 to 14 alleles (i.e. SNPs
with less than these numbers of alleles scored will be removed, and those with more were
subsampled to these numbers) to deal with missing data across individuals. SFS of the species
pair was first analysed under 14 models of isolation with migration and secondary contact (Fig.
S2), which were published previously (Tine et al., 2014; Filatov et al., 2016; Nevado, Contreras-
Ortiz, Hughes, & Filatov, 2018) or modified from them. These models vary in complexity (see
detailed flow chart in Fig. S2), with the simplest one (split) having no population size change
and no migration between populations since splitting; to more complex models that allow
migration rate in one direction only (e.g. IM1, IM2), same migration rate for both directions
(e.g. split_mig, IM2M_1), different migration rates in each direction (e.g. SC, IM, IMpre),
different migration rates at different times (e.g. SplitExpMig, eSplitExpMig) or at different
parts of genome (e.g. IM2M) and population size fluctuations (e.g. eSplitExpMig, IM, IMpre,
IM2M). Several models are used in this study to test conditions that were not explored before,

such as unidirectional gene flow (IM1, IM2), heterogeneous gene flow (IM2M), and a
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secondary contact scenario with population size change (eSC, SC_IM2M). Since the models
IM2M (heterogeneous gene flow since divergence) and SC_IM2M (period of no gene flow
followed by heterogeneous gene flow after secondary contact) both have high likelihoods, a
more complex model comprising features of both, IM2M_AL SC, was included. This model
assumes speciation with heterogeneous gene flow, followed by a period of no gene flow, then
secondary contact with heterogeneous gene flow. For all models, 10 runs were performed
initially for each data group using a wide parameter range (0 — 5 for time parameters, 0 — 10
for migration parameters, 0 — 100 for size parameters). A further set of 30 runs were then
performed using narrower parameter ranges around the optimal values identified in the initial
runs.

Since not all the models are nested, the best-fitting model was selected based on
Akaike Information Criterion (AIC). The best-fitting model was chosen based on the lowest AIC
score. Robustness of parameter estimates of the two best-fitting models was evaluated with
100 bootstrap runs, with the confidence intervals calculated as M + 1.96X (where M is the
likelihood parameter estimate and X is the standard deviation from Godambe Information
Matrix (GIM) across replicates). Likelihood ratio tests were performed for nested models to
assess which features of models were important in the demographic history of Senecio on
Mount Etna (refer to Fig. S2 for visualization of models). In particular, split_mig and split were
used to test whether migration has been important; IM and IM1 or IM2 were used to test
whether migration in only one direction would better fit the data; IM and IMpre were used to
test whether there was population size change before the split. IM2M_1 and IM2M were used

to test whether having two classes of migration rates provided significantly better fit.
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After ranking the demographic models for the pair of pure species, the best model
(IM2M) and another simpler isolation with migration model (/M) were fitted to data from five
other comparisons involving pure species and hybrids: high- and low-elevation hybrids
(HH/LH), S. chrysanthemifolius and low-elevation hybrids (C/LH), S. chrysanthemifolius and
high-elevation hybrids (C/HH), S. aethnensis and low-elevation hybrids (A/LH) and S.
aethnensis and high-elevation hybrids (A/HH). This is to determine finer scale demographic
patterns between species and hybrid localities at different elevations and to compare gene
flow in each direction over various spatial separation. These two models have the same type
of migration parameters (heterogeneous gene flow or two unidirectional migration) as
SC_IM2M (the other highly likely model) and eSC; they are run since they have fewer

parameters than the latter two while yielding the same type of migration data.

Measurement of leaf phenotype

Leaf dissection is the most morphologically distinct character between S. aethnensis and S.
chrysanthemifolius, which have undissected and highly dissected leaves respectively. Hybrids
show gradual changes in leaf dissection along the elevation gradient, suggesting that this trait
is under divergent selection. To quantify the differences in leaf dissection between the typical
species and their hybrids, leaf area to perimeter ratio was used as a proxy for degree of
dissection (same trait used in Brennan et al., 2009; 2016). Leaf area to perimeter ratio was
calculated from leaf photographs taken at the time of collection. Four to 10 fresh leaves from
each individual were collected to control for within individual variability in leaf size. They were
photographed on top of gridded paper for measurements. Leaf areas and perimeters were

measured using the software Imagel (Schneider, Rasband, & Eliceiri, 2012). Leaf area to

12
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perimeter ratio was then calculated for each leaf and averaged across leaves for each

individual.

Identification of outlier loci in the nextRAD dataset
Fixation index Fst was calculated for each SNP across all samples using Arlequin (Excoffier,
Laval, & Schneider, 2005), and P values were adjusted for false discovery rate (Benjamini—
Hochberg procedure). Negative Fst was treated as zero. Another Bayesian-based outlier scan
was carried out using BayeScan (Foll & Gaggiotti, 2008) to estimate the probability of a SNP
being under selection. This analysis was carried out using default settings: 20 pilots runs of
5,000 iterations, followed by 50,000 burn-in iterations and 5,000 iterations using a thinning
interval of 10. Prior odds was set to 10,000. SNPs were treated as outliers if they were
significant in both analyses — markers with adjusted P value smaller than 0.05 in Arlequin and
log10PO larger than 1 (which indicates selection is 10 times more likely than neutral
differentiation at the SNP) in BayeScan.

