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Reconstructing the phylogenetic relationships within Caryophyllaceae tribe Sileneae has 
been obscured by hybridization and incomplete lineage sorting. Silene is the largest 
genus in the Caryophyllaceae, and unraveling its evolutionary history has been particularly 
challenging. In order to infer the phylogenetic relationships among the five species in Silene 
section Psammophilae, we have performed a genome skimming approach to acquire 
the complete plastid genome (cpDNA), nuclear ribosomal cistron (nrDNA), and partial 
mitochondrial genome (mtDNA). We have included 26 populations, representing the range 
of each species' distribution. This section includes five morphologically similar species 
endemic to the Iberian Peninsula and Balearic Islands (Ibiza and Formentera), yet some 
of them occupy distinct edaphic habitats (e.g. maritime sands, calcareous sandstones). 
In addition to phylogeographic analyses, genetic structuring using the chloroplast data 
set was inferred with Discriminant Analysis of Principal Components (DAPC), analyses 
of molecular variance (AMOVA), and a partial Mantel test. Reference-guided assembly of 
50 bp single-end and 250 bp paired-end Illumina reads produced the nearly complete 
cpDNA genome (154 kbp), partial mtDNA genome (from 81 to 114 kbp), and the nrDNA 
cistron (6.4 kbp). Selected variable regions of the cpDNA and mtDNA assemblies were 
confirmed by Sanger sequencing. Phylogenetic analyses of the mainland populations 
reveal incongruence among the three genomes. None of the three data sets produced 
relationships consistent with taxonomy or geography. In contrast, Silene cambessedesii, 
present in the Balearic Islands, is the only species that forms a strongly supported 
monophyletic clade in the cpDNA genome and is strongly differentiated with respect to 
the remaining taxa of the Iberian Peninsula. These results contrast with those obtained 
for mainland populations. Across the entire analysis, only one well-supported mainland 
clade of Silene littorea and Silene stockenii emerges from the southern region of the 
Iberian Peninsula. DAPC and AMOVA results suggest the absence of genetic structure 
among mainland populations of Silene section Psammophilae, whereas partial Mantel 
test discarded spatial correlation of genetic differentiation. The widespread incongruence 
between morphology-based taxonomic boundaries and phylogeography suggests 
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InTRODUcTIOn
The Mediterranean Basin is commonly described as one of the 
most important biodiversity hotspots in the world (Médail and 
Quézel, 1997; Médail and Quézel, 1999; Myers et al., 2000). In 
particular, the Iberian Peninsula and adjacent Balearic Islands 
emerge as key centers of biodiversity due to their complex 
geological history (including a great diversity of substrates 
such as serpentines, dolomites, and gypsum, among others) 
and spatially heterogeneous climate (Médail and Quézel, 
1997; Thompson, 2005), making them ideal for examining 
biogeographic and evolutionary processes in plants. The coupling 
of the geographical position of the Iberian Peninsula (flanked by 
the Pyrenees to the north, the Atlantic Ocean to the west, and the 
Mediterranean Sea to the south and east) and Balearic Islands 
(isolated from mainland) with Mediterranean climate leads to 
exceptional ecological opportunity for habitat differentiation, 
geographic separation, and subsequent reproductive isolation 
(Thompson, 2005).

The Balearic Islands are especially rich in endemics, making 
them excellent models for understanding speciation (e.g. Juan 
et al., 2004). The Balearic archipelago was separated from the 
mainland in the Oligocene [30–25 million years ago (Ma)], yet 
ephemeral land bridges connecting the mainland to the islands 
formed during the Messinian Salinity Crisis in the Late Miocene 
(ca. 5.5 Ma) (Hsü et al., 1973; Krijgsman et al., 1999; Duggen 
et al., 2003). Due to long-term isolation after the flooding of the 
Mediterranean Sea, biota on these islands gradually developed 
into locally adapted, novel species. The scarcity of new taxa 
coming to the Balearic Islands after their isolation contrasts 
with the colonization events in other Mediterranean islands. 
In the Aegean islands, for instance, glaciations during the Late 
Pleistocene (~0.8–0.01 Ma) decreased sea levels and created land 
bridges that allowed the colonization of many mainland taxa (e.g. 
Nigella arvensis and Silene gigantea complexes, dwarf elephants, 
or pigmy hippopotami, among others) (Reyment, 1983; Bittkau 
and Comes, 2009; Du Pasquier et al., 2017), whereas Balearic 
Islands remained isolated because no land bridges connected 
them to the mainland during this time (Van der Geer et al., 2010).

