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1 | INTRODUCTION

| Stephen A. Harris' | Mark A. Beaumont? | Simon J. Hiscock?

Abstract

Hybridisation can lead to homoploid hybrid speciation, i.e., the origin of new species
without change in chromosome number between parents and offspring. Central to
homoploid hybrid speciation is the role of hybridisation in the establishment of re-
productive isolation between the hybrid and the parental species in the early stages
of speciation, when typically all species occur at least partly in sympatry. In this work
we analyse genome-wide polymorphism data obtained by transcriptome sequencing
of the British hybrid species Oxford ragwort (Senecio squalidus, Asteraceae), its two
Italian parental species (S. aethnensis and S. chrysanthemifolius) and their naturally
occurring hybrids on Mt Etna (Italy). We show that Oxford ragwort most likely origi-
nated from de novo hybridisation between its two Italian parental species whilst they
were in cultivation in British gardens at the turn of the 18th century. Reproductive
isolation between the new hybrid species and its parental species probably resulted
from inheritance of genetic incompatibilities between the two parental species and
subsequent ecological segregation - both of which have been shown in previous
studies. Our results imply that S. squalidus meets the most stringent criteria set forth
to identify homoploid hybrid speciation, and call attention to the creative role of hy-

bridisation in responding to novel environmental conditions.
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establishment of reproductive isolation between the hybrid and the
parental species in the early stages of speciation, when typically all

Hybridisation between species is a well-accepted phenomenon that
can impact both adaptation and speciation (Abbott et al., 2013;
Arnold, 1997). Potential outcomes of hybridisation include homo-
ploid hybrid speciation, i.e., the origin of a new species without a
change in chromosome number. Although putative cases have been
described in both animals (Mavarez et al., 2006) and plants (Gross
& Rieseberg, 2005; Rieseberg et al., 2003), this form of speciation
is thought to be rare in nature (Schumer et al., 2014; Yakimowski

& Rieseberg, 2014). Central to homoploid hybrid speciation is the

three species occur at least partly in sympatry. Here, hybridisation
can promote reproductive isolation in at least two ways: chromo-
somal rearrangements and genetic incompatibilities between spe-
cies can cause post-zygotic reproductive isolation (Lai et al., 2005;
Rieseberg et al., 1995, 1999); and new ecological or reproductive
traits in the hybrid species can cause prezygotic reproductive iso-
lation (Gross & Rieseberg, 2005; Mavarez et al., 2006). Establishing
conclusively that homoploid hybrid speciation has occurred requires

showing that at least one of these barriers evolved as a direct result
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FIGURE 1 Herbaria specimens
from the beginning of the 18th century
showcasing the range of variation of
Senecio specimens growing in (a) the
! gardens of Oxford, and (b-d) Badminton.
(a) Individuals present in the Oxford
Botanic Garden at this time resemble
typical Senecio chrysanthemifolius
- j (“From Mr Jacob Bobart of Oxford”;
| OXF; Dubois-5439). (b) Typical Senecio
: squalidus individuals were already
" present in Badminton (“One of Dr
Sherards Badminton Specimens”;
OXF; Dubois-5437). (c, d) Other
individuals growing in Badminton
| encompassed the range of variation
| from S. chrysanthemifolius-like (c: “From
| the Duchess of Beauforts Garden at
Badminton”; OXF; Dubois-5438) to S.
aethnensis-like (d: “ex semine a P. Cupani
misso, succravit in Horto Badminton”
[paraphrase: “seed from Cupani, it grew
in the garden at Badminton”]; OXF;
Sherard-5318). Labels for each specimen

contain also William Sherard's listing of
the polynomials associated with it
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of hybridisation, which has been achieved in only a handful of stud-
ies (Schumer et al., 2014).

Senecio squalidus L. (Oxford ragwort) is a short-lived, perennial
herb commonly found along railway lines, motorway verges and
waste-ground in urban areas throughout Britain. This species is de-
rived from material introduced to Britain from Italy in the late 17th
century (Abbott et al., 2000; Harris, 2002; James & Abbott, 2005),
and subsequently grown more or less continuously at the Oxford
Botanic Garden (Abbott et al., 2009). By the second half of the 18th
century the species was growing on old college walls outside the

Oxford Botanic Garden (Kent, 1956, 1960), and over the next two
centuries it spread throughout the UK, aided by the establishment
of the railway system, roads and ultimately motorways (Abbott
et al.,, 2009; Harris, 2002).