To test if the SNPs are part of or in proximity to any functional genes, a blast search of
the loci containing the outlier SNPs was first carried out against genomic scaffolds of S.
squalidus (unpublished; S. squalidus is the hybrid species between S. aethnensis and S.
chrysanthemifolius that originated ex situ in the UK). Only non-duplicated matches with at
least 95% base pair and 90% identity matched were retained. Sequences within 10 kb from
the markers were then blasted against the non-redundant protein sequences database of
NCBI. Gene Ontology (GO) terms of top blast hit genes were identified using UniProt

(https://www.uniprot.org/).
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Cline fitting
Maximum likelihood fitting of clines was done to leaf dissection means or mean allele
frequency along the elevational gradient for the leaf area to perimeter ratio, and each of the
76 outlier markers. Elevation is used instead of geographic distance because 1) genetic
distance has a stronger correlation with difference in elevation than geographic distance (Fig.
3); 2) environmental or ecological selective pressures likely change with elevation but not
geographic distance; and 3) it allows direct comparison of cline centre and widths at particular
elevations in different studies in the system, whereas use of geographic distance would cause
confusion as different transects might start and end at different locations. Cline fitting was
carried out using the R package HZAR (Derryberry, Derryberry, Maley, & Brumfield, 2014).
Average leaf area to perimeter ratio of each locality was calculated from the values obtained
from Imagel; input allele frequencies of the nextRAD markers were obtained using STACKS.
All clines were fitted with three maximum-likelihood models: model |: pmin/pPmax Set to
observed values without fitting exponential decay curves; model Il: pmin/pmax €stimated
without fitting any decay curves; and model llI: pmin/pmax €stimated with decay curves at both
ends fitted (pmin and pmax denote the lowest and highest average allele frequency in a locality
detected for a marker, respectively). The model with the highest likelihood based on AIC
scores was chosen for each marker. Cline centre, cline width, minimum and maximum allele
frequency observed in each cline, and their two log likelihood (2InL) support limits, were
obtained using the same R package. From these measures, maximum change in allele
frequency for each marker (Ap) and cline slope (Ap/width) were calculated.

An ‘average’ cline for molecular data was fitted using STRUCTURE ancestry scores for

tests in cline coincidence (centre) and concordance (width); coincident or concordant clines
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could mean similar environmental gradient was underlying them. Centres or width of all
outlier clines and leaf dissection cline were re-fitted and fixed to those of the STRUCTURE cline.
The decrease in 2InL after fixing centre or width of each cline were tested using likelihood
ratio tests, Bonferroni corrected for multiple tests. Clines were regarded as displaced or
discordant with the STRUCTURE cline if the decrease in 2InL was significant. Likelihood profiles
for selected markers covering the observed range of cline centres and widths were also

created (following Phillips, Baird, & Moritz, 2004).

Strength of selection

A modified R script (original script provided by van Riemsdijk, Butlin, Wielstra, & Arntzen, 2019)
was used to estimate the linkage disequilibrium, dispersal rate, and strength of selection in
the hybrid zone. The average dispersal distance per generation (o) was obtained by V(rDw?),
where r is recombination rate, D is linkage disequilibrium at hybrid zone centre, w is mean
cline width of markers used; effective selection against hybrids (s) was obtained by 40 2/w?
(Barton & Hewitt, 1985; Szymura & Barton, 1986; 1991; Barton & Gale, 1993). Since
recombination rate in the species is not known, a range of 0.1 to 0.5 was used. Forty markers
with coincident and concordant clines were used in the estimation of selection (the biggest
group of coincident and concordant clines in the dataset). These markers include the 33
markers in the elevational range of 1,900 — 2,000 m and with width around 1,200 m (as shown
in Fig. 5) and those that are coincident and concordant with them (tested with LRT, using the
average centre and width of the group of markers at 1,900 — 2,000 m). Mean and 95%
confidence intervals (Cl) for linkage disequilibrium and effective selection were calculated

with 100 iterations of bootstrapping with replacement.
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Effect of selection on wider genomic regions

To test whether the signal of selection in the outlier markers (with annotated adjacent genes)
was detectable in a wide genomic region, non-outlier SNPs (contained in loci that did not show
duplication in blast searches, with 95% base pair and 90% identity matched with genomic
scaffolds) closest to the outlier SNPs on the same genomic scaffold were identified and their

Fst values were compared to the outlier SNPs.

Results

To analyse genetic diversity and divergence among Senecio on Mount Etna, we conducted
‘nextRAD’ sequencing for a sample of 192 individuals from 18 localities across an elevational
gradient on Mount Etna (Figure 1d). In total, we generated 4.79 x 102 sequence reads that
were mapped across 513,036 loci identified by STACKS (Catchen et al., 2011). Most of these
loci (413,124) were invariable, while 99,427 loci contained at least one SNP. Out of these loci,

1,769 SNPs with less than 50% missing data were used for analyses.

Genetic diversity and structure of localities inferred from nextRAD dataset

Various genetic diversity indices showed substantial variation (Table S1, Fig. S1). In
general, S. chrysanthemifolius and low-elevation hybrid localities showed higher diversity than
S. aethnensis and high-elevation hybrid sites. S. chrysanthemifolius and low-elevation
localities showed generally a higher number of private alleles, a higher percentage of
polymorphic loci, higher nucleotide diversity, a lower inbreeding coefficient (Fis), higher

observed heterozygosity and lower observed homozygosity (Table S1, Fig. S1). Pairwise Fsr
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increased with difference in elevation and geographic distance between localities (Fig. 3, Table
S2).

