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Abstract

Multiple-island endemics (MIE) are considered ideal natural subjects to study patterns
of island colonization that involve recent population-level genetic processes. Kleinia
neriifolia is a Canarian MIE widespread across the archipelago, which exhibits a close
phylogenetic relationship with species in northwest Africa and at the other side of
the Sahara Desert. Here, we used target sequencing with plastid skimming (Hyb-Seq),
a dense population-level sampling of K.neriifolia, and representatives of its African-
southern Arabian relatives to infer phylogenetic relationships and divergence times at
the species and population levels. Using population genetic techniques and machine
learning (convolutional neural networks [CNNs]), we reconstructed phylogeographic
relationships and patterns of genetic admixture based on a multilocus SNP nuclear
dataset. Phylogenomic analysis based on the nuclear dataset identifies the northwest-
ern African Kleinia anteuphorbium as the sister species of K. neriifolia, with divergence
starting in the early Pliocene. Divergence from its sister clade, comprising species
from the Horn of Africa and southern Arabia, is dated to the arid Messinian period,
lending support to the climatic vicariance origin of the Rand Flora. Phylogeographic
model testing with CNNs supports an initial colonization of the central island of
Tenerife followed by eastward and westward migration across the archipelago, which
resulted in the observed east/west phylogeographic split. Subsequent population
extinctions linked to aridification events, and recolonization from Tenerife, are pro-
posed to explain the patterns of genetic admixture in the eastern Canary Islands. We
demonstrate that CNNs based on SNPs can be used to discriminate among complex

scenarios of island migration and colonization.
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Syngameon hypothesis

Isabel Sanmartin and Ricarda Riina contributed equally to this study and are also joint senior authors.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2024 The Author(s). Molecular Ecology published by John Wiley & Sons Ltd.

Molecular Ecology. 2024,33:€17537.
https://doi.org/10.1111/mec.17537

wileyonlinelibrary.com/journal/mec

10f 20


https://doi.org/10.1111/mec.17537
www.wileyonlinelibrary.com/journal/mec
mailto:
https://orcid.org/0000-0001-5571-1473
https://orcid.org/0000-0002-4642-7793
https://orcid.org/0000-0002-9236-8616
https://orcid.org/0000-0003-0332-5583
https://orcid.org/0000-0003-0600-1496
mailto:
https://orcid.org/0000-0002-7423-899X
mailto:
https://orcid.org/0000-0001-6104-9658
http://creativecommons.org/licenses/by/4.0/
mailto:mario.rincon@cnb.csic.es
mailto:rriina@rjb.csic.es
mailto:isanmartin@rjb.csic.es
mailto:isanmartin@rjb.csic.es

RINCON BARRADO ET AL.

20of 20
A48 2A'E MOLECULAR ECOLOGY
1 | INTRODUCTION

Oceanic islands, despite representing a small percentage of the
emergent land, are important biodiversity hotspots that concen-
trate a disproportionate amount of terrestrial endemism (Whittaker
et al., 2023). They are geographically limited by the ocean and were
never connected to continental landmasses as they originated via
volcanism, and were never in contact with the continents. These
attributes confer them important advantages for the study of bio-
geography (MacArthur & Wilson, 1963) and also help to expand
our knowledge in fields as diverse as community ecology, macro-
evolution and population genetics (Overcast et al., 2023; Warren
et al,, 2015).

The Canarian flora is probably one of the best studied island
floras in the world (Cardoso et al., 2010; Florencio et al., 2021;
Reyes-Betancort et al., 2008) and has provided key insights into
patterns of colonization, speciation and species extinction in in-
sular systems (Caujapé-Castells et al., 2017; Fernandez-Palacios
et al., 2016; Garcia-Verdugo, Caujapé-Castells, & Sanmartin, 2019;
Hooft van Huysduynen et al., 2021; Sanmartin et al., 2008; Valente
et al.,, 2017; Whittaker et al., 2008). However, studies have mostly
focused on radiations of single-island endemic (SIEs) because they
represent the majority of endemic species in the archipelago (c. 70%;
Carine & Schaefer, 2010). On the contrary, multiple-island endemics
(MIE), that is species that are present in two or more islands within
the archipelago, have gained attention recently (Barres et al., 2017;
Caujapé-Castells et al., 2022). These species allow exploring younger
and ongoing population-level processes, including genetic admix-
ture, geographic extirpation (population extinction), and events
of demographic expansion or population bottlenecks (Caujapé-
Castells et al., 2017, 2022; Garcia-Verdugo, Caujapé-Castells, lllera,
et al., 2019; Mairal, Pokorny, et al., 2015).

In highly isolated oceanic archipelagos such as Hawaii, the pattern
of island colonization typically follows the ‘stepping-stone’ coloniza-
tion (SSC) model: dispersal takes place between adjacent islands, fol-
lowing their order of geological appearance (Shaw & Gillespie, 2016;
Wagner & Funk, 1995). However, in the Canary Islands, phylogeo-
graphical studies have revealed a more complex history of island mi-
gration and diversification. An east/west phylogeographical split has
been described in numerous species radiations composed of multiple
SIEs (Allan et al., 2004; Sanmartin et al., 2008), as well as, at the popu-
lation level, within several Canarian MIEs (Garcia-Verdugo, Caujapé-
Castells, Mairal, & Monroy, 2019; Mairal, Sanmartin, et al., 2015;
Saro et al., 2015; Villaverde et al., 2018). This pattern, referred to
here as the ‘Central Island Hub’ (CIH) model, posits that the central
islands in the archipelago, especially Tenerife, which is the largest
and highest, acted as the source of colonization events towards the
other islands, eastwards and westwards (Sanmartin et al., 2008).
Often, a within-island geographic split is observed between the
populations in central and eastern Tenerife and those in Teno, the
westernmost part of the island (Garcia-Verdugo, Caujapé-Castells,
Mairal, & Monroy, 2019; Mairal, Sanmartin, et al., 2015; Sanmartin
et al., 2008; Saro et al., 2015). These ‘western Tenerife’ populations

are usually more closely related to populations to the west of the
archipelago (La Gomera, La Palma and El Hierro), whereas popula-
tions from ‘eastern/central Tenerife’ are frequently grouped with
those from other islands to the east (Gran Canaria, Fuerteventura,
Lanzarote). The east/west CIH model is, however, at odds with the
finding of higher values of population genetic diversity (i.e. expected
heterozygosity and number of alleles per locus) in the eastern islands
of Lanzarote and Fuerteventura in several plant species (Caujapé-
Castells, 2011; Gonzalez-Pérez et al., 2004; Kim et al., 1998; Oliva-
Tejera et al., 2005). The eastern islands are the lowest in elevation
and the driest, and for many plant and animal groups, they also
harbour the lowest number of endemic species (Garcia-Verdugo,
Caujapé-Castells, Mairal, & Monroy, 2019; Sanmartin et al., 2008).
To explain this discrepancy between patterns of genetic diversity
and phylogeographic patterns, Caujapé-Castells (2011) proposed
an alternative model: the ‘Surfing Syngameon Hypothesis’ (SSH).
According to this model, initial colonization likely followed an east-
to-west stepping-stone model, congruent with the temporal and
geographic position of the islands within the archipelago. Later, se-
lection and stochasticity associated with the islands' geological on-
togeny determined population bottlenecks and even the extinction
of some populations. In the easternmost islands of Fuerteventura
and Lanzarote, where the climatic oscillations of the Pleistocene
led to a major increase in aridity, these two processes (bottlenecks
and population extinction) probably facilitated the recolonization by
populations from Tenerife and Gran Canaria, and from the mainland
(Garcia-Verdugo, Caujapé-Castells, Mairal, & Monroy, 2019). As are-
sult, the initial pattern of east-to-west genetic differentiation across
the archipelago got erased. Concurrently, all islands but especially
Lanzarote and Fuerteventura, accumulated greater levels of genetic
variation through frequent inter-island dispersal and ongoing col-
onization events from nearby northwestern Africa. Within-island
gene flow and secondary contact among initially isolated geno-
types also contributed to patterns of genetic admixture (Caujapé-
Castells, 2011; Caujapé-Castells et al., 2017).

Unlike the Hawaiian archipelago, the proximity of the Canarian
Archipelago to a major continental landmass has resulted in the
Canarian endemics having their closest phylogenetic relatives in
nearby northwestern Africa, other Macaronesian archipelagos, or
in the Mediterranean region (Caujapé-Castells et al., 2022). One ex-
ception is the ‘Rand Flora’ species (Fernandez-Palacios et al., 2024;
Sanmartin et al., 2010). These are Canarian endemics that have their
closest relatives in geographically distant regions on the eastern and
southern margins of the African continent: for example the Horn of
Africa/southern Arabia, eastern Africa and southern Africa (Andrus
etal.,2004; Pokorny et al., 2015; Thiv et al., 2010). Recent studies based
on molecular phylogenies and species distribution models suggest that
the Rand Flora pattern was formed by fragmentation of a former wide-
spread African distribution by climatic extinction linked to aridifica-
tion events (Culshaw, Mairal, & Sanmartin, 2021; Culshaw, Villaverde,
et al., 2021; Mairal et al., 2017; Mairal, Pokorny, et al., 2015; Pokorny
et al., 2015; Riina et al.,, 2021; Rincén-Barrado et al., 2021; Villaverde
et al., 2018). Global climatic changes starting in the mid-Miocene led
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to the aridification of northern, southern and eastern Africa, which cli-
maxed with the formation of the Sahara Desert c. 8-7Ma. The result
was the replacement of the original subtropical African (‘Gondwanan’)
vegetation by more xeric elements (Milne & Abbott, 2002; Senut
et al., 2009; Sepulchre et al., 2006) and the current ring-like distribu-
tion of the Rand Flora clades, with species isolated in the continental
African margins (Pokorny et al., 2015).