The origin of S. squalidus from interspecific crosses between
two Italian species that form a hybrid zone on Mt Etna, Sicily
(Senecio aethnensis Jan ex DC. and Senecio chrysanthemifolius DC.),
is well supported by both morphological (Abbott et al., 2000,
2009; Brennan et al., 2012) and genetic data (Abbott et al., 2000;
James & Abbott, 2005). Notwithstanding this, the source of hybrid
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material introduced to the UK and the early evolutionary history
of S. squalidus remains elusive (Abbott et al., 2009; Harris, 2002).
The prevailing view is that this species arose from hybrid mate-
rial collected from the hybrid zone on Mt Etna and introduced
into the Oxford Botanic Garden in the late 17th century (Abbott
et al., 2000; Druce, 1927; James & Abbott, 2005; Kent, 1956).
Indeed, George Druce's (1927) description of S. squalidus was
used by Crisp (1972) to propose that the S. squalidus introduced
to Britain came from a natural hybrid zone between S. aethnensis
and S. chrysanthemifolius on Etna. Druce's evidence for a pre-eigh-
teenth century Sicilian introduction of S. squalidus to the Oxford
Botanic Garden was based on a description and illustration in
Morison (1699) and herbarium specimens apparently collected
by Jacob Bobart. However, the description and illustration are
copied from Boccone (1674), with the herbarium specimens un-
likely to be as old as the late seventeenth century (Harris, 2002).
Moreover, morphological (Figure 1a) and distributional evidence
are consistent with Boccone's plant being S. chrysanthemifolius. An
alternative scenario posits that S. squalidus originated from recent
hybridisation while in cultivation in the UK. Based on early-eigh-
teenth-century herbarium specimens, and known contacts among
gardens in Sicily and England, specimens spanning the range of
variation from S. aethnensis to S. chrysanthemifolius were growing at
Badminton (Harris, 2002). The most likely source of the Badminton
plants was William Sherard, via Francisco Cupani at the Hortus
Catholicus, Palermo (Harris, 2002). Catalogues of the Hortus
Catholicus (Cupani, 1694, 1696) show that polynomial names for
taxa matching descriptions of S. aethnensis, S. chrysanthemifolius
and S. squalidus were being grown in Badminton (Figure 1b-d), and
hybrid material from their crosses was probably introduced to the
Oxford Botanic Garden at this time (Harris, 2002).

Revealing the early evolutionary history of S. squalidus is central
to understanding the role of hybridisation in its origin and the pro-
cess of homoploid hybrid speciation more generally. If S. squalidus
resulted from introduction of hybrid material from Mt Etna into the
UK, it follows that reproductive isolation was due to human-me-
diated geographic isolation between hybrid and parental species.
However, if S. squalidus originated from more recent hybridisation
between S. chrysanthemifolius and S. aethnensis in the UK, it follows
that hybrids and parental species may have been growing together in
the early stages of divergence at Badminton and Oxford. In this case,
reproductive isolation must have evolved by means other than sim-
ple spatial (allopatric) isolation, possibly driven by ecological differ-
ences (ecological homoploid hybrid speciation) or sorting of genetic
incompatibilities (recombinational homoploid hybrid speciation) be-
tween parental and hybrid species (Grant, 1981; Rieseberg, 1997,
Yakimowski & Rieseberg, 2014).

Here, we use transcriptome data from multiple individuals of S.
squalidus collected from throughout its distribution range in the UK,
together with transcriptome data from its two parental species and
their naturally occurring hybrids sampled on Mt Etna, to explore both
scenarios for the homoploid hybrid origin of S. squalidus and to inves-
tigate the genome-wide effects of homoploid hybrid speciation.
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2 | MATERIALS AND METHODS

2.1 | Data collection

We collected plant cuttings from 28 individuals of S. squalidus sam-
pled from throughout the UK (Table S1), and grew them in glass-
houses in Oxford, UK in a mixture of soil and perlite (4:1) with natural
sunlight supplemented with artificial light to maintain a 16:8 hr light-
dark period. For S. aethnensis and S. chrysanthemifolius we used
previously published data (Chapman et al., 2013), together with
six new samples of each species grown in glasshouses in Catania,
Italy (Table S1). Individuals from the naturally-occurring hybrid zone
on Mt Etna (n = 14) were grown in the glasshouse in Oxford from
achenes collected in the field. To maximise the number of genes ana-
lysed plants were allowed to flower and different tissues (inflores-
cence, stems and young leaves) were flash-frozen in liquid nitrogen
and kept in -80°C until RNA extraction.

We extracted total RNA from each sample using the RNeasy
Plant extraction kit (Qiagen) following manufacturer's protocol and
including the additional DNA digestion step with DNase. Sample
quality and total RNA concentration were assessed with 1% aga-
rose gel, Nanodrop and Qubit. High-throughput sequencing libraries
were prepared at the genomics facility of the Wellcome Centre for
Human Genetics (Oxford, UK). RNA extracts were enriched for ma-
ture poly-A transcripts by annealing to oligo-(dT) magnetic beads,
and lllumina Truseq libraries prepared, size-selected and multiplexed.
Sequencing was performed on the lllumina HiSeq platform with a
minimum of 50 million reads obtained per sample (Table S1). We
quality-checked raw read data using Fastqc v0.11 (Andrews, 2010)
and removed adaptors and low quality bases (Phred score below 20)
with TRIM _caLore v0.4 (Krueger, 2015). We chose to use RNAseq
data in this study because this is a cost-effective approach to obtain
genome-wide polymorphism data, and it furthermore allowed us to
increase the sample sizes of the parental species by reanalysing pre-
viously published RNAseq data (Chapman et al., 2013).