After excluding SNPs with more than 50% missing data, 1,769 SNPs were retained for
subsequent analyses. In the isolation by distance analysis, genetic distance had a stronger
correlation with difference in elevation (Mantel test for genetic distance Fsr/(1-Fst): r = 0.79,
P < 0.001 in Fig. 3; pairwise Fst matrix in Table S2) than geographic distance between locality
pairs (r = 0.63, p < 0.001). Analysis of molecular variance (AMOVA) showed that most genetic
variation is found among species or hybrid groupings (37.05%) and among individuals (58.98%)
(Table 2). STRUCTURE and subsequent analyses revealed the optimal number of clusters (K) is
two (Fig. 1c; the same dataset but with the 76 SNP outliers excluded showed the same results
thus results from the 1769-SNP dataset was used in all subsequent analyses). Most individuals
at the two ends of the elevational gradient clustered into two distinct groups, each
presumably representing one typical (‘pure’) species; admixed individuals were found at
intermediate elevations, with a varying proportion of each cluster. There is a small amount of
admixture detected in very high-elevation S. aethnensis samples, while very low-elevation S.
chrysanthemifolius does not show any admixture. Principal components analysis (PCA; Fig 2)
does not show conspicuous clustering of populations, but a gradual transition between high
and low elevation samples. PC 1 shows high-elevation samples being more evenly distributed
across the principal component while low-elevation ones are more clustered with several
outliers in high-elevation samples’ space. PC 2 shows rough clustering of each of the pure

species and hybrids.

Cline in leaf dissection
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The change in leaf area to perimeter ratio shows a clinal pattern (Fig. 4). The cline showed a
rapid change in leaf area to perimeter ratio around the elevation of 1,900 m, with the cline
centre estimated at 1,910 m (2InL = 1,882 — 1,935 m), and the cline width of 127 m (2InL = 51

- 196 m).

Identification of outlier nextRAD markers and analysis of their clines

To identify highly differentiated markers, we used Arlequin and Bayescan. The Fsr values,
calculated for each SNP using Arlequin, ranged from 0 to 0.8587 (mean Fst = 0.0854). 183 SNPs
were identified as outliers based on Fsr values (Fig. S3). BayeScan identified 89 SNPs with high
Fst and log10PO > 1 (Fig S4), indicating they are likely to be under divergent selection.

A total of 76 SNPs were identified as outliers as they were significant in both outlier
analyses. Distribution of these markers’ maximum change in allele frequency, cline centre,
cline width and cline slope are shown in Table S5 and Fig. S5. Cline centre positions showed a
peak at 1,900 — 2,000 m (Fig. S5b). Cline width showed some variability (Fig. S5c), while cline
slope (< 0.01) were small for most markers (Fig. S5d). Cline width did not show correlation
with cline centre position (Fig. S5e). However, clines centred at around 1,900 m showed
especially steep slopes (Fig. S5f). The STRUCTURE cline, which acts as the ‘average’ cline for
tests of coincidence and concordance, has a centre and width of 1852 m and_866 m
respectively. Among the 76 outlier clines, 51 and 40 were coincident and concordant with the
STRUCTURE cline respectively; while 18 were both coincident and concordant with the
STRUCTURE cline (Table S4). These indicate that clines show significantly variable coincidence
and concordance. In general, clines with more similar cline centres are more likely to be

coincident. The leaf dissection cline is coincident but discordant with the STRUCTURE cline.
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Potential association between outlier markers and functional genes

Blast searches of outlier markers against scaffolds of unpublished Senecio squalidus draft
genome and the non-redundant protein sequences database of NCBI led to the identification
of 17 genes located within or in proximity (within 10 kb) of the markers (see Fig. 4 for clines;
Table S3 for position of markers on scaffolds or distance from functional genes) associated
with different functions. Some outlier genes’ functions have no apparent association with
adaptation to contrasting environments on Mount Etna; while other genes identified are
involved in photosynthesis, defence response, photoperiodism, flowering, metal ion binding,
and response to UV, which could underlie environmental or ecological adaptation, or
reproductive isolation. The details about these genes, including blast results, outlier analyses
results, cline statistics, gene annotations, and information about the markers nearest to these

genes are summarised in Table S3.

Strength of selection

Population linkage disequilibrium of the 40-marker dataset with coincident and concordant
clines (Table S5) is elevated at the hybrid zone centre at around 1,900 — 2,000 m in elevation
(Fig. S7). Linkage disequilibrium estimated for the cline centre is 0.3915 (95% Cl = 0.3681 —
0.4119). The dispersal rate was estimated to be 0.56 — 1.27 km/gen (corresponding to 144 —
323 m in elevation) and the corresponding average effective selection is 0.1565 (95% Cl =
0.1472 - 0.1648) and 0.7831 (95% ClI = 0.7521 - 0.8144), assuming recombination rate of 0.1

and 0.5 respectively.
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How wide are the genomic regions affected by divergent selection?

Identifying non-outlier SNPs (noSNPs) that are closest to the 17 outliers (0SNPs) through
blasting of adjacent regions (same criteria as identifying genomics scaffolds for outliers), it was
revealed that the distance between the noSNPs and oSNPs (that fall within the same scaffold)
range from around 50 kb to 1.3 mb, with Fsr for noSNPs ranging from 0 to 0.19. For some
genomic regions, noSNPs with Fsr less than 0.047 are located as close as 51 kb to oSNPs (e.g.
marker 10586 in Table S3); while in other regions, the distance was much longer and the
noSNP’s Fst was not as low (e.g. 400 kb and Fst = 0.20 for marker 185 in Table S3). This
indicates that the signal of selection in the genomes of Etnean Senecio species may be very
localised. Further work has to be done to study the selection patterns (and evaluate the effect

of missing data) in detail.