Many Canarian plant endemics are only found in the more humid
and higher western-central islands (Caujapé-Castells et al., 2022).
Kleinia neriifolia Haw. (Asteraceae) and Euphorbia balsamifera Ait.
(Euphorbiaceae) are exceptions to this trend because they are
present in all seven major islands, including the dry eastern Canary
Islands, thus representing rare ‘ubiquitous MIEs’ (Caujapé-Castells
et al.,, 2022). Both species belong to clades exhibiting the Rand Flora
pattern: close phylogenetic relationships between species occurring
on opposite sides of the Sahara Desert (Pokorny et al., 2015). Kleinia
neriifolia is a succulent shrub that grows in lowland areas of the ar-
chipelago (Halliday, 1986; Figure 1). Kleinia Mill. is a genus within
the Senecioneae tribe (Cicuzza et al., 2018; Compositae Working
Group, 2024; Pelser et al., 2007; Timonin et al., 2015), which com-
prises c. 50 succulent species distributed in the arid and semiarid
regions of southern Africa and Madagascar, in the Horn of Africa,
Arabian Peninsula and Socotra Island in the east, as well as in
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western Sahel, the coasts of Morocco and Western Sahara, and the
Canary lIslands in the west (Figure 1); a few species are restricted
to India and southeastern Asia (Compositae Working Group, 2024).
Phylogenetic analyses based on Sanger sequencing of a limited num-
ber of hypervariable plastid markers and the ITS multicopy nuclear
region, recovered K.neriifolia as the sister species of the northwest-
ern African endemic Kleinia anteuphorbium (L.) DC. and, in turn, these
two species form the sister clade to a group of species distributed in
the Horn of Africa and southern Arabia (Cicuzza et al., 2018; Pelser
et al., 2007; Pokorny et al., 2015; Timonin et al., 2015). At the pop-
ulation level, two phylogeographic studies, based on microsatellites
(Sun & Vargas-Mendoza, 2017) or a few plastid loci (Garcia-Verdugo,
Caujapé-Castells, Mairal, & Monroy, 2019), recovered an east-west
phylogeographic split within K. neriifolia, similar to the one observed
in the Rand Flora endemic Canarina canariensis (Campanulaceae,
Mairal, Pokorny et al., 2015; Mairal, Sanmartin et al., 2015).
Statistical comparison of phylogeographic scenarios have typically
employed Approximate Bayesian Computation (ABC; Beaumont, 2010;
Overcast et al., 2017; Patifo et al., 2015; Perez et al., 2016). These are
likelihood-free, coalescent-based approaches in which genetic data
simulated under alternative phylogeographic scenarios are compared
with the empirical data to approximate the posterior distribution of
the model parameters and identify the most likely scenario. In recent

-20

FIGURE 1 (a)Leafy shrub of Kleinia neriifolia. (b) Detail of the pappus of K. longiflora. (c) Distribution of genus Kleinia in Africa and
nearby archipelagos. (d) Succulent branches and pappus of K. anteuphorbium. Distribution data were obtained from GBIF.org (7 June 2021;
Download https://doi.org/10.15468/dl.2ww8dk), and from herbarium specimens studied. The inset shows the Canary Islands with dots
marking the sampling localities. Photographs by C. Garcia-Verdugo (K. neriifolia and K. anteuphorbium) and A. Dreyer (K. longiflora).
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years, (deep) machine learning algorithms such as convolutional neural
networks (CNN) (LeCun et al., 1998) have been proposed as an alter-
native to ABC approaches for phylogeographic inference. This ma-
chine learning approach relies on image pattern recognition and has
proven useful to capture the patterns of variance/covariance among
sites within a genetic dataset (Flagel et al., 2019; Perez et al., 2022). In
contrast, ABC approaches rely on one or several summary statistics
(e.g. heterozygosity level, allele richness) and suffer from the ‘curse
of dimensionality’, that is the difficulty of reducing a complex genetic
dataset to a few axes of genetic variation (Flagel et al., 2019). So far,
CNNs have been successfully used to infer the history of population
splits, the timing of demographic expansion/contraction events, and
the magnitude of subsequent gene flow events in continental and is-
land settings (Kirschner et al., 2022; Perez et al., 2022; Rincén-Barrado
et al., 2024).

Here, we used high throughput genomic techniques, CNN, and
a representative sample of K. neriifolia and its African-southern
Arabian relatives to: (a) test the sister-group relationship between K.
neriifolia and northwestern African K. anteuphorbium, (b) infer phylo-
genetic relationships and divergence times among K. neriifolia and its
relatives, and (c) compare the models of island colonization and di-
versification postulated in previous studies to infer the evolutionary
history of K. neriifolia in the Canarian archipelago.

2 | MATERIALS AND METHODS

2.1 | Taxonsampling

Through several field campaigns (2016, 2017 and 2018), we obtained
a total of 103 specimens of K. neriifolia and K. anteuphorbium, and we
added 11 samples from cultivated plants to represent the species
K.butleri Lavranos & T.A. McCoy, K. lauschsii Lavranos & T.A. McCoy,
K.odora DC., K.saginata P. Halliday, K. scottii (Balf.fil.) P. Halliday,
K. squarrosa Cufod. and K. semperviva (Forssk.) DC. from eastern
Africa, southern Arabia and Socotra, and three herbarium samples
to include closely related genera within Senecioneae (Solanecio Sch.
Bip. ex Walp., Gynura Cass., Senecio L.; Pelser et al., 2007, 2010;
Timonin et al., 2015), totalling 121 samples for the study. Of these
samples, 84 were from K. neriifolia, obtained from 16 localities across
all seven main Canary islands (Figure 1c). We sequenced individuals
from two localities per island, except in the case of Lanzarote and
Tenerife, for which we obtained sequences of plants from three
localities on each island. Nineteen samples of K. anteuphorbium were
collected from three localities in Morocco and Western Sahara.
Details on herbarium vouchers and geographic origin (provenance)
for each sample are provided in Table S1.

2.2 | Probes and sequence capture

We used the bait design of Mandel et al. (2014) to capture the
coding sequences of hundreds of orthologous genes across the

genome of Kleinia. These baits were designed to perform Hyb-Seq in
Asteraceae, using conserved orthologous genomic sequences from
three species: Lactuca sativa L., Helianthus annuus L. and Carthamus
tinctorius L., allowing hybrid capture of 1061 low-copy nuclear loci
(Mandel et al., 2014). Genomic DNA extraction was performed
on freshly collected, silica-dried samples or from dry herbarium
material. To eliminate polysaccharides and secondary metabolites
from the fresh, silica-dried Kleinia samples, we pre-treated them as
indicated in Sun et al. (2009). Then, the genomic DNA extraction was
performed as described in Dellaporta et al. (1983).

The construction of Illlumina libraries, hybridization and next-
generation sequencing steps were performed by Daicel Arbor
Biosciences (Ann Arbor, Michigan, USA). DNA was sonicated using a
QSonica Q800R instrument and size-selected to the desired target
fragment of 550 base pairs (bp) using SPRI beads. Sonicated sam-
ples were then converted to an Illumina TruSeqg-style sequencing
library (lllumina Inc., San Diego, CA, USA). For the hybridization, the
indexed libraries were pooled in equimolar amounts and accounting
for proximity (i.e. same or nearby population/s) within K. anteuphor-
bium and K. neriifolia to maximize capture success; an exception was
made with the eastern African samples, which were pooled together
because we only sampled one or two individuals per species (macro-
evolutionary level). In total, we used 10 pooled libraries: eight for K.
neriifolia, with 10 samples per pool; one for K. anteuphorbium, with
25 samples; and one pool for all the eastern African sampled species.
Pooled libraries were enriched with the Asteraceae baits following
the myBaits manual version 4. Enriched pools were then sequenced
in the lllumina NovaSeq S4 platform.