In the Iberian Peninsula, dramatic geological and climatic 
changes (e.g. Quaternary glaciations) have repeatedly caused 
fragmentation, contraction, and expansion of species ranges. In 
this context, recently diverged lineages may have experienced 
secondary contact and increased chances for hybridization 
and introgression (Thompson, 2005; Nieto Feliner, 2014). 
Hybridization is a prominent force in plant evolution that allows 
them to acquire genetic novelties faster than through mutations 
alone, creating opportunities for adaptive evolution (Arnold, 1997; 

Rieseberg, 1997; Rieseberg et al., 2003; Mallet, 2005). Introgressive 
hybridization, whether it be adaptive or neutral, may distort 
phylogenetic relationships in plant species where reproductive 
isolation is incomplete. In plants, molecular studies have tried to 
overcome this issue by using chloroplast sequences in addition to 
information from nuclear DNA sequences. Hence, incongruences 
between nuclear- and chloroplast-based phylogenetic trees 
are frequently interpreted to be the result of introgressive 
hybridization (e.g. Soltis and Kuzoff, 1995; Okuyama et al., 
2005; Wang et al., 2016). However, phylogenetic incongruences 
can also be caused by incomplete lineage sorting, especially 
when the speciation is rapid, recent, and without persistent 
bottlenecks (Frajman et al., 2009a). Disentangling hybridization 
and incomplete lineage sorting long inhibited interpretation of 
incongruent molecular data sets, yet this is a matter of ongoing 
research, and several methods have been developed in recent 
years to differentiate these two historical processes (e.g. Holland 
et al., 2008; Joly et al., 2009).

In the tribe Sileneae (Caryophyllaceae), ancient and recent 
hybridization events have been proposed to be important 
processes that must be considered when inferring phylogenetic 
relationships (Erixon and Oxelman, 2008). Several studies have 
stressed the importance of hybridization to understand the 
evolutionary history of many groups within Sileneae (e.g. Erixon 
and Oxelman, 2008; Rautenberg et al., 2010; Petri and Oxelman, 
2011; Petri et al., 2013). The ability of Silene latifolia and Silene 
dioica to hybridize is one of the best examples of incomplete 
reproductive isolation in this group (Bernasconi et al., 2009). 
These two closely related species show strong differences in 
their morphology and ecological preferences (e.g. S. latifolia has 
white flowers and grows in dry and disturbed habitats, whereas 
S. dioica has red flowers and inhabits moister soils), but these two 
lineages hybridize when in sympatry (Baker, 1948). Thus, their 
ecological and morphological differences suggest they are unique 
lineages, yet the lack of genetic differentiation in sympatry is the 
one hallmark of introgressive hybridization (Minder et al., 2007; 
Hathaway et al., 2009).

Inferring phylogenetic relationships within Sileneae is 
complicated, and the resulting phylogenies are frequently 
incongruent with morphology-based classifications (Oxelman and 
Lidén, 1995; Oxelman et al., 1997; Oxelman et al., 2001; Frajman 
et al., 2009b; Naciri et al., 2017). The tribe Sileneae is subdivided 
into eight genera (Agrostemma L., Atocion Adans., Eudianthe 
(Rchb.) Rchb., Heliosperma Rchb., Lychnis L, Petrocoptis A. Braun 
ex Endl., Silene L., and Viscaria Bernh.) (Oxelman et al., 2001), 
of which the genus Silene is the most diverse, with approximately 
470 species (Oxelman et al., 2013; Petri et al., 2013), although 
some studies suggest up to 700 species (e.g. Greuter, 1995). 

a history of interspecific hybridization, in which only a substantial geographic barrier, 
like isolation by the Mediterranean Sea, was sufficient to create and maintain species 
boundaries in Silene section Psammophilae.