Demographic history of Senecio on Mount Etna

We first focused on the analysis of demographic history between the pure species, as done in
our previous work (Filatov et al., 2016). That previous work was focusing on overall species
demography and did not consider the possibility that different parts of the genome may have
different rates of interspecific gene flow due to selection preventing introgression of some
genomic regions. To take the possibility of heterogeneous gene flow across the genome into
account, we allowed an IM model to have two bi-directional migration parameters, Ma and
Mg (model IM2M, Figure 6a). The IM2M model fits data significantly better than the models
without heterogeneous migration (AIC score = 399.04; Table 3, Fig. 6a). Another model,
SC_IM2M, was almost as likely (AIC score = 399.14; Table 3, Fig 6b). Both models involve

heterogeneous gene flow, with the higher migration rates being 4.38 and 4.96 times larger
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than the other lower ones for the models IM2M and SC_IM2M respectively. Likelihood ratio
tests (LRT) were carried out for five groups of nested models. The LRT between IMpre and IM
models was not significant (p-value = 0.57), indicating that allowing for an ancestral
population size change prior to species split (in model IMpre) does not significantly improve
the fit to data. LRT for other four model comparisons were significant. In particular, allowing
for migration dramatically improves the fit to data compared to the nested model without
migration (split_mig versus split, p-value = 1.76 x 103°). Allowing migration in both directions
significantly improves the fit to data compared to unidirectional migration (/M versus IM1 or
IM2, p-value = 5.55 x 1013 and 3.74 x 107 respectively). Having two separate classes of bi-
directional migration significantly improves model fit compared to only one class of migration
(IM2M versus IM2M_1, p-value = 0.0066). These results indicate that the genomes are
experiencing gene flow in both directions and that gene flow is heterogeneous (i.e. a fraction
of the genome is exchanging alleles significantly less than the rest of the genome). Although
the models assuming heterogeneous gene flow did not test for symmetry of gene flow in each
class, results from models with separate parameters for different directions of migration (/M,
IMpre, SC, eSC; see Table 3) suggest that gene flow in the same class is slightly asymmetric.
Migration rate from S. chrysanthemifolius to S. aethnensis is 1.24 to 1.70 times higher than
from S. chrysanthemifolius to S. aethnensis.

The best fitting model (IM2M) was also fitted to data from other pairwise comparisons
of species and hybrid groups to investigate different demographic parameters at a finer scale.
Another isolation with migration model, IM, was also run to assess the relative amount of
gene flow in each direction in different comparisons (see parameters in Table 3). All groups

show smaller current population sizes compared to their ancestral sizes. In all species/hybrid
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comparisons (C/LH, C/HH, A/LH, A/HH, where C = S. chrysanthemifolius, A = S. aethnensis, LH
— low-elevation hybrids and HH = high-elevation hybrids) under the model IM2M, one class of
migration is always at least twice (2.3 to 8.5 times) larger than the other one. Migration is also
higher between localities that are closer to each other (C/LH and A/HH) than those further
apart (C/HH and A/LH). Under the IM model, the migration rate from the pure species to
hybrids (M21) is 1.6 to 3 times larger than that in the opposite direction (M12).

In the high- and low-elevation hybrids comparison (HH/LH), the two classes of
migration rate are both high under the model IM2M (3.61 and 2.26) and IM (3.72 and 3.04),
likely indicating most of their genomes share genes more freely (instead of having regions with

restricted gene flow).

Discussion

Hybrid zones are a powerful tool to study the dynamics of phenotypic and genotypic
divergence between closely related species; also, recently diverged species offer great
opportunities to catch ‘speciation in action’ by studying the patterns of gene flow and genomic
heterogeneity in taxa subject to divergent selection (Via, 2009). S. aethnensis and S.
chrysanthemifolius on Mount Etna are characterised by a hybrid zone and recent divergence
less than 200,000 years ago. Using genome-wide SNPs in samples comprising both species and
their hybrids, we investigated demographic features, patterns of gene flow and selection in
this system, and factors that are likely contributing to maintenance of divergence in the face

of on-going gene flow between the two species.

Demographic history of speciation in Etnean Senecio
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Various demographic models implemented in dadi (see Fig. S2 for visualisation of models)
were used to reconstruct the most likely speciation scenario and demographic features in the
divergence of S. aethnensis and S. chrysanthemifolius on Mount Etna.

Our analysis revealed that the IM2M model fits the data best. This model has not been
considered in previous studies in Senecio, but some of the parameter estimates are similar to
that obtained previously. In particular, migration between the two pure species inferred here
is similar to the estimate from the most likely model in Filatov et al. (2016), which is less than
one migrant per generation on average (average between Ma and Mg; number of migrants
per generation is higher in other geographically closer comparisons in the current study).
Given models with (SC_IM2M) and without (IM2M) secondary contact both have high relative
likelihoods, there is little power in the data to distinguish between these demographic
scenarios; it may also be seen as a lack of evidence for the secondary contact scenario as the
more complex SC_IM2M model did not significantly improve fit to data (consistent with Filatov
et al.; 2016). What is common between both models is that they both involve heterogeneous
gene flow. This indicates that a fraction of the genome introgresses considerably slower
compared to the rest of the genome, possibly due to intrinsic or extrinsic selection against
introgressed alleles in these regions. Many studies have demonstrated heterogeneous
divergence in different genomes and that divergent selection has a crucial role in genomic
heterogeneity (reviewed in Nosil, Funk, & Ortiz-Rrientos, 2009).