2.3 | Data processing and phylogenetic analyses
based on DNA sequences

Sequences were filtered according to their quality, and adapter se-
quences were removed using TRIMMOMATIC (Bolger et al., 2014).
To assemble reads into contigs, we used the HybPiper pipeline 1.3
(Johnson et al., 2016), using default setting -bwa. This pipeline as-
sembles the sequences with SPAdes 3.13.1 (Bankevich et al., 2012)
and then uses exonerate v2.2 (Slater & Birney, 2005) to eliminate
introns sequences from the contigs. We obtained DNA sequences
from 952 of the 1061 targeted loci (Mandel et al., 2014). Percentages
of captures can be consulted in Table S2 and Figure S1. Capture suc-
cess per sample ranged from 66.22% to 86.34% and per locus from
100% to 0.82%. We used the paralog investigator tool included in
the same pipeline to determine the number of possible paralog se-
quences for each locus. Two loci with paralogs were detected and
removed from subsequent analyses.

Orthologous exon sequences were aligned into individual ma-
trices using MAFFT 7.310 (Katoh & Standley, 2013). We visually
evaluated the alignments in Geneious 10.2 (Kearse et al., 2012) and
discarded those with poor quality, those pairwise alighments with
less than 30% of identical sites, and if the aligned pairwise identity
was less than 65%. As a result, 180 loci were removed, leaving a
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dataset of 679 loci with a concatenated total length of 427,992 bp.
The length of the aligned sequences of these loci ranged from 93
to 3098bp. We constructed two different datasets and analysed
them using different methods for reconstructing phylogenetic re-
lationships using large-scale genomic data. For each of the 679
matrices, an individual gene tree was generated using maximum
likelihood (ML) for statistical inference, as implemented in RAXxML
8.2.11 (Stamatakis, 2014), with the GTRCAT model, 200 bootstraps
and slow ML optimization (-fa option). In a second step, these in-
dividual ML gene trees were input into ASTRAL 2.5.7.3 (Mirarab &
Warnow, 2015) to estimate a phylogenetic species tree using the
default options. Clade support was assessed by estimating local
posterior probability (LPP) values per node. In addition, the 679 loci
individual matrices were concatenated into a single supermatrix in
Geneious, and analysed under ML inference to build a phylogenetic
tree, as implemented in IQ-TREE 1.6.1 (Nguyen et al., 2015) with
options: 1000 ultrafast bootstrap replications (Hoang et al., 2018;
-bb option), standard model selection using ModelFinder
(Kalyaanamoorthy et al., 2017; -m TEST option), and an SH-like ap-
proximate likelihood ratio test (-alrt 1000 option). In the IQ-TREE
and ASTRAL analyses, the phylogenetic tree was rooted at the most
distant clade, represented by the genus Senecio.

One advantage of Hyb-Seq is the possibility to obtain plastid data
as a by-product (Weitemier et al., 2014), even if the final libraries are
not re-enriched with unfiltered libraries (see Villaverde et al., 2018).
Chloroplast sequences were recovered using closely related plasto-
mes as target regions in HybPiper with default parameters. We con-
structed our target file using the coding sequences of plastid genes
from the three Asteraceae species (H.annuus [NC_007977], L.sa-
tiva [NC_007578] and C.tinctorius [KM207677]) for a total of 216
target sequences, 72 sequences per species. We obtained 72 exon
matrices from 121 individuals belonging to 12 Kleinia species and 4
outgroups. The capture percentages for each locus and each indi-
vidual can be found in Figure S2 and Table S3. The largest sequence
length was 53,625 bp, while the one with the highest percentage of
missing data included 3789 bp. The 72 exon matrices were concat-
enated into a single supermatrix of 54,276bp and analysed in IQ-
TREE, using the same settings as above. The raw reads are available
in GenBank under BioProject PRINA1167908.

2.4 | SNP calling

Areference genome forKleiniais currently unavailable, and therefore,
SNP calling was performed using a modified protocol from SECAPR
(Andermann et al., 2018), which employs a pseudo-reference
genome built from the target raw data. The SECAPR tool is based on
PHYLUCE (Faircloth, 2016), and it executes SNP calling analysis in
three different steps. First, the SECAPR pipeline assembles the DNA
reads into de novo contigs instead of using reference sequences
(as in HybPiper). Next, for each locus, the pipeline creates an
aligned matrix with the sequences of all individuals and generates
a consensus sequence per locus. This consensus sequence is used
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as a pseudo-reference to reassemble the reads again, increasing the
coverage of the sequences. With the sequences of each individual
assembled, SECAPR phases the reads into two different sequences,
one for each allele, and then extracts the SNPs from these phased
sequences. We modified the original pipeline, skipping the first
step, the de novo DNA read assembly, and using instead the nuclear
sequences previously obtained from HybPiper. The HybPiper nuclear
sequences were then aligned in SECAPR to obtain a consensus
sequence per locus. This way, we could ensure that the DNA-aligned
sequences used for SNP calling do not contain assembling errors
or paralogs, while skipping a computing-intensive step in SECAPR.
Reads used for the reassembly were trimmed and quality filtered
as mentioned before for the phylogenetic analyses. We discarded
sequences with a coverage lower than five reads.

All retrieved SNPs were filtered by discarding all sites with more
than 35% of missing data, that is, accepting sites represented in more
than 65% of samples analysed, which have also a minimum cover-
age of 5 and a quality cut-off of 20. In our experience with target
sequencing, within a recovered gene sequence there are regions
containing a large number of SNPs, which might be due to either
‘true’ nucleotide changes or artefacts introduced by sequencing, and
which are separated by regions with none or fewer SNPs. To mini-
mize the possibility of linkage among our SNPs, a requirement for
many of the genetic algorithms used below, we carried out a strategy
based on ‘windows’ of genetic variance. See Supporting Information

for the complete SNP filtering methodology.

2.5 | Divergence time estimation

Lineage divergence times among species of Kleinia were estimated
using the nuclear exon matrix and a reduced dataset of 18 indi-
viduals, after removing most of the samples of K. neriifolia, K. an-
teuphorbium and K. butleri; we left two samples to test the species’
monophyly. We only had one sample for the remaining species in
Kleinia: K. abyssinica (A. Rich.) A. Berger, K. semperviva, K. pendula
(Forssk.) DC., K. lauschsii, K. odora, K. saginata, K. squarrosa and K.
scottii, and for the outgroup species, Senecio adonidifolius Loisel., S.
legionensis Lange, Solanecio mannii (Hook.f.) C. Jeffrey and Gynura
valeriana Oliv. After discarding alignments of poor quality, that is the
aligned pairwise identity was less than 65% and the percentage of
identical sites was less than 30%, we ended up with a matrix of 809
nuclear exon loci. This matrix was analysed in BEAST 1.8 (Drummond
et al., 2012) using a birth-death process with incomplete taxon sam-
pling (Stadler, 2009), a GTR substitution model with across-site rate
heterogeneity, and an uncorrelated lognormal molecular clock as
Bayesian priors, based on previous studies of Kleinia and other Rand
Flora lineages (Pokorny et al., 2015; Rincon-Barrado et al., 2021).
Because there are no known fossils from Kleinia, secondary age esti-
mates were used as calibration points. The most complete and recent
dating of the genus can be found in Pokorny et al. (2015). As the root
node calibration, we used the crown age of subtribe Senecioninae
(Pelser et al., 2007), which has an age of 27.20Ma and a 95% high
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probability density (HPD)=14.67-48.01 Ma in Pokorny et al. (2015);
this node encompasses all sequenced taxa in our dataset. We used

a normal distribution prior with a mean age of 27.2Ma and a stand-
ard deviation of 10.00, spanning the HPD in Pokorny et al.'s dat-
ing. Monophyly was not enforced for any clade. A Bayesian Markov
Chain Monte Carlo (MCMC) analysis was run for 100 million genera-
tions, sampling every 1000th generation. Tracer 1.7.2 was used to
check for adequate mixing and that all parameters reached at least
a value of 200 for the effective sample size (Suchard et al., 2018). A
maximum clade credibility (MMC) tree with clade posterior support
was obtained with TREEANNOTATOR 1.8.0, after discarding 10% of
samples as burn-in.

2.6 | SNP-based phylogenetics and population
genetic analysis

Phylogenetic relationships based on the nuclear SNPs matrix
were reconstructed using the SVDquartets method (Chifman &
Kubatko, 2014), implemented in PAUP 4.0 (Swofford, 2018). Each
site in the alignment is assumed to evolve under its own underlying
gene tree, generated under the coalescent model from the species
tree, so it can accommodate incomplete lineage sorting and
different gene coalescence times. SVDQ can also accommodate
other sources of gene-tree/species-tree incongruence (Peng
et al., 2022) such as gene flow (e.g. introgression between sister
taxa; Long & Kubatko, 2018, 2019). We used the option ‘evaluating
20,000 quartets’, or ‘all possible quartets if lower than 20,000’, and
evaluated clade support by running 100 bootstrap replicates, using
the multispecies coalescent (MSC) option and without assigning
samples to distinct lineages.