We assembled a reference transcriptome for S. squalidus using
TRINITY V2.6 (Haas et al., 2013) with default settings and including an
initial trimming step to remove low quality bases with TRIMMOMATIC
(Haas et al., 2013). We calculated expression values for each sam-
ple using rRseM v1.3 (Haas et al., 2013), and filtered transcripts with
a very low normalised expression level in all samples (Transcripts
Per Million, TPM < 2). We identified and removed vector contam-
inants by blasting all transcripts against the univec NCBI database,
and other contaminants by blasting against NCBIs nonredundant
protein database (we excluded hits to nonviridiplantae organisms
that were longer than 20 aminoacids and with identity percent-
age above 98%). We identified putative coding sequences within
each transcript de novo using TrRansDECODER V3.0 (Haas et al., 2013)
and annotated each transcript using the TrINOTATE pipeline (Bryant
et al., 2017). Chloroplast genes were identified and removed from
subsequent analysis by blasting against the complete chloroplast ge-
nome of Jacobaea vulgaris Gaertn. (Doorduin et al., 2011), with iden-
tity threshold of 95 and minimum length of 50 bp.
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We mapped trimmed reads from each sample to the newly as-

sembled S. squalidus transcriptome reference using swa v0.7 (Li &
Durbin, 2009) with the mem algorithm, marked duplicated reads
with picarp v1.1 (available from http://broadinstitute.github.io/
picard) and performed indel realignment with catk v3.4 (McKenna
et al., 2010). We obtained genotype calls using the samTooLs package
v1.2 (Li et al., 2009) for positions covered by at least eight reads
after removing reads with mapping quality below 20 (-q 20) and
bases with base quality below 20 (-Q 20). We included in the out-
put homozygous-reference regions with a minimum depth of eight
reads (-g 8), and excluded single-nucleotide polymorphisms (SNPs)
within 3 bp of an indel (-g3). We further filtered out SNPs with qual-
ity below 15 and heterozygous SNPs with fewer than two reads
supporting each allele, and converted resulting VCF files into fasta
format using vcr2ras (available from https://github.com/brunonevad
o/vcf2fas). For subsequent analyses, for each gene we used only
the isoform with less missing data across all samples, and excluded
genes with more than 80% missing data overall.

2.2 | Population structure, polymorphism and
linkage disequilibrium

To characterise genetic structure among species, we randomly se-
lected one SNP within 4-fold degenerate sites for each gene, and
identified the number of clusters of the data set that maximised the
marginal likelihood with FastsTrucTure v1.0 (Raj et al., 2014) within
the range K = [1, 6]. We further visualised genetic structure by per-
forming a principal component analysis (PCA) based on the corre-
lation matrix (after centering and scaling the allele frequency data)
with the R package ApeceNeT v2.1 (Jombart & Ahmed, 2011). For S.
squalidus, we tested these genome-wide randomly selected SNPs for
excess heterozygosity using the global Hardy-Weinberg test imple-
mented in GeNerop v. 4.7 (Rousset, 2008). Only SNPs without missing
data were considered for these analyses.

For each gene with a single best open reading frame over 300 bp
long (identified by TrANsDECODER) we calculated polymorphism
(Watterson's theta estimator) neutrality tests (Tajima's D) and diver-
gence (Fq;) using mstaTspop vO.1 (available from https://github.com/
CRAGENOMICA/mstatspop). For each gene we excluded individu-
als with fewer than 200 bp scored, after which we removed genes
with more than 50% missing data and with fewer than 10 individu-
als sequenced. For each gene, we calculated the same measures of
polymorphism and divergence considering only of 4-fold degenerate
sites obtained with ceT4roLpSiTEs (available from https://github.com/
brunonevado/get4foldSites), after excluding genes with fewer than
100 four-fold degenerate sites. For estimates of divergence between
S. squalidus and each parental species and hybrid population, we only
considered genes with at least 10 individuals sequenced in each pop-
ulation. To estimate linkage disequilibrium (LD) for each species we
first phased SNPs within each gene using FasTpHASE v1.4 (Scheet &
Stephens, 2006) with default values. Genotypes with a posterior
probability below 0.9 were coded as missing and genes shorter than

1,000 bp were excluded. We then performed chi-square tests of in-
dependence between all pairs of SNPs (within each gene) with at
least 20 haplotypes scored. Results were binned according to dis-
tance between SNPs, and the proportion of significant chi-square
tests (p < .001) counted within each bin. To account for the effect
of sample size on power to detect LD between SNPs, for each gene
we randomly selected 16 S. squalidus individuals for this analysis (i.e.,
the same number of samples we analysed for each parental species).
We note that the distance between SNPs used in this study was cal-
culated along transcripts, as performed in previous work (Chapman
et al.,, 2013). This means that the physical distance along the genome
will be larger for many of the SNP pairs considered. However, the
comparative framework employed herein is robust to this issue in-
sofar as there are no consistent differences in the distance between
SNP pairs on the different taxa—a bias which is not present in the
data set (Figure S1).

2.3 | Approximate Bayesian Computation analysis

To understand the early origin of S. squalidus we investigated two
alternative evolutionary scenarios (described in the main text). We
simulated 75,000 data sets for each scenario using the coalescent
simulation software ms (Hudson, 2002). Each simulation consisted of
50 loci of 10,000 bp each, and the summary statistics used (Table S2)
were calculated for each simulation as averages across all 50 loci.
For each data set, the recombination rate between adjacent sites
was randomly selected from a uniform distribution U(lO’m, 10’8),
and recombination was allowed to occur at any site along a locus.
The resulting data was analysed with two alternative Approximate
Bayesian Computation (ABC) approaches: a regression-based ap-
proach using neural networks as implemented in the R package asc
(Csilléry et al., 2012); and the random forests approach implemented
in the R package aBcrr (Pudlo et al., 2016).