Another interesting point to note is that gene flow is highly asymmetric, as revealed
by four models for the pure species comparison and IM analyses of other pure species/ hybrid
comparisons. Gene flow from S. chrysanthemifolius to S. aethnensis is 1.24 to 1.70 times

higher than from S. aethnensis to S. chrysanthemifolius; while gene flow is always (1.6 to 3
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times) greater from pure species to hybrids, compared to gene flow from hybrids to pure
species. This low rate of introgression from hybrid to pure species could be caused by various
reasons, such as lower reproductive fitness in hybrids, and low rate of backcrossing. The
directionality of gene flow helps to explain the apparent contradiction between plentiful
evidence of hybridisation at intermediate elevations and relatively modest estimates of gene

flow between the pure species at the two extremes of the elevational cline.

Variable coincidence and concordance among phenotypic and genotypic clines
We fitted clines for leaf dissection and genetic markers using the same individuals. Likelihood
ratio tests revealed that clines have significantly variable coincidence and concordance.
Although clines studied here have variable coincidence, they are all centred in the putative
hybrid zone (1,200 — 2,000 m in elevation), with only a few exceptions that are centred above
2000 m (this corresponds to the observation in the STRUCTURE analysis where there is a little
admixture in high-elevation S. aethnensis). These environmental and ecological factors likely
vary in different ways with regard to elevations within the hybrid zone. Other studies, such as
those on the marine snails Littorina saxatilis, have also suggested displaced clines among
different environmental transitions that would lead to selection acting on different loci
independently (e.g. Hollander, Galindo, & Butlin, 2015). Like the current study, many studies
on these snails have also identified genomic regions under divergent selection and associated
with adaptive phenotypic traits (Hollander et al., 2015; Pennec et al., 2017; Westram et al.,
2014).

Analysing allozymes, simple sequence repeats (SSR) and various groups of phenotypic

measurements, Brennan et al. (2009) found highly coincident and concordant clines among

24



542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

all of them, in which they are centred at 6.67 — 7.82 km (corresponding to elevations
somewhere between 1,515 — 1,928 m) with widths of 1.49 — 3.7 km. In particular, they found
the leaf structure cline to be centred at 6.67 (6.25 — 6.97) km with width of 1.49 (0.06 — 2.39)
km. These support limits translate into cline centre within the elevational range of 1,515 —
1,795 m and width of more than 400 m in elevation. Brennan et al. (2009)’s leaf structure
cline does not seem to be coincident with the leaf dissection cline in this study, while the cline
width in this study is well within the range reported by Brennan et al. (2009) [in the current
study, cline centre =1,910 (1,882 — 1,935) m; width =127 (51 — 196 m)]. The discrepancy could
be due to: 1) more than one leaf traits were combined in the leaf structure cline in Brennan
et al. (2009). Individual leaf trait clines might have centres and widths different from leaf
dissection; 2) samples in Brennan et al. (2009) were collected from a few areas located on
different sides of Mount Etna, while samples in this study were collected along a more or less
straight transect on the southern side of the mountain. Hence, results in the two studies

should be compared with caution.

Strong selection against hybrids on Mount Etna

Effective selection against hybrids inferred in this study (0.16 — 0.78 assuming recombination
between the markersis r = 0.1 —0.5) is much higher than that in Brennan et al. (2009) (0.02 —
0.11 for r = 0.1 — 0.5 respectively) for the same species. Dispersal rate inferred in this study
(0.56 —1.27 km/gen for r = 0.1 — 0.5) is also greater than that in Brennan et al. (2009) (0.17 —
0.38 km/gen for r = 0.1 — 0.5). Both studies used only coincident and concordant clines in
estimating selection, thus the difference could be related to the type of markers used

(allozymes and microsatellites in Brennan et al. (2009); SNPs in the current study). For instance,
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microsatellites have multiple alleles, hence higher heterozygosities and mutation rate than
SNPs (Mueller, 2004); these properties could lead to different estimates of linkage
disequilibrium and subsequent estimates. In our analysis, linkage disequilibrium is elevated at
the hybrid zone centre, which is expected for a hybrid zone experiencing strong selection.
However, linkage disequilibrium in the high-elevation localities for S. aethnensis is also quite
high. This could be caused by an influx of alleles from S. chrysanthemifolius, as revealed by the
presence of admixed individuals in high-elevation localities in the STRUCTURE analysis, and
asymmetric migration in demographic modelling.

Estimates of selection and dispersal from a recombination rate of 0.5 (the higher
values) are probably closer to reality as it is unlikely that all markers used are tightly clustered.
Our selection estimate from this recombination rate corresponds to a 78% drop in fitness in
hybrids in the centre of hybrid zone, which indicates that the Senecio cline is maintained by
fairly strong selection. This is one of the highest estimates reported (Table 1). Previous studies
on salamanders (Alexandrino et al., 2005) and skinks (Phillips et al., 2004) have reported
values similar to the current study, yet they calculated selection using s = 802/w? while our
study used s* = 40%/w? (Table 1; s* = 402/w? measures the difference in mean fitness between
centre and edge of hybrid zone, and measuring this difference in mean fitness makes selection
estimates comparable between different forms of selection; whereas s = 802/w? assumes half
of the individuals are heterozygotes at the hybrid zone centre, where s = 2s*). In other words,
the estimate in the current study (0.78) is at least two, and up to more than 200, times larger
than that in other recent studies presented in Table 1 after accounting for the fold differences

in the formulae used. It is worth noting that Brennan et al. (2009) also calculated effective
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selection in Etnean Senecio with 8o 2/w?, though this does not account for the difference
between the estimates in their and the current studies either.