To evaluate population structure within K. neriifolia, we used the
population genetics method sNMF (Frichot et al., 2014) included in R
Package Lea (Frichot & Francois, 2015). This method has the advan-
tage over other methods that estimate shared ancestry (Alexander
etal., 2009; Pritchard et al., 2000) that it makes no assumption about
the absence of genetic drift or Hardy-Weinberg (HW) equilibrium
among the ancestral populations (Frichot et al., 2014). We run sNMF
on our SNPs dataset with 65% representation to estimate the per-
centage of homozygous and heterozygous loci, and determine the
number of ancestral populations (K) using the cross-entropy crite-
rion. We did this 100 times for different levels of K (from 1 to 15)
using the recommended value of a (non-negative regularization pa-
rameter)=100 for matrices of moderate size (Frichot et al., 2014).
We selected the run with the least entropy, which had a K level of
3. This run separated individuals into an ‘eastern group’ formed by
seven populations from Fuerteventura (2), Lanzarote (3) and Gran
Canaria (2); a ‘western group’ comprising six populations (two per
island) from La Palma, El Hierro and La Gomera; and a third group
composed of three populations from Tenerife. To capture fine-
scale population structure, we performed two subsequent analyses
within the eastern and western groups, using the same parame-
ters as above. Samples from Tenerife were not included in these

subsampling analyses because their inclusion consistently resulted
in a split (K=2) between Tenerife and the other islands, hindering
the detection of fine population structure, and contributing no addi-
tional information to the previous analysis.

To detect genetic barriers between populations and represent
them graphically, we used Monmonier's maximum difference algo-
rithm (Barbujani et al., 1996), implemented in the R Package adegenet
2.1.3 (Manni & Barrai, 2000): This method identifies the edges or
breaks between populations where genetic differences are max-
imal. Genetic distance was calculated using the SNPs matrix and
geographic coordinates included in Table S1. We used the Delauney
triangulation (Brassel & Reif, 1979) algorithm for the geometric con-
nection network between the different populations. Delaunay trian-
gulation only works when all geographic coordinates are different,
and so, it is not suitable for datasets with multiple individuals from
the same population. To avoid this limitation, we used the jitter func-
tion (jitter(factor=1.5)), included in R, which adds some noise to the
coordinates.

2.7 | Genetic diversity analysis

We used the R Package DartR (Gruber et al., 2018) to calculate genetic
diversity statistics using the SNP dataset, such as allelic richness
(A), observed heterozygosity (H,) and expected heterozygosity
(H.). Theoretical and empirical studies show that island populations
displaying higher migration rates and introgression have higher
values of allelic richness and heterozygosity (Caujapé-Castells
et al., 2017, 2022). Therefore, assuming no extinction or population
decline, islands that were colonized first should have higher values
of genetic diversity if they have kept receiving further colonizers and
hosting more introgression than more recently colonized islands,
where we may generally expect smaller values of genetic diversity.
We also estimated Tajima's D parameter using the software DNAsp
6.0 (Rozas et al., 2017) and the aligned nuclear exon matrices. This
parameter is often used to obtain information about potential
underlying processes explaining population dynamics, such as
population bottleneck, demographic expansion or allele-level

selection.

2.8 | Phylogeographic model testing using
convolutional neural networks

We tested four phylogeographic scenarios that represent the three
main hypotheses about the history of colonization and diversifica-
tion in the Canary Islands described in the introduction (Figure 2).
The first scenario depicts the SSC model, in which colonization starts
on the easternmost islands of Lanzarote and Fuerteventura and pro-
ceeds along the island chain, from east to west. The second scenario
simulates the ‘SSH’ model (Figure 2), with initial colonization follow-
ing a stepping-stone model as in SSC. However, subsequent bottle-
necks or even extinction of some populations in the easternmost
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FIGURE 2 Schematic representation of the phylogeographic
models of island colonization and diversification compared in our
study using Convoluted Neural Networks. SSC, stepping-stone
colonization model, with dispersal proceeding from east to west
across the archipelago. SSH, Surfing Syngameon Hypothesis, with
initial east-to-west colonization followed by recolonization of the
eastern islands of Lanzarote and Fuerteventura from Tenerife

and Gran Canaria. The arrows depict the direction of secondary
migrations as outlined by this model. CIHa, Central Island Hub
colonization model from Tenerife, with all populations from
Tenerife grouped into a single island unit. CIHb, Central Island Hub
colonization model, with the populations from Tenerife separated
into an eastern-central and a western half. Under each model, a
schematic representation of the islands and island units is depicted.

islands results in reduced competition, and facilitates recolonization
by propagules from the central (particularly, Gran Canaria) to the
easternmost islands. The third scenario is the CIH model (Figure 2),
in which Tenerife is the first island to be colonized. We tested two
different versions of this model: CIHa: all populations from Tenerife
are grouped into a single unit; CIHb: populations from Tenerife are
separated into an eastern-central and a western half (Figure 2).
After the colonization of Tenerife, island dispersal proceeded in a
stepwise sequence, to the west, from La Gomera to La Palma and
El Hierro, and to the east, towards Gran Canaria, Fuerteventura and
Lanzarote. Because we found that populations within each island
formed a monophyletic group (see Section 3), each island was con-
sidered a ‘single population’ in our CNN models. The only exception
was Lanzarote and Fuerteventura: phylogenetic analysis using either
DNA sequences or SNPs showed individuals from these islands in-
termingled and embedded in a single clade, without any geographic
structure. This fact, and the geological history of these islands (i.e.
they were united into a single island in some periods, Fernandez-
Palacios et al., 2011), led to their inclusion in our analyses as a single
population. We performed 10,000 coalescent simulations for each
model in Figure 2 using the software ms (Hudson, 2002), with sam-
ple sizes according to the empirical dataset and 1000 SNPs simu-
lated independently, as in Perez et al. (2022). The overall mutation
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rate was set to 0.001 substitution events per Ma, based on results
from the BEAST analysis. We sampled the root age for our island
diversification scenarios from a uniform distribution containing the
estimated crown age and 95% HPD interval for the start of island di-
versification in K. neriifolia from the BEAST analysis. Generation time
was sampled from a uniform distribution between 5 and 6 years, ac-
cording to average values suggested by Pelser et al. (2010) for genus
Kleinia. The migration events in the SSH model were sampled from
a uniform distribution ranging from 0 to 10 migrants per generation.
We followed Kirschner et al. (2022) to randomly add missing SNPs
to our simulations, mimicking the empirical dataset. For other island
scenario-specific priors, see Appendix S1.

We used a similar network architecture to Perez et al. (2022),
including three 1D-convolutional layers with a kernel size of 3; the
first layer had 125 neurons, the second and the remaining layers,
250 neurons each. CNN performance was assessed with a cate-
gorical cross-entropy loss function. We randomly divided the sim-
ulated datasets into two sets: 75% of the simulations were used as
the training set (i.e. to train the CNN) and the remaining 25% were
used as the validation set (i.e. to assess the accuracy of the CNN
algorithm in predicting the simulated scenario). To avoid overfitting,
we used two approaches based on the validation step: model check-
point, which saves only the best model, and early stopping, which
tolerates a maximum of 150 epochs without any improvement in
the accuracy before stopping. Appendix S1 include further method-
ological details on the neural network architecture. In the last step,
the trained network was used to predict the most probable model
of island colonization for K.neriifolia, using 100 randomly sampled
datasets of 1000 SNPs from the empirical data, and a new set of
10,000 independent simulations per scenario (the test set) not eval-
uated by the network during the training. Cross-validation runs were
performed with 10,000 simulations per scenario. All scripts used to
perform our CNN approaches are available at: https://github.com/
manolofperez/CNN_Kleinia.

3 | RESULTS

3.1 | Phylogenetic analyses based on DNA
sequences

Phylogenetic analyses based on the nuclear exon matrices yielded
highly resolved phylogenetic trees, irrespective of the method of
phylogenetic inference employed (Figures 3 and 4). Many backbone
nodes received high support values, and relationships at the species
level were generally congruent between methods approximating the
MSC model (ASTRAL; Figure 3 and Figure S3) and those based on
ML using concatenated sequences (IQ-TREE; Figure 4). Our analysis
places the representative species of the genus Solanecio as the sister-
genus of Kleinia and the genus Gynura as sister to them (Figures 3 and
4); however, the relationship between Solanecio and Kleinia is only
well supported in IQ-TREE (Bootstrap Support [BS]=98; Figure 4).
Kleinia was recovered as a monophyletic group with high support
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in all phylogenies (LPP/BS=1.0/100). Within Kleinia, we recovered
three main clades with the highest support (LPP/BS=1.0/100),
highlighted as A, B and C in Figures 3 and 4. Clade A comprises two

individuals of K. abyssinica and is sister to the remaining Kleinia spe-
cies in clades B and C (LPP/BS=1.0/100). Clade B groups the east-
ern African species K. pendula with the southern Arabian species
K. butleri, K. lauschsii and K. saginata (LPP/BS=1.0/100), although
relationships among the three last species were different between
the ASTRAL and IQ-TREE phylogenies (Figures 3 and 4). Within
clade C, the northwestern African species K. anteuphorbium forms
a monophyletic group with the Canarian endemic K. neriifolia (LPP/
BS=1.0/100). In ASTRAL (Figure 3), this clade is sister to K. squar-
rosa 151779 (LPP=0.84). In IQ-TREE (Figure 4), the sister group to K.
neriifolia-K. anteuphorbium is a clade (BS=100), grouping the speci-
mens of the southern Arabian species K. odora (Oman), the Socotran
endemic K. scottii, and the two specimens of K. squarrosa (BS=97).
Sister to these species in clade C is K. semperviva from Yemen (LPP/

BS=1.0/100; Figures 3 and 4). The two samples of K. squarrosa in-
cluded in our analyses (151779 and 1S1776) did not form a mono-
phyletic group, with the position of accession IS1779 disagreeing
between ASTRAL (Figure 3) and IQ-TREE (Figure 4). Unlike 1S1779,
the position of K. squarrosa 151776 was strongly supported (LPP/
BS=0.99/100) in both the ASTRAL and IQ-TREE analyses (Figures 3
and 4).