The parameters used for simulation of each scenario (and the pri-
ors used) are denoted in Table 1 and are based on current knowledge
of this system. In particular, we set a prior on divergence time be-
tween the two parental Senecio species of 100,000-250,000 gener-
ations ago (Osborne et al., 2013), and allowed bidirectional gene flow
between species mediated by the hybrid zone (modelled as a third
population) as inferred previously (Osborne et al., 2013). Effective
population size of S. aethnensis was set to 100,000-500,000 individ-
uals (Osborne et al., 2013), and that of S. chrysanthemifolius and of
the hybrid zone population were set to between half and 1.5x that of
S. aethnensis based on their similar levels of polymorphism. Given the
large area currently occupied by S. squalidus compared to its parental
species, we set a prior on effective population size of this species of
1x to 1,000x that observed in S. aethnensis. For the evolutionary
history of S. squalidus, we set three important times according to his-
torical records (Harris, 2002): introduction of material to the UK (T1),
naturalisation in the UK (T2) and beginning of exponential expansion
as S. squalidus started to spread across the UK (T3). We assumed
a generation time of 1 year as S. squalidus typically flowers within
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R L . Parameter Description Prior Posterior’
parameters and priors used in simulations

MEtnal Migration rate parameter between Uniform 0.68 (0.16-0.89)
Senecio chrysanthemifolius and the hybrid (0.1,0.9)
population (symmetric in each direction)

MEtna2 Migration rate parameter between Senecio Uniform 0.75(0.13-0.89)
aethnensis and the hybrid population (0.05, 0.9)
(symmetric in each direction)

Torigin Time of split between S. aethnensis and Uniform 178 (116-243)
S. chrysanthemifolius (thousands of (100, 250)
generations)

Na Population size of S. aethnensis (thousands Uniform 202 (151-356)
of individuals) (150, 500)

Nc Population size of S. chrysanthemifolius Uniform 0.52(0.50-0.66)
(relative to Na) (0.5, 1.5)

Nh Population size of hybrid population Uniform 1.41 (1.09-1.49)
(relative to Na) (0.5, 1.5)

T1 Time of introduction of seeds to UK Uniform 333 (301-388)
(generations) (300, 400)

T2 Time of naturalisation of Senecio squalidus Uniform 257 (206-297)

(200, 300)

T3 Beginning of exponential expansion of S. Uniform 144 (102-198)
squalidus [100, 200]

P Proportion of S. squalidus genepool coming Uniform 0.59 (0.51-0.75)
from S. chrysanthemifolius [0.5, 0.9]

Ns Population size of S. squalidus (relative to Uniform [1, 573 (57-969)
Na) 1,000]

Nnat Population size of S. squalidus during Uniform 61 (13-98)
naturalisation period (relative to Nb) [10, 100]

Nb Population size of S. squalidus at moment Uniform [1, 155 (77-197)
of origin 200]

*Posterior shows median and 95% posterior distribution.

its first year, and set T1 to 300-400 generations ago (approximate
introduction of material to the UK at around the turn of the 18th
century), T2 to 200-300 generations (following reports of S. squal-
idus growing outside the Oxford Botanic Garden by the mid-18th
century) and T3 to 100-200 generations ago (following spread of S.
squalidus along the railway lines starting in the mid 19th century).
For Model 1, the introduction of hybrid material into the UK at time
T1 was modelled by randomly selecting a number of individuals (Nb,
between 1 and 200 individuals) from the hybrid zone population to
give rise to S. squalidus. For Model 2, the individuals (Nb, 1-200 indi-
viduals) that gave rise to S. squalidus were instead randomly sampled
from either S. chrysanthemifolius (with a probability, p, between .5
and .9) or S. aethenesis (with probability 1 - P). Population size for the
period immediately after T1 was modelled as constant (and equal to
Nb), for the period after T2 was modelled as constant but larger than
Nb (Nnat, between 10 and 100x Nb), and for the period after T3 was
modelled as exponentially increasing (exponential growth factor cal-
culated for each simulation depending on assumed population size of
S. squalidus at T1 and at present).

For the regression-based ABC approach we used a reduced set
of six summary statistics to avoid the “curse of dimensionality”. The
curse of dimensionality in the context of ABC refers to the inability

to simulate data sets that closely match the observed data as the
number of summary statistics increases. Ideally, we would like to
match the data in as many ways as possible, by using a large number
of different summary statistics to describe it. However, the more
summary statistics we use the less likely we are to generate data
sets that are similar to the observed data, so there is a bias/variance
trade-off. Thus, for this first ABC approach we selected only those
summary statistics that convey the information we sought a priori
to be relevant to distinguish the two scenarios of S. squalidus origin:
the amount of divergence to each potential parental population, the
magnitude of bottleneck suffered while colonising the UK, the rela-
tive loss of genetic diversity and the relative increase in linkage dis-
equilibrium in S. squalidus. The six summary statistic selected were
thus: the F¢; between S. squalidus and each of the three potential pa-
rental sources (Fgq
idus (D,

compared to the three potential parental populations (quua/mean

a0 Fstes Fshe)i the Tajima's D observed in S. squal-

Squa); the relative reduction of genetic diversity in S. squalidus

[0, ety HChW, thbr]); and the observed linkage disequilibrium in S. squal-
/mean

squa

LDlhybr]). To evaluate whether this approach is able

idus relative to the average LD in the other three taxa (LD1
[LDlaeth’ LDIchry’
to distinguish the two alternative models we computed misclassifi-
cation errors with the function cv4postpr of the asc package, using
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FIGURE 2 Genome-wide analyses confirm the origin of
Senecio squalidus from hybridisation between Senecio aethnensis
and Senecio chrysanthemifolius. (a) Clustering and (b) principal
component analysis based on 2,081 non-coding SNPs distributed
across the genome show that S. squalidus is genetically distinct from
both parental species and individuals from the naturally-occurring
hybrid zone on Mt Etna (denoted S. aeth x chry). (c) Analysis of
SNPs showing nearly fixed differences between both parental
species reveals that S. squalidus is polymorphic in the majority of
SNPs (n = 750) and is fixed for S. chrysanthemifolius alleles more
than twice as often as for S. aethnensis alleles