Keywords: allopatric speciation, Balearic Islands, genome skimming, hybridization, Iberian Peninsula, 
introgression, Sileneae
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Several phylogenetic studies subdivided this genus into two well-
supported subgenera: subgenus Silene and subgenus Behenantha 
(Popp and Oxelman, 2004; Popp and Oxelman, 2007; Erixon 
and Oxelman, 2008; Frajman et al., 2009a; Rautenberg et al., 
2010; Rautenberg et al., 2012). However, these analyses based 
on chloroplast loci, nuclear ribosomal regions, and low-copy 
nuclear DNA led to unresolved phylogenetic relationships within 
each subgenus, probably due to ancient and recent hybridization 
(e.g. Frajman and Oxelman, 2007; Erixon and Oxelman, 2008; 
Rautenberg et al., 2010). Hybridization has been documented 
in several groups within Silene, for instance, in Silene section 
Physolychnis (Petri and Oxelman, 2011), Section Melandrium 
(Rautenberg et al., 2010), and Section Otites (Balounova et al., 
2019), as well as in polyploid Silene from North America (Popp 
and Oxelman, 2007). Yet, the more remarkable event is the 
introgression between species from distinct subgenera about 6.6 
Ma after the divergence of the two subgenera had occurred (Petri 
et al., 2013).

Silene section Psammophilae (Talavera) Greuter is a 
monophyletic group within the subgenus Behenantha that is 
composed of five species endemic to the Iberian Peninsula and 
Balearic Islands: Silene adscendens Lag., Silene cambessedesii 
Boiss. & Reut., Silene littorea Brot., Silene stockenii Chater, and 
S. psammitis Link ex Spreng. (Oxelman et al., 2013) (Figure 1). 
This section was previously considered a subsection within 
section Erectorefractae Chowdhuri (Talavera, 1979). However, 
Greuter (1995) proposed the sectional status for subsection 

Psammophilae based on differences in cell shape and flowering 
time with respect to other members of the section Erectorefractae, 
in addition to the differences previously described by Talavera 
et al. (1979) (e.g. monochasium inflorescences in Psammophilae 
and dichasium in Erectorefractae). Silene pendula L. was also 
previously included in Silene section Psammophilae, but it was 
placed in section Behenantha Otth by Oxelman et al. (2013). 
In addition, analysis based on ITS supports the monophyly of 
S. adscendens, S. cambessedesii, S. littorea, S. psammitis, and S. 
stockenii (Casimiro-Soriguer, 2015).

The basic chromosome number of species of the Section 
Psammophilae is n = 12, and the two species with available 
information are diploids, 2n = 24 (Talavera, 1990). They are 
self-compatible and are mainly pollinated by insects, although 
low levels of autonomous self-pollination may exist. They are 
all annual species, glandular-pubescent, with the inflorescence 
consisting of a monochasial cyme; but they differ in seed-coat 
ornamentation and in the length of the calyx and carpophore 
in fruit (Talavera, 1990; Casimiro-Soriguer, 2015). In addition 
to differences in their phenotypic traits, these five species have 
non-overlapping geographical distributions and distinct edaphic 
affinities. S. littorea grows in coastal sandy substrates along a 
coastal fringe from the northwestern to southeastern regions 
of the Iberian Peninsula. S. cambessedesii occurs in the same 
habitat on the Mediterranean islands of Ibiza and Formentera 
(the two largest western islands of the Balearic Islands), but it 
is also known from a few populations on the east coast of the 

FIgURe 1 | Photographs of the five species belonging to Silene section Psammophilae. (a) Silene adscendens, (B) Silene cambessedesii, (c) Silene littorea, 
(D) Silene psammitis, and (e, F) Silene stockenii (showing the characteristic upper and lower side of petals).
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Iberian Peninsula (Almenara, Comunidad Valenciana). S. 
adscendens occurs on intermittent streams of the southeastern 
Iberian Peninsula. S. stockenii grows in calcareous sandstones 
and is an endangered species restricted to the southern end of the 
Iberian Peninsula. Finally, S. psammitis is distributed throughout 
the Iberian Peninsula on granite or slates (subsp. psammitis) 
or dolomitic sands, and rarely on clay and serpentine (subsp. 
lasiostyla) between 300 and 1,500 m (Figure 2) (Talavera, 1979).