Within K. neriifolia, population-level relationships were gen-
erally recovered with high clade support, especially at the is-
land level. Both ASTRAL and IQ-TREE recover three major
‘island’ clades (Figures 3 and 4): an ‘Eastern clade’ (EC) group-
ing populations from the islands east of Tenerife, that is, Gran
Canaria, Fuerteventura and Lanzarote (LPP/BS=1.0/100), and
a ‘Western clade’ (WC), grouping populations from the islands
west of Tenerife, that is La Gomera, La Palma and El Hierro (LPP/
BS=0.98/100). Populations from the island of Tenerife formed
their own clade (LPP/BS=0.92/100; Figure 4 and Figure S3).

K. neriifolia, HI, 10 individuals
K. neriifolia, GO, 10 individuals
K. neriifolia, LP, 9 individuals

K. neriifolia, GC, 8 individuals ]

K. neriifolia, LZ+FU

25 individuals
K. neriifolia, TE, 22 individuals

K. anteuphorbium, MO+EH, 25 individuals

Td EC | WC |

1S1779 K. squarrosa AO

1S1778 K. odora OM
1S1681 K. odora OM

151842 K. scottii YE
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IS1671 K. butleri OM
1S1670 K. butleri OM

|1_|1

1S1682 K. saginata OM
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FIGURE 3 Multispecies coalescent model analysis in ASTRAL based on 679 nuclear exon gene trees generated with RAXML from

121 samples. Numbers at nodes indicate the Local Posterior Support (LPP) value; the support values for the collapsed clades are given in
Figure S3. Major clades within Kleinia neriifolia are colour-coded according to the island of origin, as indicated in the inset map; these clades
received the maximum support value (LPP=1.0). FU, Fuerteventura; GC, Gran Canaria; GO, La Gomera; HI, El Hierro; LP, La Palma; LZ,
Lanzarote; TE, Tenerife. Other regions: AO, Angola; EH, Western Sahara; ES, Spain; ET, Ethiopia; KY, Kenya; MO, Morocco; OM, Oman; SO,
Somalia; YE, Yemen. The island clades recovered in our analysis are also indicated: Western Clade (WC), Eastern Clade (EC) and Tenerife
Clade (TC). Detailed information on the origin of these samples can be found in Table S1.

FIGURE 4 Maximum likelihood tree obtained with IQ-TREE based on a concatenated nuclear DNA matrix of 427,992 bp with 679 loci from
121 samples of Kleinia. Node numbers indicate the Bootstrap Support (BS) value. Nodes without values received the maximum clade support
(BS=100). Branches of K. neriifolia are colour-coded according to the island of origin, as indicated in the inset map. FU, Fuerteventura; GC, Gran
Canaria; GO, La Gomera; HI, El Hierro; LP, La Palma; LZ, Lanzarote; TE, Tenerife. Other regions: AO, Angola; EH, Western Sahara; ES, Spain; ET,
Ethiopia; KY, Kenya; MO, Morocco; OM, Oman; SO, Somalia; YE, Yemen. Island clades recovered in our analysis (western, eastern and Tenerife
clades) are also indicated. Detailed information on the origin of these samples can be found in Table S1.
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1S1635 K. neriifolia GO barranco Seco >
1S1639 K. neriifolia GO barranco Seco
1S1636 K. neriifolia GO barranco Seco L
«

1S1642 K. neriifolia GO barranco Argaga LP
151637 K. neriifolia GO barranco Seco
151644 K. neriifolia GO barranco Argaga

8 151638 K. neriifolia GO barranco Seco

1S1640 K. neriifolia GO barranco Argaga FU
3 1S1641 K. neriifolia GO barranco Argaga GO GC
1S1643 K. neriifolia GO barranco Argaga .
1S1591 K. neriifolia HI Orchilla HI

IS1569 K. neriifolia HI Sabinosa
1S1594 K. neriifolia HI Orchilla
1S1573 K. neriifolia HI Sabinosa
1S1590 K. neriifolia HI Orchilla
1S1572 K. neriifolia HI Sabinosa
1S1571 K. neriifolia HI Sabinosa
151593 K. neriifolia HI Orchilla
% dS1570 K. neriifolia HI Sabinosa Western Clade
151592 K. neriifolia HI Orchilla
1S1633 K. neriifolia LP barranco Angustias
97, 1S1630 K. neriifolia LP barranco Angustias
9 1S1631 K. neriifolia LP barranco Angustias
8 1S1632 K. neriifolia LP barranco Angustias
1S1629 K. neriifolia LP Fuencaliente
74 97 151626 K. neriifolia LP Fuencaliente
151625 K. neriifolia LP Fuencaliente

1S1634 K. neriifolia LP barranco Angustias
78 1S1620 K. neriifolia TE Anaga
7 1S1617 K. neriifolia TE barranco Rey
7 1S1621 K. neriifolia TE Anaga
96 1S1619 K. neriifolia TE barranco Rey
9 1S1616 K. neriifolia TE barranco Rey
96 1S1618 K. neriifolia TE barranco Rey
1S1615 K. neriifolia TE barranco Rey
1S1624 K. neriifolia TE Anaga
151764 K. neriifolia TE Teno
1S1622 K. neriifolia TE Anaga f | d
80 1S1771 K. neriifolia TE Teno
96 1S1837 K. neriifolia TE Teno Tenerl e C ade
8496 151762 K. neriifolia TE Teno
99 151768 K. neriifolia TE Teno
1S1767 K. neriifolia TE Teno
9q 151838 K. neriifolia TE Teno
99 151623 K. neriifolia TE Anaga
1S1765 K. neriifolia TE Teno
1S1775 K. neriifolia TE Teno
90 1S1774 K. neriifolia TE Teno
88 151841 K. neriifolia TE Teno
151763 K. neriifolia TE Teno
1S1588 K. neriifolia FU Jandia
61 IS1575 K. neriifolia FU Risco carnicero
b1 1S1584 K. neriifolia FU Jandia
1S1614 K. neriifolia LZ Famara
1S1581 K. neriifolia LZ barranco Teneguime
1S1610 K. neriifolia LZ Famara
1S1611 K. neriifolia LZ Famara
1S1579 K. neriifolia LZ barranco Teneguime
1S1605 K. neriifolia LZ Femes
1S1608 K. neriifolia LZ Femes
151582 K. neriifolia LZ barranco Teneguinj
1S1580 K. neriifolia LZ barranco Teneguirfie
151606 K. neriifolia LZ Femes
1S1583 K. neriifolia LZ barranco Teneguim|
1S1609 K. neriifolia LZ Femes
1S1607 K. neriifolia LZ Femes
1S1612 K. neriifolia LZ Famara Eastern Clade
1S1578 K. neriifolia FU Risco carnicero
1S1574 K. neriifolia FU Risco carnicero
151585 K. neriifolia FU Jandia
151577 K. neriifolia FU Risco carnicero
1S1596 K. neriifolia GC barranco Arguineguip
1S1587 K. neriifolia FU Jandia
151576 K. neriifolia FU Risco carnicero
93 151586 K. neriifolia FU Jandia
1S1604 K. neriifolia GC barranco Guadayeque
1S1598 K. neriifolia GC barranco Arguinegui
1S1600 K. neriifolia GC barranco Guadayedpie
1S1595 K. neriifolia GC barranco Arguineguin
1S1603 K. neriifolia GC barranco Guadayeque
1S1613 K. neriifolia LZ Famara
1S1597 K. neriifolia GC barranco Arguineguir)
151602 K. neriifolia GC barranco Guadayeque’
4151654 K. anteuphorbium EH
151663 K. anteuphorbium MO
1S1652 K. anteuphorbium EH
1S1662 K. anteuphorbium MO
IS1651 K. anteuphorbium EH
g 1S1660 K. anteuphorbium MO
0151659 K. anteuphorbium MO
1S1649 K. anteuphorbium EH ini ;
1S1664 K. anteuphorbium MO K/elnla anteuphorblum
1S1653 K. anteuphorbium EH .
151658 K. anteuphorbium MO NW Africa
1S1661 K. anteuphorbium MO
1S1676 K. anteuphorbium MO
50 1S1669 K. anteuphorbium MO
1S1677 K. anteuphorbium MO
151665 K. anteuphorbium MO
1S1672 K. anteuphorbium MO
1S1678 K. anteuphorbium MO
1 151679 K. anteuphorbium MO
1S1779 K. squarrosa AO
97 1S1778 K. odora OM
151681 K. odora OM
151842 K. scottii YE

o

Clade B 151776 K. squarrosa KY

N 1S1673 K. semperviva YE

1S1674 K. pendula SO

1S1675 K. pendula SO

151680 K. lauchsii OM
151671 K. butleri OM
151682 K. saginata OM
151670 K. butleri OM

L 1S0651 K. abyssinica ET
1S0652 K. abyssinica ET

151784 Solanecio mannii KY

1S1785 Gynura valeriana KY

1S1781 Senecio adonidifolius ES

The ‘Tenerife clade’ (TC) is sister to the EC clade in ASTRAL
(LPP=092, Figure 3 and Figure S3) and IQ-TREE (BS=88;
Figure 4). These two clades, in turn, are recovered as sister to