100 simulated data sets from each model. To infer which model was
best supported by the data, we calculated the approximate poste-
rior model probability of each model with the function postpr, and
the approximate Bayes factors as the ratio of model probabilities of
each model. Parameter estimates were obtained for the best sup-
ported model using the function abc, with parameter values logit
transformed and using the prior for each parameter as bounds. For
all calculations we used the neural network ABC approach with a
tolerance of 0.01 as implemented in ABc package.

To test whether the best supported model provided a good fit
to the observed data we performed posterior predictive checks, by
randomly sampling with replacement 1,000 multivariate parameters
from the posterior distribution of each model, simulating new sum-
mary statistics using these parameters, and plotting the resulting
distributions both separately (for each summary statistic) and jointly
in a PCA in the space of all summary statistics. Here, a good model
fit is indicated when the observed values lay within the distributions
obtained in the a posteriori simulations.

For the random forests ABC approach, no a priori selection of
summary statistics was performed. We built a machine learning clas-
sifier containing 1,000 trees with the function abcrf, using all sum-
mary statistics denoted in Table S2 complemented by the single axis
of a linear discriminant analysis (LDA) of the two models as an addi-
tional statistic. We then used this classifier to predict the best fitting
model with the function predict.abcrf. To test whether the models
simulated provide a good fit to the observed data we projected the
observed summary statistics on the single axis of the LDA, together
with the simulated data sets for each model—a good fit is indicated

when the observed data is in close vicinity of the simulated data sets.

3 | RESULTS

3.1 | Population structure, polymorphism and
linkage disequilibrium

To characterise the genome-wide effects of hybrid speciation we
used transcriptome data from multiple individuals of S. squalidus col-
lected from throughout the UK (n = 28), together with transcriptome
data from its two parental species (n = 16), and naturally-occurring
interspecific hybrids sampled on Mt Etna (n = 14).

NEVADO ET AL

(@

1.0

0.8
c
S 0.6
S
Q
2 0.4 1
o

0.2

0.0 -

"
R A vs
6“6 ‘(\e«\ *G a‘\'\()
o a(\\ N oV
5.366 ooy 5.2 6.°

(b)

20 S. chrysanthemifolius

10 Q@}
2
o]
B0
Al
S
O -10 o

-20 S. aethnensi

I | I ! I
20 -10 0 10 20
PCA1 (8.4%)

()

Number of SNPs nearly fixed between
S. aethnensis and S. chrysanthemifolius
that were sequenced in S. squalidu
were: —

fixed for
S. chrysanthemifolius
allele (n = 261)

polymorphic

fixed for / (n =750)

S. aethnensis
allele (n = 100)

Senecio squalidus was resolved as a well-separated cluster from
all other groups in both Structure and PCA analyses (Figure 2a,b).
Conversely, the hybrid individuals collected on Mt Etna showed vari-
able degrees of admixture between the two parental species, and
based on the admixture proportions none appeared to be a first-gen-
eration hybrid (Figure 2a). This is in agreement with previous results
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using different genetic markers (James & Abbott, 2005; Wong
et al., 2020) and suggests that F1 hybrids on Mt Etna are rare. The
stronger clustering of all hybrid individuals with S. chrysanthemifolius
accords with the relatively low elevation where hybrid seeds were
collected for this study (1,353-1,530 m; Table S1) which is closer to
the distributional limits of typical S. chrysanthemifolius (below 900 m)
than S. aethnensis (above 2,500 m; Abbott & Brennan, 2014), and is
more likely to reflect the geographic origin of the putative hybrid
material introduced to the Oxford Botanic Garden in the late-17th
century (Harris, 2002). Furthermore, some individuals of S. aethn-
ensis sequenced previously (Chapman et al., 2013) and reanalysed
here were collected at around 2,000 m elevation, and exhibit some
admixture with S. chrysanthemifolius (Figure 2a).

We identified 1,121 SNPs where the two parental species were
fixed or nearly fixed (frequency of most common allele >90%) for
different alleles. Of 1,111 such SNPs that were sequenced in S.
squalidus, we found that 67.5% (750 SNPs) were polymorphic, while
23.5% (n = 261) were fixed or nearly fixed for the S. chrysanthemi-
folius allele and 9% (n = 100) for the S. aethnensis allele (Figure 2c).
We found no evidence for genome-wide excess heterozygosity in S.
squalidus (global Hardy-Weinberg test, p = 1) and only six out of 970
SNPs tested for excess heterozygosity in this species showed a sig-
nificant result (p < .05; only four of these remained significant after
multiple test correction).