The inferred dispersal (0.56 — 1.27 km/gen) is rather small, compared to what one
would expected for wind-dispersed herbaceous plants. This, together with strong selection
against hybrids and demographic modelling showing around one migrant per generation,
collectively indicate that gene flow is restricted, likely due to divergent selection. Selection
against hybrids has only been shown to manifest as hybrid breakdown in F, plants in two
crosses in two studies (Brennan et al., 2014; Chapman et al., 2016), thus larger-scale studies
are required to further investigate the effect on hybrid establishment and fitness. Multifarious
selection is evident in this system, as clines of many outlier markers are relatively wide (hence
selection at many individual traits is unlikely to be strong) while a few show rather narrow
clines with widths under 100 m; and only a small proportion of clines is coincident and
concordant. The strong selection against hybrids and occurrence of multifarious selection
likely facilitates local adaptation in the two species and their divergence. Future work that
analyses how potential environmental or ecological selective forces (for example, whether
they change gradually or abruptly along the gradient and how different their effects are) had

shaped the system would be particularly fascinating for this young but complex system.

Intrinsic and extrinsic causes in the divergence of Etnean Senecio

Regardless of the speciation scenario at the start of divergence, Etnean Senecio has
experienced heterogeneous gene flow. One question that arises from this is whether selective
sweeps [leading to (near-) fixation of SNPs in populations of pure species] or barriers to gene

flow (selection in the hybrid zone in this case) cause divergence in this differentiated portion
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of genome (Tavares et al., 2018). Both of these would show signatures of divergent selection,
and disentangling between the two would require higher-resolution genomic data. It would
also be interesting to quantify the regions and extent of frequent or rare migration in the
genome in future studies.

Research on intrinsic incompatibilities is often disconnected from studies of extrinsic
selection, making integrating different components of reproductive isolation challenging
(Seehausen et al.,, 2014). With both intrinsic incompatibility and multifarious divergent
selection, the Etnean Senecio allows one to combine both directions of research to study the
interplay between intrinsic and extrinsic processes. This adds to the limited literature in other
systems which also have evidence for both, including in killfish, Lucania, where there is
extrinsic isolation caused by salinity and intrinsic incompatibilities (Fuller, 2008); and in the
copepod Tigriopus californicus, where interpopulation hybrids show adaptation to different
thermal conditions and intrinsic incompatibilities (Ellison & Burton, 2006, 2008; Willett, 2010).
However, unlike these systems, the Etnean Senecio is parapatric and multifarious selection
might be crucial in creating strong enough reproductive isolation to allow the accumulation

and maintenance of genetic divergence in the system (Seehausen et al., 2014).

Maintenance of divergence despite gene flow

It is intriguing how the pair of sister Senecio species maintain their divergence while
hybridising in the relatively small area of Mount Etna. Yet, this phenomenon is not uncommon
- Quercus (oaks) and Populus (poplars) are well-studied groups with a ‘porous’ species
boundary. Studies in these two groups have shown that their species identities are maintained

by an array of mechanisms, some of which have been presented or observed in the Etnean
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Senecio. These include, in oaks, divergent selection (Ortego, Gugger, & Sork, 2017; Scotti-
Saintagne et al., 2004), and asynchrony in flowering leading to assortative mating (Gailing &
Curtu, 2014); in poplars, intrinsic incompatibility (Christe et al., 2017; Roe et al., 2014), and
selection against hybrids (Christe et al., 2016). It is plausible that a combination of divergent
selection, strong cumulative selection against hybrids and difference in phenology (such as
flowering times) helps to reinforce the reproductive isolation in the system. Given the
prevalence of hybridisation between closely-related plant species across different families,
these systems point to the possibility that more unstudied plant groups and species complexes
might have extensive hybridisation while maintaining their respective species boundaries or
divergence at the sub-species levels. Studying these groups would greatly benefit the field of
plant hybridisation, speciation with gene flow, and study of the role of gene flow, selection

and introgression in adaptation and speciation.

Conclusion

In this study, we have shown that only a small proportion of differentiated loci (76 out of 1,769
studied) and strong cumulative multifarious selection at a handful of genes are likely involved
in keeping the two Etnean Senecio species distinct. Although the exact mechanism of
speciation in this system is far from clear, this study has added to the body of evidence that
both intrinsic and extrinsic processes have roles in speciation and maintenance of divergence
in the face of gene flow (Ellison & Burton, 2006, 2008; Fuller, 2008; Willett, 2010). To
summarise, we have 1) shown heterogeneous, bidirectional gene flow, and population size
changes in the past are characteristics of the speciation of Etnean Senecio; 2) discovered

promising candidate genes that are potentially linked to local adaptation; 3) inferred the likely
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presence of multifarious selective forces of different strengths; and 4) estimated strong
selection against hybrids. It is crucial to extend this work by identifying the selective forces
underlying divergence and linking them to elevation or ecology, analysing fine-scale genomic
patterns that harbour regions of interests, the interplay between intrinsic incompatibilities
and extrinsic, multifarious environmental selection in shaping the system, and the potential
role of other genetic phenomena (such as genetic hitchhiking and chromosomal

rearrangement) in causing divergence.
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901 Tables and Figures

902 Table 1. Recent studies estimating selection in hybrid zones using the approach of Barton & Gale (1993) using, ranked from highest to
903 lowest estimates of selection strength.