Here, we aim to unravel the phylogenetic relationships of 
species in Silene section Psammophilae using next-generation 
DNA sequencing. Recent improvements in DNA sequencing 
have made it possible to sequence nearly complete organellar 
genomes from genomic DNA (genome skimming), which has 
helped to infer organismal phylogenies at low taxonomic levels 
across different groups of angiosperms (e.g. Parks et al., 2009; 
Whittall et al., 2010; Kane et al., 2012; Ruhsam et al., 2015). In 
this study, we will address the following questions: Can genome 
skimming resolve the relationships of mainland and island 
species of Silene section Psammophilae? Do the relationships 
align with morphology-based species boundaries, or do they 
reflect geographic distance? Is genetic differentiation among 
these lineages correlated with geography (specifically between 
mainland and island populations)? Can biogeographic events 
(i.e. Messinian Salinity Crisis) explain the colonization of 
Balearic Islands by the island species of this section based on the 
estimating timing of mainland–island divergence? We employ 

sequence data from the complete plastome (cpDNA), nuclear 
ribosomal cistron (nrDNA), and partial mitochondrial genome 
(mtDNA) to address these questions using phylogenetic analysis 
and population genetics.

MaTeRIalS anD MeTHODS

Sampling, genomic Dna extraction, 
and Sequencing
Fresh leaf samples were collected in 2010–2012 from a total of 26 
natural populations spanning the geographical range of species in 
Silene section Psammophilae (Figure 2). For each population, the 
DNA of five individuals was extracted using DNeasy Plant Mini 
Kit (Qiagen, Valencia, USA) and pooled into a single sample. 
DNA concentration and purity were measured with a NanoDrop 
ND-1000 spectrophotometer (NanoDrop Technologies, Inc., 
Wilmington, USA). Total genomic DNA was used to prepare 
next-generation sequencing libraries following the Nextera 
kit (Illumina, San Diego, USA), barcoded with 6 (single-end 
reads) and 8 (paired-end reads) bp indices, and sequenced at the 
Epigenome Center of the University of Southern California. Four 
libraries were pooled in equimolar concentrations and shared a 
half lane of an Illumina HiSeq 2000 in which they were sequenced 
with 50 bp single-end reads. Fortuitously, these four libraries 
were sequenced twice. The remaining 22 libraries were indexed 

FIgURe 2 | Geographical distribution of studied populations of Silene section Psammophilae in the Iberian Peninsula and Balearic Islands and Discriminant 
Analysis of Principal Components (DAPC) results. Colored areas represent the distribution area of each species. The colored pie graphs represent the membership 
probability of each species according to the DAPC analysis on the complete plastid genome (cpDNA) when using species categories as priors. Species and 
population codes are shown in Table 1.
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and then sequenced on a single lane on an Illumina HiSeq 2500 
(San Diego, USA), which produced 250 bp paired-end reads.

Reference-guided assemblies (cpDna, 
mtDna, and nrDna)
Prior to assembly, 3' and 5' ends of sequences with more than 
a 5% chance of an error per base were trimmed in Geneious 
v.8.1.6 (Biomatters Ltd., Auckland, New Zealand) to remove 
low-quality regions. Then, we conducted a reference-guided 
assembly using the cpDNA and mtDNA genomes of S. latifolia 
as the reference (GenBank accession numbers NC_016730 
and NC_014487, respectively) and a chimeric Silene nrDNA 
cistron (see details below). We used the Geneious assembler 
under default settings with medium-low sensitivity and 
10 iterations (Kearse et al., 2012). Regions with less than 
5× sequence coverage were considered as missing data. A 
consensus sequence was generated for each population using 
an 85% consensus threshold. Thus, ambiguity codes were 
applied for sites below 85% consensus arising from sequencing 
errors or due to a variable site in the pool of five individuals per 
population, assuming approximately equal sequencing coverage 
among the five individuals pooled per sample. Annotations 
were transferred using a 75% similarity cutoff to the reference 
genome. Sequences were aligned using the MAFFT (Katoh and 
Standley, 2013) plugin within Geneious with default settings. 
Finally, regions of questionable alignment were manually 
adjusted or masked before subsequent analyses.