1S1783 Senecio legionensis ES

the WC clade in both analyses (LPP/BS=1.0/100). Populations
within the WC clade were further structured into three individ-
ual subclades, corresponding to the three islands (i.e. individuals
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from the same island were grouped together). The ‘La Palma’ sub-
clade was recovered as the sister group to two sister subclades
formed by individuals from La Gomera and El Hierro, respectively
(Figures 3 and 4); however, this relationship is only supported
in the IQ-TREE phylogeny (BS=94, Figure 4). In the case of the
EC clade, individuals from Lanzarote and Fuerteventura appear
intermingled, regardless of their island of origin, in both ASTRAL
and IQ-TREE (Figures 3 and 4 and Figure S3). Also, individuals
from Gran Canaria form a subclade embedded within the EC
clade in ASTRAL (Figure 3), albeit with low support (LPP=0.51;
Figure S3). Within each island, individuals belonging to different
populations were clustered together, with very little geographic
structure (Figure 4 and Figure S3).

Phylogenetic trees from the recovered exon plastid sequences
(Figure 5) showed high phylogenetic support for many of the back-
bone nodes. However, some species-level relationships were dif-
ferent to those obtained from the nuclear exons (Figures 3 and 4).
For example, K. anteuphorbium was recovered as the sister species
of K. semperviva in the plastid tree (LPP=0.99, Figure 5), instead
of forming a clade with K. neriifolia (Figures 3 and 4). Kleinia abyss-
inica does not appear as sister to the remaining Kleinia species, as
in the nuclear tree (clade A; Figures 3 and 4), but instead it is sister
to K. squarrosa 1S1776 (LPP =0.99; Figure 5). Unlike in the IQ-TREE
nuclear phylogeny (Figure 4), individuals of K. neriifolia in the 1Q-
TREE plastid tree did not appear grouped according to their island
of origin (Figure S4).

IS1673 K. semperviva

151681 K. odora OM
1S1778 K. odora OM

1S1842 K. scottii YE
97

IS1776 K. squarrosa KY
IS0651 K. abyssinica ET
I1S0652 K. abyssinica ET

—— IS1779 K. squarrosa AO

100 A)‘;ISlWS K. pendula SO
100 1S1674 K. pendula

3.2 | Divergence time estimation

The topology obtained from the BEAST analysis (Figure 6) was
similar to the one recovered by ASTRAL and IQ-TREE (Figures 3
and 4). Clade support (Bayesian Posterior Probabilities) was high-
est (1.0), except in a few nodes. Confidence intervals for lineage
divergence times were quite broad, especially for the basal nodes.
The most recent common ancestor (MRCA) of all Kleinia samples
was dated in the Tortonian period, during the Late Miocene (mean
age=11.63Ma; 95% HPD 18.73-5.43Ma). The age of the Rand
Flora disjunction, represented by the split between K. neriifolia and
K. anteuphorbium in Macaronesia-northwest Africa, and the clade
formed by K. scottii, K. odora and K. squarrosa on the eastern side of
the Sahara, was estimated at 6.36 Ma (95% HPD 10.52-1.86Ma), in
the Late Miocene Messinian period. The stem node of K. neriifolia
(i.e. the divergence from K. anteuphorbium) was estimated at 4.23Ma
(95% HPD 7.01-1.30Ma), in the Early Pliocene. The crown age (i.e.
the MRCA of all sampled populations of K. neriifolia) was dated in the
Early Pleistocene (2.21 Ma, 95% HPD 3.94-0.70Ma).

3.3 | SNP-based phylogenetics and population
genetic analysis

With our approximation to SNP calling, in which SNPs are sepa-

rated from one another by at least 25bp, we retrieved 989 SNPs

K. neriifolia, 84 individuals

K. anteuphorbium, 25 individuals

100

151680 K. lauchsii OM
IS1671 K. butleri OM

3 IS1682K. saginata OM

i 1S1670 K. butleri OM

84 1S1785 Gynura valeriana
1S1784 Solanecio mannii
100 1S1781 Senecio adonidifolius

1S1783 Senecio legionensis

FIGURE 5 Phylogenetic relationships among the sampled species of genus Kleinia and selected outgroups (121 individuals) using the
plastid supermatrix (72 loci) and analysed with IQ-TREE. Branches within K. neriifolia and K. anteuphorbium appear collapsed, since there was
very little resolution among populations. Bootstrap support values are indicated at nodes. Kleinia species occurring in eastern Africa and
southern Arabia are marked in blue; those inhabiting northwest Africa and the Canary Islands are marked in red. AO, Angola; ET, Ethiopia;
KY, Kenya; OM, Oman; SO, Somalia; YE, Yemen. Detailed information on the origin of the samples can be found in Table S1.
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15.78
1S1785 Gynura valeriana
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IS1783 Senecio legionensis
1S1781 Senecio adonidifolius
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Teide_
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FIGURE 6 Maximum clade credibility (MCC) tree of Kleinia with lineage divergence times estimated in BEAST using 809 nuclear loci
and a concatenated matrix of 459,659 bp. Numbers above nodes show the mean age estimates in million years; those below nodes show
Bayesian posterior probabilities (PP) but only for values below 1.0. Node bars represent the 95% HPD credibility intervals around the mean
age. Kleinia species from eastern Africa and southern Arabia are marked in blue, and those from northwest Africa and the Canary Islands

in red. AO, Angola; EH, Western Sahara; ET, Ethiopia; GC, Gran Canaria; LP, La Palma; MO, Morocco; OM, Oman; SO, Somalia; YE, Yemen.
Detailed information on the origin of these samples can be found in Table S1.

from the nuclear target loci that were present in all 84 samples of
K. neriifolia (100% representation). When including SNPs repre-
sented in at least 65% of samples (i.e. a maximum of 35% missing
data), we recovered a larger dataset of 1495 SNPs. The analysis of
this latter dataset with SVDquartets inferred a phylogenetic tree
(Figure 7) that was very similar in topology to those obtained with
ASTRAL and IQ-TREE from the nuclear DNA sequences (Figures 3
and 4). In particular, we recovered the three major clades (WC, EC
and TC), with TC being the sister to the EC clade, grouping Gran

Canaria with the eastern islands of Fuerteventura and Lanzarote
(Figure 7). Within EC, samples from Gran Canaria were recov-
ered as paraphyletic relative to the samples from Fuerteventura
and Lanzarote, which in turn formed one clade without any clear
geographic structure, in line with the alignment-based nuclear
analyses (Figures 3 and 4). Within WC, we recovered a similar
phylogeographic structure to that obtained with ASTRAL and
IQ-TREE for the full nuclear sequence datasets (Figures 3 and 4).
Populations were grouped by island into three separate subclades:
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the subclade formed by La Palma populations was recovered as This geographic structure was also captured by the SNMF anal-
sister to a clade comprising the two subclades of La Gomera and ysis, where the most probable K value was 3 groups, corresponding
El Hierro (Figure 7). to the three island clades: EC, WC and TC. Within the EC clade, there
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FIGURE 7 SVDquartets phylogenetic tree based on 1495 single-nucleotide proteins (SNPs), showing relationships among the populations
of Kleinia neriifolia. Numbers at nodes indicate the bootstrap support values when equal or higher than 50%. Branches are colour-coded
according to the island of origin, as indicated in the inset map. In the absence of an outgroup, the tree was rooted using the results from

the ASTRAL and IQ-TREE analyses, showing the Tenerife clade more closely related to the Eastern Clade than to the Western Clade. FU,
Fuerteventura; GC, Gran Canaria; GO, La Gomera; HI, El Hierro; LP, La Palma; LZ, Lanzarote; TE, Tenerife. Island clades recovered in our
analysis (Western, Eastern and Tenerife) are also indicated. Detailed information on the origin of these samples can be found in Table S1.

is a signal of admixture from the TC clade (Figure 8a). Within the
EC and WC clades, there is also geographic structure: K=3 for the
WC clade, corresponding to the islands La Palma, La Gomera and El
Hierro (Figure 8b). A K=2 was recovered for the EC clade, support-
ing admixture from the Gran Canarian genotype into the admixed
Lanzarote-Fuerteventura populations (Figure 8c). Monmonier algo-
rithm (Figure 8d) detected a significant east/west genetic barrier sep-
arating the populations of EC and TC, to the east, from those of WC,
to the west, in agreement with the SVDquartets analysis (Figure 7).