Common name

Species

No. of loci

Selection estimates (Cl)

Reference

Selection estimated using s = 80?/w? (where o = dispersal rate and w = cline width):

Salamander Ensatina eschscholtzii 9 0.46 - 0.75 (NA) Alexandrino et al., 2005
Rainforest skink Carlia rubrigularis (N & S lineages) 9 0.50-0.70 (NA) Phillips et al., 2004
0.22 —0.49 (NA)
Rainforest lizard Lampropholis coggeri (C & S lineages) 11 0.403 (0.106 — 0.653) Singhal & Moritz, 2012
Swainson’s thrush Catharus ustulatus ustulatus & C. u. swainsoni 3 0.19 -0.40 (NA) Delmore & Irwin, 2014
European rabbit Oryctolagus cuniculus cuniculus & O. c. algirus 28 0.20 (0.05 - 0.64) Carneiro et al., 2013
Morabine grasshopper Vandiemenella viatical (2 chromosomal races) 10 0.197 (0.058 — 0.405) Kawakami, Butlin, Adams, Paull, & Cooper, 2009
Yellow-rumped warbler  Dendroica coronata coronata & D. c. auduboni 2 0.18 (0.08 — 0.28) Brelsford & Irwin, 2009
Ragwort Senecio aethnensis & S. chrysanthemifolius 13 0.02 -0.11 (NA) Brennan et al., 2009
Common shrew Sorex araneus (2 chromosomal races) 9 0.001 -0.110 (NA) Polyakov, White, Jones, Borodin, & Searle, 2011
3 0.0003 —0.003 (NA)
House mouse Mus musculus musculus & M. m. domestica 7 0.028 — 0.049 (NA) Macholn et al., 2007
Red-backed fairy-wren Malurus melanocephalus melanocephalus & 102 0.007 (0.002 —0.03) Baldassarre, White, Karubian, & Webster, 2014
M. m. cruentatus
Selection estimated using s = 40%/w?:
Crested Newt Triturus anatolicus & T. ivanbureschi 49 0.11 (0.004 — 0.019) Wielstra et al., 2017
Italian/ House sparrow Passer italiae & P. domesticus 4 0.062 (0.038 — 0.109) Bailey, Tesaker, Trier, & Saetre, 2015
Common/ Spined toad Bufo budo & B. spinosus 32 0.0017 (0.0001 — 0.004) van Riemsdijk et al. 2019
Selection estimated using s = 30%/wW>:
Stickleback Gasterostens aculeatus (stream & anadromous 7 0.097 (NA) Vines et al., 2016
ecotype)
Marine gastropod Littorina saxatilis (crab & wave ecotype) 57 0.06 (0.005-0.32) Hollander, Galindo, & Butlin, 2015
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69 0.008 (NA)

904

38



905 Table 2. Distribution of molecular variation at the individual, population and species/hybrid
906  group levels (AMOVA). Only individuals used in demographic modelling were included.

Variance
df Sum of squares  component % of variation
Among species/hybrid groups 3 25475.50 239.74 37.06
Among populations 8 5270.24 25.66 3.97
Among individuals 119  45403.84 381.55 58.98
Total 130 76149.586 646.949 100
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40

Pops Model No.of  dadi LRT N1 N2 T s P
free log- theta  AIC
param. likelihood AIC AAIC Rel.likelihood 2ALL P-value
C/A eSplitExpMig 6 -197.31 39291 406.62 7.54 0.0230 0.20 0.25 0.83 0.29
SplitExpMig 5 -198.70 540.87 407.39 8.32 0.0156 0.15 0.22 0.99
split_mig 4 -198.61 616.79 405.23 6.15 0.0462 0.13 0.20 1.10
split 3 -264.45 367.97 53491 135.83 0.0000 131.68* 1.76E-30 0.28 0.28 0.23
IMpre 8 -196.96 216.71 409.92 10.85 0.0044 0.38 0.42 4.05 0.34
IM 6 -197.52 476.12 407.03 7.96 0.0187 1.11 0.57 0.15 0.16 0.66 0.33
IM1 5 -223.52 404.69 457.04 57.96 0.0000 52.00%* 5.55E-13 0.16 0.20 0.35 0.65
IM2 5 -230.70 358.62 471.40 72.33 0.0000 66.37* 3.74E-16 0.19 0.35 0.40 0.21
IM2M 7 -192.54 433.13 399.07 0 1 0.20(0.18- 0.21(0.17- 0.70(0.45- 0.14(0.12- 0.42(0.33-
0.22) 0.25) 0.95) 0.17) 0.52)
IM2M_1 5 -197.56 411.37 405.13 6.05 0.0485 10.05*  0.0066 0.18 0.25 0.98 0.35
SC 6 -212.66 182.06 437.32 38.25 0.0000 0.41 0.52
eSC 7 -196.45 384.47 406.89 7.82 0.0201 0.18 0.13 0.30
SC_IM2m 8 -191.57 372.96 399.14 0.07 0.9666 0.22(0.22-
0.23) 0.10(0.10- 0.23(0.22- 0.26(0.20-
0.10) 0.24) 0.32)
IM2M_AL_SC 11 -194.14 290.02 410.27 11.20 0.0037 0.25 0.23 0.27 0.23
C/LH IM 6 -246.61 293.92 0.41 0.82 4.55 0.44
IM2M 7 -253.23 297.13 0.27 0.88 3.52 0.31 0.13
C/HH IM 6 -194.68 382.58 0.26 0.23 0.50 0.18
IM2M 7 -198.61 366.80 0.26 0.27 0.42 0.07 0.43
A/LH IM 6 -234.40 506.69 0.25 0.24 2.19 0.58
IM2M 7 -222.65 404.34 0.31 0.24 0.66 0.26 0.03
A/HH M 6 -173.99 333.27 0.44 0.37 1.02 0.42
IM2M 7 -165.41 355.74 0.39 0.33 0.37 0.10 0.11
HH/LH IM 6 -219.19 397.19 0.30 0.33 1.43 0.31