Analysis of polymorphism revealed that genetic diversity is on
average 25% lower in S. squalidus (diversity on entire coding se-
squa = 0.008)
compared to the two parental species (0., = 0.0049 and 0s,.
oth = 0.0119; Hschry =0.0039 and eschry = 0.0094) and their natural-
ly-occurring hybrids (6, = 0.0047 and 6s, , = 0.0110; Figure 3a;
Table S3). Tajima's D estimated across all genes (Figure 3b; Table S3)
qua = 0.77 and Dssqua = 0.79) than in
the two parental species (D, = 0.18 and Ds,_,,, = 0.22; Dchry =0.14
and Ds,., = 0.20) or their hybrid population (D, , = 0.20 and
Dshybr = 0.27). Estimated F¢; values between S. squalidus and the

quences, 0,

+ Oqua = 0.0034; on synonymous sites only, 0s

was higher in S. squalidus (D

Italian taxa were always higher than between any pair of Italian taxa
(Table S3). The degree of linkage disequilibrium observed was also
higher in S. squalidus compared to either parental species or their
hybrid population, with ca. 25% of SNPs within 1 kb of each other
showing significant LD in S. squalidus (Figure 3c).

3.2 | ABC analysis

To reveal the early evolutionary history of S. squalidus, we performed
ABC analyses of the two alternative scenarios for the homoploid hy-
brid origin of this species. This approach relies on simulating data sets
under each model, computing summary statistics for each simulated
data set, and comparing these summary statistics to the observed
values—better fitting models should result in summary statistics
more similar to the ones observed in the empirical data (Beaumont
et al.,, 2002). We considered two models that differed only in the
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FIGURE 3 Hybrid speciation and population bottleneck in

the origin of Senecio squalidus affected genome-wide patterns of
polymorphism. (a) Analysis of genetic polymorphism shows lower
average genetic diversity, (b) higher Tajima's D values, and (c) a
larger proportion of SNPs in linkage disequilibrium in S. squalidus
compared to parental species and their naturally-occurring hybrids.
For genetic diversity and Tajima's D estimates, values are shown
when using all sites (¢, D) or only synonymous sites (6, D) for

each species and the naturally-occurring hybrids from Mt Etna (S.
aeth x chry in all panels). For each violin plot in panels a and b white
dots represent median; black vertical rectangles represent the
interquartile range (IQR); and black vertical lines denote the range
of the most extreme data points that are within 1.5 x IQR below
lower quartile and 1.5 x IQR above upper quartile
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very early evolutionary history of S. squalidus. Under Model 1, S.

squalidus originated from introduction of hybrid material from the
naturally-occurring hybrid zone on Mt Etna into the UK, while under
Model 2 S. squalidus originated from a recent hybridisation event be-
tween the two parental species in the UK (Figure 4a,b). We found
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that we are able to distinguish the two models with high accuracy
(cross-validation test, all pseudo-observed data sets correctly identi-
fied), and retrieved strong support for Model 2 compared to Model
1 (approximate posterior probabilities of 0.945 and 0.055 respec-
tively; approximate Bayes factor of 17.11). An independent random
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FIGURE 4 Approximate Bayesian Computation analysis supports a recent hybridisation event in the origin of Senecio squalidus. (a, b) The
two models differ in whether S. squalidus originated from introduction of hybrid individuals from the naturally-occurring hybrid zone on Mt
Etna (Model 1, panel a) or from recent hybridisation in the UK between introduced specimens of both parental species (Model 2, panel b).
Dashed red lines represent human-mediated dispersal between Mt Etna and the UK, and solid blue lines represent hybridisation between

S. aethnensis and Senecio chrysanthemifolius. (c, d) Principal component analysis in the space of summary statistic used in the ABC neural
network regression approach, showing simulated data sets from the prior (open green circles) and from the posterior predictive distributions
(filled blue circles), and the observed data set (filled yellow circle). The observed values fall within the posterior predictive distribution on all
four PCA axes (accounting for 98% of variation) for Model 2 (d) but not for Model 1 (c)
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forests ABC approach using all 18 summary statistics calculated
(Table S2) also supported Model 2 over Model 1 (approximate poste-
rior probability of Model 2 of .998; approximate Bayes factor of 499;
Figure S2). To further confirm that Model 2 provides a good fit to
the data, we performed posterior predictive checks for each model
using 1,000 multivariate parameters from the posterior distribu-
tion of each model. We found that the distributions of the summary
statistics calculated from these a posteriori-simulated data sets
encompassed the values observed in the empirical data in all cases
(Figure S3), and a PCA on the space of all summary statistics con-
firmed the better fit of Model 2 to the data (Figure 4c,d). Posterior
estimates for all demographic parameters are given in Table 1, but
these typically had wide confidence intervals and should be inter-

preted with caution.

4 | DISCUSSION

Using transcriptome data from multiple individuals of S. squalidus, its
two parental species and individuals from their naturally occurring
hybrid zone, we have characterized the genome-wide effect of ho-
moploid hybrid speciation in S. squalidus, and inferred the most likely
scenario for the origin of this species. The results of the analysis of
genetic data obtained in this study must be interpreted in view of
the extensive and detailed historical records of the origin and spread
of S. squalidus throughout the UK (reviewed in Abbott et al., 2009;
Harris, 2002). Of particular importance, it is well established that
seeds of Senecio from Mt Etna were introduced to gardens in the UK
at the end of the 17th century, and that S. squalidus originated from
material descending from these seeds that escaped cultivation in
the Oxford Botanic Garden in the 18th century (Abbott et al., 2009;
Harris, 2002; James & Abbott, 2005). Furthermore, because neither
parental species has ever been recorded in the wild anywhere in the
UK (Sell et al., 2006), hybridisation between S. squalidus and either
parental species cannot have occurred after S. squalidus escaped
from the Oxford Botanic Garden. This allows us to dismiss alterna-
tive scenarios for genetic admixture in S. squalidus, and in particular
that introgression of genetic material with either parental species
occurred after the origin of S. squalidus—a scenario that is usually
difficult to exclude in other systems (Schumer et al., 2014).