Analyses of genetic diversity within islands (Table 1) revealed high
levels of genetic variation in the central island of Tenerife, both in
terms of allelic richness (A) and expected heterozygosity levels (H,). La
Palma and Lanzarote, at opposite sides of the archipelago, also exhib-
ited large diversity values for both H, and A. The Tajima D value was
found to be negative in all islands, indicating demographic expansion,
but it was particularly large in Tenerife (-0.719) and Fuerteventura
(-0.392), although none of these values were significant.

3.4 | Phylogeographic model testing using
convolutional neural networks

The cross-validation procedure, using a test set of simulations not
evaluated during the training step, showed a percentage of correct
assignment to the simulated scenario larger than 80% for all phylo-
geographic models (Table 2), indicating high overall model accuracy
for our CNN. The confusion matrix indicated the highest confusion
levels between the SSC and the SSH model, whereas the two CIH
models (CIHa and ClIHb; Figure 2) showed a percentage of correct
assignments higher than 98% (Table 2). Given the high level of accu-
racy in model prediction, we used the trained network in our empiri-
cal genetic dataset to identify the best-fit phylogeographic model for
K. neriifolia. The CIHa scenario, with all Tenerife populations grouped
into a single island unit, was selected as the phylogeographic sce-
nario with the highest support (softmax=1), whereas none of the

other models received any support (softmax=0).

4 | DISCUSSION

4.1 | Hyb-Seq phylogenomics support the Rand
Flora origin of the Canarian endemic Kleinia neriifolia

Disentangling the origins of island endemic species, whether the
product of ancient or recent colonization events from nearby or

distant regions, can offer important insights into processes acting on

community assembly in insular systems (Garcia-Verdugo, Caujapé-
Castells, Mairal, & Monroy, 2019). Our phylogenomic analysis, based
on 679 low-copy nuclear loci and 427,992 nucleotides, supports
Pokorny et al.'s (2015) assertion that the succulent genus Kleinia is
one of several angiosperm lineages exhibiting the Rand Flora Afro-
Macaronesian pattern. As in previous analyses based on Sanger
sequencing (Ozerova et al., 2017; Pelser et al., 2007, 2010; Pokorny
et al., 2015), the northwestern African endemic K. anteuphorbium is
recovered as the sister species of the Canarian endemic K. neriifolia.
There is not yet a taxonomically complete phylogeny of genus
Kleinia. The Pelser et al. (2007) molecular phylogeny of Senecioneae,
based on nuclear ITS, included 14 out of 50 species. Kleinia neriifolia
was inferred as a sister to either K. anteuphorbium or a clade formed
by this species and Madagascar K. descoingsii C. Jeffrey, but these
relationships received low clade support (BS<50%; PP<0.70).
Subsequent studies (Ozerova et al., 2017; Pelser et al., 2010) did not
improve sampling or clade support. Pokorny et al. (2015) recovered a
well-supported K. neriifolia-K. anteuphorbium clade in their ITS-trnLF
time-tree, including 17 species. In their phylogeny, the two southern
African species were not closely related to the ‘Rand Flora clade’
formed by K. neriifolia-K. anteuphorbium and a group of eastern
African species (K. descoingsii, K. semperviva, K. longiflora DC. and
K. squarrosa).

Although our taxon sampling of Kleinia is incomplete (we did
not include any southern African species), we sequenced four of
the six eastern African species represented within the Rand Flora
clade of Pokorny et al.'s (2015) study. We additionally sequenced
five species that have not been included in previous phylogenetic
analyses: the eastern African/southern Arabian endemics K. sag-
inata, K. lauschsii and K. butleri, as well as the Socotran endemic
K. scottii; the latter is recovered within the Rand Flora clade in
our analysis. Our study is also the first phylogenomic analysis
including species and populations within genus Kleinia, based
on the genome-wide sequencing of hundreds of protein-coding
genes, which resulted in high levels of clade support for species
relationships.

With the exception of the accession K. squarrosa 1S1779, whose
position varies depending on the inference method, all our results
using nuclear information recovered a sister-group relationship be-
tween the Macaronesian-northwestern African clade formed by
K. neriifolia and K. anteuphorbium and a clade of three species dis-
tributed on both sides of the Gulf of Aden and in the Eastern Arc
Mountains, from Ethiopia to Tanzania (Figures 3, 4, 6 and Figure S3).
The placement of K. squarrosa within the eastern Rand Flora clade
(Pokorny et al., 2015) is more ambiguous in our analysis, though
we noticed that the accession receiving the highest clade support,
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FIGURE 8 Clustering of individuals of Kleinia neriifolia based on 1495 SNPs using sSNMF. Bar colours represent their estimated
membership fractions. The K value was estimated using the entropy criterion. (a) SNMF analysis including populations from all islands (K=3).
(b) Analysis including only individuals from Western clade (WC) (K= 3). (c) Analysis including only populations the Eastern Clade (EC) (K=2).
In (b, ), Tenerife was excluded because the inclusion of this island resulted in a lack of geographically structured pattern. (d) Boundary
detection using Monmonier's algorithm and 1495 SNPs of K. neriifolia. Black lines represent the connections between islands based on

the Delaunay triangulation. The red lines represent the boundary found by the algorithm, separating the populations from the EC and WC

groups; notice that Tenerife is not included in any of EC and WC analysis. FU, Fuerteventura; GC, Gran Canaria; GO, La Gomera; Hl, El
Hierro; LP, La Palma; LZ, Lanzarote; TE, Tenerife.

1S1776, is grouped with K. odora and K. scottii in the ASTRAL, 1Q-
TREE and BEAST phylogenies (Figures 3, 4 and 6). It is possible that
the second accession of K. squarrosa (151779) is incorrectly identified

in the private living collection that provided the samples. Both plants
look very similar vegetatively (we were unable to observe these
specimens in flower) and a misidentification cannot be ruled out.
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TABLE 1 Population genetic diversity
indices for populations of Kleinia neriifolia
grouped by island; also indicated are the
island clades recovered in our analysis: EC,
Eastern Clade; TC, Tenerife Clade; WC,
Western Clade.

Fuerteventura (EC)
Lanzarote (EC)
Gran Canaria (EC)
Tenerife (TC)

La Gomera (WC)
La Palma (WC)

El Hierro (WC)
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N°ind H, H. A, N° sites Tajima D
10 0.082 0.083 1.280 567.254 -0.392
15 0.115 0.100 1.410 566.600 -0.144
8 0.061 0.078 1.272 573.035 -0.261
22 0.100 0.104 1.571 566.600 -0.719
10 0.070 0.081 1.279 566.600 -0.028
9 0.124 0.108 1.390 569.850 -0.224
10 0.100 0.084 1.274 567.254 -0.090

Note: Allelic richness (A)), observed heterozygosity (H,), expected heterozygosity (H.) and Tajima
D; N° ind: number of individuals used to obtain the information in each island; N° sites: average
number of sites per matrix used to calculate Tajima D.

TABLE 2 Cross-validation results for the four phylogeographic
models depicted in Figure 2, using a convolutional neural network
(CNN) approach.

Predicted model

ssC SSH ClHa CIHb
Simulated SSC | 0.811 0173 0.017 0
model SSH 0140 | 0.842 0.018 0
ClHa 0000  0.013 0
CIHb 00002  0.0026 h

Note: The green diagonal values in the confusion matrix indicate the
percentage of datasets that are simulated and correctly predicted under
the same model; the off-diagonal values indicate the confusion levels:
The percentage of datasets that are simulated under one model and
predicted as generated by a different model in the validation step.

Abbreviations: CIHa, Central Island Hub model with Tenerife as a single
population; CIHb, Central Island Hub model with Tenerife divided into
an eastern-central and a western half; SSC, stepping-stone colonization
model; SSH, Surfing Syngameon Hypothesis model.

The crown age of the trans-Saharan disjunction in our analy-
sis (6.36Ma, Figure 6) is congruent with Pokorny et al.'s estimate
(6.8 Ma) and falls around a period (Messinian) characterized by major
aridification in Africa and worldwide (Bradshaw et al., 2012; Hansen
et al., 2013; Jiménez-Moreno et al., 2019). Our results, therefore,
support the climatic extinction hypothesis (Pokorny et al., 2015) as
the most likely explanation for the divergence between the north-
western African/Canarian endemics and their sister clades in the
distant regions of east Africa and southern Arabia/Socotra.