No complete nrDNA cistron sequence was available as a 
reference from any single species of Silene. Thus, we created a 
chimeric reference sequence following a similar procedure 
described in Ripma et al. (2014). We downloaded from GenBank 
the complete 18S (1,733 bp; AF207027) and 28S (3,332 bp; 
AF479084) from Stellaria media, the closest relative with 
complete sequences for these regions. We combined these with 
the 5.8S and both internal transcribed spacer regions (ITS1 
and ITS2) from S. littorea (832 bp; FN821094). In addition, we 
performed Sanger sequencing to obtain the complete 5.8S gene 
with both internal transcribed spacer regions from a subsample 
of Silene section Psammophilae (Casimiro-Soriguer, 2015). 
All aforementioned nrDNA sequences were aligned, and the 
consensus sequence was extracted following the same settings 
previously described for the cpDNA. The resulting sequence 
was used as the nrDNA reference during the reference-guided 
assembly process following the parameters described above.

Single nucleotide Polymorphism 
Validation
Sanger sequencing was performed in order to validate putative 
SNPs (single nucleotide polymorphism) that were discovered 
after aligning the next-generation sequencing data. Since 
each population was represented by a pool of five individuals, 
ambiguities could represent genetic variation within the pool. 
Thus, we individually amplified and sequenced as many individuals 
as possible from several of the population pools. Within each 
genome, we selected a specific region with the highest number of 
phylogenetically informative sites. For the cpDNA, we designed 

primers specific to the trnK region to amplify and sequence an 
814 bp fragment that spanned 60 putative SNPs across 26 samples 
(trnK-F: GCTCGTTGCTTATTCTTTCCACA and trnK-R: 
ACTTTTGTTGGATTGGCGCT). For the mtDNA, primers were 
designed for the atp1 region in order to amplify a 753 bp fragment 
with 125 putative SNPs (atp1-F: GAGTCGCAGCATCAAGGTCT 
and atp1-R: GCGGTAGATAGCCTGGTTCC). PCR conditions 
followed those of Dick et al. (2011) using Taq polymerase (New 
England Biolabs, Ipswich, USA) with the following thermal 
cycling steps: initial denature at 95°C for 3 min; 35 cycles of 95°C 
for 30 s, 50°C (trnK) and 67°C (atp1) for 30 s, 72°C for 90 s, a 
final extension at 72°C for 10 min, and a 4°C hold. PCR products 
were purified using exoSAP (Thermo Fisher, Cleveland, USA) and 
sequenced using Big Dye Terminator methodology on an ABI 
3730xl DNA Analyzer (Sequetech Corp., Mountain View, USA). 
Single contigs were created by aligning forward and reverse reads. 
Contigs were then aligned to the next-generation sequences in 
Geneious to determine the validity of the putative SNPs.