4.1 | Genome wide effect of hybrid speciation in
S. squalidus

Senecio squalidus forms a genetically divergent group from both pa-
rental species and individuals from their naturally occurring hybrid
zone, as inferred from both PCA and Structure analyses (Figure 2).
This is a different pattern than has been observed in other homop-
loid hybrid species (e.g., Elgvin et al., 2017). Because both of these
analyses use allele frequencies to infer clustering patterns, the clear
separation between S. squalidus and all other groups probably re-
flects the strong drift experienced by S. squalidus during its origin
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and in the early stages of its colonisation of the UK, and the lack of

gene flow between S. squalidus and either parental species after S.
squalidus escaped cultivation in the Oxford Botanic Garden.

The majority of SNPs showing fixed differences between the
two parental species are polymorphic in S. squalidus, confirming the
very recent hybrid origin of this species. We also confirm a greater
contribution of genetic material from S. chrysanthemifolius than S.
aethnensis as reported previously (James & Abbott, 2005). Although
this could result from preferential fixation of S. chrysanthemifolius al-
leles, it may also reflect more frequent backcrosses with this species,
in line with the co-occurrence of hybrid specimens and S. chrysan-
themifolius in the Oxford Botanic Garden in the early-18th century
(Harris, 2002; see also next section) prior to S. squalidus escape and
colonisation of the UK.

Despite the strong bottleneck experienced by S. squalidus, ge-
netic diversity in this species is relatively high, and on average only
25% lower compared to either parental species (Figure 3). This is
in line with a previous estimate of 32% reduction in microsatellite
diversity in this species (Brennan et al., 2013). Senecio squalidus
also exhibits a wider range of genetic diversity values, with 13% of
genes exhibiting higher diversity than observed in either parental
species (Figure 3a), possibly resulting from retention of alleles from
both species at these genes. This, together with the self-incompat-
ibility system in S. squalidus that promotes maintenance of genetic
diversity (Abbott & Forbes, 1993; Hiscock, 2000), may explain why
genetic diversity in S. squalidus remained relatively high despite the
strong and recent bottleneck experienced by this species. The de-
crease in genetic diversity and increase in Tajima's D observed in S.
squalidus are expected signatures of a recent population bottleneck,
while the increase in linkage disequilibrium may result from a recent
bottleneck, recent hybridisation between the two parental species,
or both.

4.2 | Origin of S. squalidus from recent hybridisation
in British gardens

Colonisation of the UK by S. squalidus after escaping cultivation at
the Oxford Botanic Garden has been extensively recorded by British
botanists to give an extremely accurate chronological record (re-
viewed in Abbott et al., 2009), but the early evolutionary history
of this species remains elusive (Abbott et al., 2009; Harris, 2002).
We investigated two alternative models for the origin of S. squali-
dus: introduction of individuals from the naturally occurring hybrid
zone on Mt Etna (Model 1); and de novo hybridisation between the
two parental species while in cultivation in British Gardens (Model
2). The main difference between the two models is the age of the
hybridisation event giving rise to S. squalidus. Under Model 1, intro-
duction of individuals from the naturally occurring hybrid zone on
Mt Etna would imply a more ancient hybrid origin, as the hybrid zone
on Mt Etna is relatively long (ranging from 900 m to 2,500 m eleva-
tion) and stable such that first-generation hybrids are rare. Instead,
hybrid individuals along the hybrid zone show different degrees of
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ancestry and backcrossing with each parental species depending on
elevation (James & Abbott, 2005; Wong et al., 2020). Conversely,

Model 2 assumes a very recent hybridisation event between S. aeth-

nensis and S. chrysanthemifolius as giving origin to S. squalidus. We
note that first generation hybrids may occur sporadically on Mt Etna,
driven by long-distance dispersal of pollen by pollinators. However,
these events are rare (S. Hiscock, G. Walter and J. Bridle, personal
observations) so it is unlikely these individuals would make up any
significant proportion of the seeds collected on Mt Etna and intro-
duced into the UK at the turn of the 18th century.

We find that a model of very recent hybridisation in the origin of
S. squalidus (Model 2) is strongly supported. Two different methods
for estimating posterior probabilities give values of .945 and .998
in favour of this model, based on neural network regression and
random forest classification (respectively). The contrasting model,
where established hybrid material from Mt Etna was introduced to
the UK at the turn of the 18th century (Model 1) is only very weakly
supported—our analysis suggests that the probability of obtaining
the observed summary statistics is 17 to 500 times higher under
Model 2 compared to Model 1. Model choice using ABC can be af-
fected by the choice of summary statistics, which may lead to in-
sufficient information retained to confidently distinguish between
competing models (Robert et al., 2011). However, cross-validation
analysis revealed that even when using the restricted set of six
summary statistics with the neural network regression approach
all pseudo-observed data sets are correctly assigned to their re-
spective models. Posterior predictive checks further confirm the
good fit of Model 2 to the data: when considered separately, all ob-
served summary statistics fall within the 95% posterior distributions
(Figure S3); and when considered jointly, observed values fall within
the posterior distribution on all projections of a PCA on the space
of all summary statistics (Figure 4d). As mentioned above, “pure”
populations of S. aethnensis and S. chrysanthemifolius do not usually
meet—"pure” S. aethnensis individuals are restricted to high elevation
regions above 2,500 m, while “pure” S. chrysanthemifolius individuals
occur at elevations below 900 m (Abbott & Brennan, 2014)—and it
is highly unlikely that the seeds introduced into the UK would come
from a first generation cross between the two species. Instead, re-
cent hybridisation between the two species most likely occurred in
the UK, in the gardens at Badminton where individuals from both
species were in cultivation at the end of the 17th century (Figure 1b-
d; Harris, 2002). Hybrid material from these crosses was most likely
introduced to the Oxford Botanic Garden in the early 18th cen-
tury, where S. chrysanthemifolius was also cultivated at this time
(Figure 1a; Harris, 2002). This implies that the newly formed hybrid
individuals were growing in close proximity with at least one of the
parental species before escaping cultivation and spreading through-
out the UK (as S. squalidus).