IM2M 7 -218.61 358.97 0.32 0.34 0.71 0.41 0.64

907 Table 3. The likelihood of each demographic model investigated in dadi for each species/species or species/hybrid pair, results of likelihood
908 ratio test (LTR) for certain nested models, Akaike information criterion (AIC) scores, AAIC scores (relative to best model), and the relative
909 likelihood of each model compared with the best model, and their respective parameter estimate.
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910 Table 3. (continued)
Pops Model Ma Ms Mc Mb Mai2 M21 Ta Ts Tm Tpre Npre
C/A eSplitExpMig 0.41 0.75
SplitExpMig 093 1.01
split_mig
split
IMpre 0.31 0.53 0.22 431
IM 0.76 1.24
IM1 ot 1.03
IM2 0.62 Ot
IM2M 0.31(0.29-0.33)  1.36(0.12-0.15)
IM2M_1 0.74 ot
SC 0.42 0.63 3.04 0.83
eSC 0.62 0.77 0.31 0.64
SC_IM2M 2.23(0.22-0.23)  0.45(0.42-0.48) 0.38(0.37-0.39)  0.46(0.44-0.48)
IM2M_AL SC 1.93 0.45 2.34 0.16 0.18 3.86 4.25
C/LH IM 1.73 3.74
IM2M 1.47 3.31
C/HH IM 0.77 2.33
IM2M 0.86 1.97
A/LH IM 1.28 2.01
IM2M 0.98 3.41
A/HH IM 1.73 4.09
IM2M 0.55 4.70
HH/LH M 3.72 3.04
IM2M 3.61 2.26

Remarks: under the 'Pops' column: C = S. chrysanthemifolius; LH = low-elevation hybrids; HH = high-elevation hybrids; A = S. aethnensis; the two best-fitting models
are in bold and italic; in all cases, likelihood ratio tests are for the comparison with the model immediately above except for IM2, which is for comparison with IM;
Under 'LRT', * indicates significant value; tindicates fixed value of parameters. Values in brackets for the models IM2M and SC_IM2M are confidence intervals obtained
from bootstrapping. Refer to Figure S2 for definitions of parameters.
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Figure 1. Distribution of sampled populations on Mount Etna and their genetic structure. (a)
Photo of the high-elevation species Senecio aethnensis (obtained from senecioDB, undated).
(b) Photo of the low-elevation species Senecio chrysanthemifolius (obtained from senecioDB,
undated). (c) AK plot showing optimal K = 2. (d) Contour map showing the southern side of
Mount Etna using Google Earth Pro (Google) and ArcGIS (ESRI). Each black dot represents a
sampled site. Numbers in brackets represent population numbers and numbers next to them
are elevations where they were sampled. Coloured rectangular plots next to each site
represent its corresponding section in the STRUCTURE plot (using 1,769 nextRAD markers with
less than 50% missing data and K = 2).
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Figure 2. Plots from principle component analysis using 1,769 SNPs with less than 50% missing
data. (a) PC 1 and 2. (b) PC 2 and 3. Points beyond -30 in both axes in (a) were not shown to
allow comparable axis scales with (b). Full graph available in Figure S8.
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Figure 3. Mantel test for genetic distance, Fst/(1-Fst) and (a) difference in elevation between
population pairs; (b) geographic distance between population pairs.
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925  Figure 4. Clines for leaf dissection, STRUCTURE, and allele frequencies at 17 outlier SNPs
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926 located in genes with functional annotation available (see Table S3 for details). Each asterisk
927 in the plots represents mean trait value, ancestry score, or allele frequency for each
928  population. Examples of leaf shape of each species are shown next to the leaf dissection cline.
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929  Figure 5. Variable cline coincidence and concordance of outlier clines. Maximum likelihood-

930 estimated cline widths and cline centres of each outlier SNP are plotted as dots, while support
931 limits are plotted as lines extending from the dots. Black and red data points represent non-
932  outlier and outlier SNPs respectively. Refer to Table S4 for test results.
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Figure 6. The fit of the two best demographic model (IM2M and SC_IM2M) to site frequency
spectrum data for S. aethnensis and S. chrysanthemifolius. (a) and (f) Schematic
representation of the two best demographic model. Each model has four corresponding
figures each: (b)-(e) for IM2M and (g)-(j) for SC_IM2M. (b) and (g) Observed two-dimensional
site-frequency-spectrum (2D-SFS). (c) and (h) 2D-SFS expected under the respective model.
(d)-(e), (i)-(j) Residuals between the observed and the expected site-frequency-spectra.
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