One advantage of Hyb-Seq is the possibility of obtaining plastid
genes as a by-product (Villaverde et al., 2018). Similar to other phy-
logenomic studies on plants (Herrando-Moraira et al., 2019; Morales-
Briones et al., 2018; Pessoa et al., 2021; Villaverde et al., 2023), we
found a significant phylogenetic conflict between the nuclear and
the plastid genomes. For example, none of the three clades recov-
ered by the nuclear dataset (Figures 3 and 4) were fully supported
by the plastid sequences (Figure 5). The most striking result is the
position of K. anteuphorbium, which appears as a sister to K. semper-
viva (Figure 5), instead of forming a clade with Canarian K. neriifolia
(Figures 3 and 4). This suggests the intriguing possibility of chloro-
plast capture events after the initial Rand Flora divergence. In the

genus Senecio, which is closely related to Kleinia, Pelser et al. (2012)
identified two separate hybridization events of the Canarian and
Moroccan species Senecio massaicus, with two geographically distant
lineages from the Mediterranean region and from southern Africa;
these events took place more than 6 Ma, supporting ancient hybrid-
ization as a source of discordance among genomic signals (Pelser
et al., 2012). The Sahara Desert was not an insurmountable barrier:
it experienced several episodes of ‘greening’ during the Pliocene and
the humid Pleistocene epochs, when migration and secondary con-
tact became possible (e.g. Hopcroft et al., 2017).

4.2 | Syngameons, Central Island Hubs and
geographic extirpation in a widespread Canarian
species

Target sequencing with genome skimming, Hyb-Seq (Weitemier
et al., 2014), has been revealed as a useful technique to solve
phylogenetic relationships at both the interspecies (Mandel
et al.,, 2014; Villaverde et al., 2023) and the intra-species level
(Slimp et al., 2021; Villaverde et al., 2018) using a single source
of genomic DNA. Recently, it has been employed to generate
single-nucleotide polymorphism (SNPs) and document popula-
tion patterns of genetic variation (Helmstetter et al., 2020; Karimi
et al., 2020; Peldez et al., 2020). This versatility makes Hyb-Seq
a useful technique to study patterns of island colonization at dif-
ferent evolutionary scales, from inferring the divergence of a MIE
species from its closest mainland relative to reconstructing its
phylogeographic history within the archipelago. Here, the inclu-
sion for the first time of more than one individual of K. anteuphor-
bium allowed us to establish the reciprocal genetic isolation of
K. neriifolia and K. anteuphorbium since their time of divergence,
which is dated in the Early Pliocene (Figure 6). The stem age of K.
neriifolia is thus older than that of other Canarian endemics (e.g.
Albaladejo et al., 2021), but agrees with estimates for other Rand
Flora species (Culshaw, Villaverde, et al., 2021; Rincén-Barrado
et al., 2021; Villaverde et al., 2018).

Our dense intraspecific sampling of K. neriifolia also facilitated
the analysis of population-level relationships and inter-island al-
lelic admixture using genome-wide data. This revealed a strong
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geographic structure in patterns of genetic variance: an east/
west split among island populations that is observed in other
Rand Flora MIEs: C.canariensis (Mairal, Pokorny, et al., 2015) or
E.balsamifera (Rincon-Barrado et al., 2024). However, unlike E. bal-
samifera or C. canariensis, we did not find a clear geographic divi-
sion within Tenerife between populations located in the western
half of the island and those present in the central/eastern half.
Instead, Tenerife populations were clustered into a single unit,
separated from two island clades formed by populations to the
east of Tenerife (Gran Canaria, Lanzarote and Fuerteventura) and
to the west (La Gomera, La Palma and El Hierro). Alignment-based
and SNP-based phylogenies (Figures 3, 4 and 7) support a closer
relationship of Tenerife populations with the eastern islands clade.
However, in the admixture and genetic-barrier analyses (Figure 8),
Tenerife is recovered as an independent genetic unit placed be-
tween the eastern and western clades EC and WC.

This prominent position of Tenerife as a ‘hinge’ or bridge between
the two opposite ends of the archipelago agrees well with the CIH
hypothesis, postulating an initial colonization of the central islands
(Tenerife, Gran Canaria) by migrant individuals, followed by eastward
and westward dispersal (Sanmartin etal.,2008). Thisisindeed the phy-
logeographic model selected as the one with the highest explanatory
power by our CNN (CIHa; Table 2). It also agrees with the population
genetic diversity indexes (Table 1), which show the highest levels of
allele richness and heterozygosity on the island of Tenerife. Previous
population-level genetic studies on K. neriifolia based on plastid DNA
or microsatellite markers (Garcia-Verdugo, Caujapé-Castells, Mairal,
& Monroy, 2019; Sun & Vargas-Mendoza, 2017) also found higher
levels of genetic diversity on this island. Kleinia neriifolia is dispersed
by wind by means of a wind-borne pappus. It has been observed that
this kind of dispersal is not a particularly effective form of inter-island
migration in the Canary Islands (Arjona et al., 2018), and even the
species with the highest wind-dispersal capacity present a marked
inter-island population structure (Garcia-Verdugo, Caujapé-Castells,
Mairal, & Monroy, 2019). At the time when K. neriifolia is estimated to
have colonized Tenerife, the island was fully formed, having reached
the largest area and highest altitude in the archipelago (Carracedo &
Perez-Torrado, 2013). This would have facilitated the initial coloniza-
tion event and later dispersal to each side of the archipelago, even for
species with a low wind-dispersal capacity. For example, the trade
winds blowing from the north and the northwest Atlantic would have
favoured the arrival of propagules from northwest Africa to the cen-
tral islands (Rognon & Coudé-Gaussen, 1996). On the contrary, the
fact that the CIHa model was selected over the CIHb model in our
CNN analysis suggests that the dispersal capacities of Kleinia have
been enough to overcome intra-island dispersal barriers: the typical
split between western and eastern/central Tenerife is not observed
in K. neriifolia. In fact, this species forms an almost uninterrupted
open-lowland belt around each of the Canary Islands, implying that
populations on islands are well connected. Lack of phylogeographic
structure in Tenerife was also found in Sanger-sequencing studies of
this species (Garcia-Verdugo, Caujapé-Castells, lllera, et al., 2019; Sun
& Vargas-Mendoza, 2017).

Even if the CIH is the best-fit model to explain island colonization
in K.neriifolia, evidence of genetic admixture within the eastern is-
land clade (EC; Figure 8) supports the Surfing Syngameon Hypothesis
of multiple events colonizations and secondary contact enhancing
genetic diversity in these islands (Caujapé-Castells et al., 2017).
The SSH model predicts that the easternmost islands of Lanzarote
and Fuerteventura were recolonized from the west by populations
from Tenerife and Gran Canaria, often after the extinction or geo-
graphic extirpation of the ancestral stock. During the Pleistocene,
Lanzarote and Fuerteventura suffered several geological upheavals,
such as eruptions (Carracedo et al., 2002), landslides (Carracedo
et al, 2009), tsunamis (Ledn et al., 2017) and rising sea levels
during the Pleistocene interglacial periods (Caujapé-Castells, 2011).
However, the climatic fluctuations introduced by the glacial-inter-
glacial cycles in the Pleistocene had the greatest effect on these is-
lands (Fernandez-Palacios et al., 2016; Norder et al., 2019) and were
probably the major cause of the local extinction of species and pop-
ulations (Garcia-Verdugo, Caujapé-Castells, lllera, et al., 2019).

Itshould be noted that the areas of Lanzarote and Fuerteventura
that provided refugia during the Pleistocene, Famara and Jandia,
and that today harbour the highest species diversity (Reyes-
Betancort et al., 2008) were sampled in our study. Therefore, the
possibility of non-sampled populations is remote. The fact that
Tenerife sequences form a monophyletic clade in the phylogenetic
analyses (TC; Figures 3, 4 and 7) and exhibit their own genetic clus-
ter in the population genetic analysis (Figure 8), with no evidence
of admixture with Lanzarote and Fuerteventura (or with Gran
Canaria), does not support a SSH-like recolonization event from
the west. It is more likely that the initial colonization followed the
CIH model, from Tenerife to Gran Canaria, and that Lanzarote and
Fuerteventura were colonized from this latter island, as suggested
by the CNN model.

On the contrary, in the case of Gran Canaria, sequences from
this island do not form a monophyletic group but are paraphyletic
relative to the samples from Lanzarote and Fuerteventura in the
SVDquartets analysis (Figure 7), and there is evidence of admix-
ture with the eastern islands in the sNMF analysis (Figure 8). This
suggests subsequent secondary contact and frequent migration
events, from Gran Canaria to the eastern islands, and also between
Lanzarote and Fuerteventura, resulting in the current patterns of
genetic admixture. Again, this agrees with Garcia-Verdugo, Caujapé-
Castells, Mairal, and Monroy (2019), who inferred at least two colo-
nization events of Lanzarote and Fuerteventura from Gran Canaria
in very recent times based on plastid data.

Our study represents the first attempt of reconstructing phy-
logenomics relationships within the genus Kleinia based on a large
dataset of nuclear genes, and a nearly complete representation of
plastid coding genes. Though our species sampling is incomplete, our
study provides a backbone and valuable dataset for future analy-
ses encompassing a more comprehensive taxon sampling. We also
demonstrate that machine learning based on convolutional neural
networks can be used to discriminate among complex scenarios of

island migration and colonization with high accuracy.
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