This now raises the question of what mechanism(s) caused repro-
ductive isolation in this system. While we do not address this ques-
tion in this study, recent research supports the existence of genetic

incompatibilities between both S. aethnensis and S. chrysanthemifolius

(Brennan et al., 2014; Chapman et al., 2016), and between these two
species and S. squalidus (Brennan et al., 2019). Moreover, S. squalidus
appears to have inherited genetic incompatibilities from both paren-
tal species (Brennan et al., 2019), providing a possible mechanism
for an initial degree of reproductive isolation following homoploid
hybrid speciation (but see Schumer & Brandvain, 2016). At the same
time, no wild populations of either parental species have ever been
reported in the UK (Sell et al., 2006); and common garden experi-
ments in the UK have shown that S. squalidus outperforms both pa-
rental species, their naturally occurring hybrids from Mt Etna, and
newly-synthesised hybrids (Ross, 2010). This suggests a strong de-
gree of ecological divergence between S. squalidus and both parental
species, which furthermore appears to be more strongly associated
with differences in soil composition rather than climatic variables
(Ross, 2010). Analysis of differential gene expression between S.
squalidus and its parental species (Hegarty et al., 2009) identified
over 200 genes with transgressive expression values in S. squalidus
(i.e., gene expression values in S. squalidus significantly higher or
lower than both parental species), possibly underpinning the trans-
gressive physiological adaptations that allowed the hybrid species
to colonise an environment where neither parental species can live.
Thus, hybridisation is likely to have caused a degree of reproductive
isolation from the onset (due to post-zygotic mechanisms), while S.
squalidus' subsequent escape from cultivation and spread through
the UK provided additional (prezygotic) isolation in the form of hab-
itat and ecological segregation.

Given that S. squalidus originated from recent interspecific
crosses in the UK—as opposed to introduction of already stabilised
hybrid material from Mt Etna—our results have important implica-
tions for understanding homoploid hybrid speciation. First, we can
infer that establishment of a stable hybrid lineage occurred rapidly.
The original interspecific crosses occurred at the turn of the 18th
century (1690-1710), whilst individuals sent to Carolus Linnaeus
in the 1730s were formally described as S. squalidus in 1753, with
the first unambiguously dated specimen from Oxford being col-
lected in 1792 (Harris, 2002). Thus a period of 30-100 generations
elapsed during formation of the new species, S. squalidus, which
is in line with estimates obtained in Helianthus (Rieseberg, 2000;
Rieseberg et al., 1996) and some, but not all, simulation studies
(Ungerer et al., 1998). Second, we can infer that ecological diver-
gence occurred rapidly following hybridisation, possibly as early as
the mid-18th century, when S. squalidus was naturalised in old walls
outside the Oxford Botanic Garden (Harris, 2002), i.e., adaptation
to the novel habitat occurred within ca. 50 generations of hybridi-
sation. Third, we can infer that both pre- and post-zygotic reproduc-
tive isolation barriers evolved during, or rapidly after, hybridisation,
in line with results in Helianthus (Rieseberg, 2006), and suggesting
that homoploid hybrid speciation may require interactions between
both types of reproductive isolation barriers to produce a new hy-
brid species.

In conclusion, we found that, by the turn of the 18th century, the
homoploid hybrid species S. squalidus had arisen from hybridisation
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between its two parental species while in cultivation in two British
gardens. This is a remarkable example of the creative role of hybri-
disation in the face of environmental change—two species, each
unable to survive in a novel habitat, hybridized and formed a new
species that not only survived but was able to spread rapidly and
colonize the novel habitat. In line with the well-documented cases
of homoploid hybrid speciation in North American Helianthus (re-
viewed in Rieseberg, 2006), speciation of S. squalidus appears to
have resulted from both genomic incompatibilities between hybrid
and parental species, and transgressive phenotypes created by hy-
bridisation that allowed colonisation of novel habitats. However,
compared to the hybrid Helianthus species, S. squalidus originated
much more recently, and its invasion into a novel habitat has been
extremely well documented (reviewed in Abbott et al., 2009), pro-
viding a window into the very earliest stages of homoploid hybrid
speciation—the period during which this process is most different
from other forms of speciation (Nolte & Tautz, 2010). Ongoing ge-
nome assembly of this species, together with experimental crosses
between S. squalidus and its parental species (Brennan et al., 2019)
will lead to a better understanding of the genomic architecture of
reproductive isolation in this system, and allow pinpointing of ge-
nomic regions and evolutionary mechanisms responsible for rapid

ecological divergence between S. squalidus and its parental species.
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