Phylogenetic analyses
Phylogenetic reconstruction was performed using both maximum 
likelihood (ML) and Bayesian approaches in RAxML (Stamatakis, 
2014) and MrBayes, respectively (Huelsenbeck and Ronquist, 
2001). For the ML analysis, we used the GTR+CAT approximation 
of the GTR+G model of nucleotide evolution with estimate of 
proportion of invariable sites and 1,000 bootstrap replicates. 
For the Bayesian analysis, we applied the GTR+G+I model of 
nucleotide evolution for two separate runs, each consisting 
of four independent chains run for 10,000,000 generations 
sampling every 50,000 generations after 1,000,000 generations of 
burn-in. Bayesian analysis runs were checked for proper mixing 
and convergence using Tracer v.1.6 (Rambaut et al., 2014). The 
cpDNA-based tree was rooted using the complete genomes 
of S. latifolia and Silene vulgaris (GenBank accession numbers 
NC_016730 and NC_016727). The low sequencing depths and 
subsequent assembly challenges for the mtDNA genome limited 
the number of sites that could be unambiguously aligned (see 
Results). Therefore, we selected six mitochondrial coding regions 
representing a range of substitution rates previously used in 
Silene (Barr et al., 2007; Sloan et al., 2008; Sloan et al., 2009; 
Rautenberg et al., 2012): the protein-encoding ATP synthase 
subunit 1 (atp1), ATP synthase subunit 4 (atp4), ATP synthase 
subunit 6 (atp6), cytochrome b (cob), cytochrome c oxidase 
subunit 3 (cox3), and NADH dehydrogenase subunit 9 (nad9). 
The mtDNA-based tree was rooted using a concatenation of 
these six mitochondrial genes from S. latifolia (extracted from 
NC_014487) and S. vulgaris (extracted from chromosomes 1 and 
2 of mtDNA genome; JF750427 and JF750429, respectively). The 
nrDNA-based tree was rooted using the ITS regions of S. latifolia 
and S. vulgaris (FJ384022 and KJ918500, respectively). The 
resulting trees were visualized using FigTree v.1.4.2 (Rambaut, 
2014). Bootstrap values (BSs) ≥ 85/posterior probabilities (PPs) 
≥ 0.90 were considered as strong support, while values of 70–85% 
BS and 0.80–0.90 PP were considered as moderate support. 
In addition to the ML and Bayesian analyses, we explored 
phylogenetic uncertainly in the cpDNA with a NeighborNet 
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network in SplitsTree 4 v. 4.13.1 (Huson and Bryant, 2006) with 
uncorrected P distances and ambiguous sites treated with the 
"Average States" option.

gene Tree–Species Tree Reconciliation
A species tree was estimated in *BEAST (Heled and Drummond, 
2010) implemented in BEAST v.2.4.2 (Bouckaert et al., 2014). 
One limitation of *BEAST is the coalescence requirements 
based on which you should assign each sample to one of the 
five morphologically defined species. Although this could 
produce meaningless results if the morphologically defined 
species do not exist, we are confident that the morphological 
and ecological uniqueness of these lineages justify such a priori 
assignments. We used two partitions of the cpDNA genome 
with linked genealogies: the third codon position and non-
coding regions of cpDNA, and the first and second codon 
position of the coding regions of the cpDNA. MCMC analysis 
was run for 500 million generations, sampling every 50,000 
generations, using Yule speciation tree prior and the most 
appropriate nucleotide substitution model for each partition as 
chosen by jModelTest v. 2.1.10 (Darriba et al., 2012) under the 
Akaike information criterion (AIC). The selected nucleotide 
substitution models were GTR+G+I for both the third codon 
position and non-coding regions of the cpDNA and for the first 
and second codon position of the coding regions of the cpDNA. 
We used an uncorrelated log-normal relaxed molecular clock 
and the estimated separation of S. latifolia and S. vulgaris as 
5.36 Ma (Frajman et al., 2009a) with a normally distributed 
standard deviation of 1.0, as calibration. The first 10% of trees 
were used as burn-in. Convergence and mixing were assessed 
in Tracer v.1.6 (Rambaut et al., 2014), with all ESS values above 
120. Trees were summarized in a maximum clade credibility 
tree using TreeAnotator v.2.4.2 (Drummond et al., 2012). 
Species trees were visualized in DensiTree v.2.2.5 (Bouckaert 
and Heled, 2014).

Population genetic Structure
Population structuring within the Silene section Psammophilae 
was explored using variable sites of the whole cpDNA genome. 
Since the cpDNA data set had the most variable sites (>24×) 
and the strongest signal (cpDNA phylogeny has more than 
four times the number of nodes with strong support compared 
to mtDNA or nrDNA), we have only analyzed the cpDNA at 
the population level. We used the Discriminant Analysis of 
Principal Components (DAPC) (Jombart, 2008; Jombart et al., 
2010) to study population subdivision. We ran two clustering 
analyses to assess introgression among populations using 
both the species categories and locations as prior categories. 
We used species categories as priors to test the likelihood of 
correct assignment of populations to each species, whereas 
using locations as priors, we tested whether populations cluster 
by their geographical proximity. The number of principal 
components was set according to an alpha-score optimization 
(i.e. trade-off between power of discrimination and overfitting) 
(Jombart and Collins, 2015). DAPC analyses were performed 
using the "adegenet" package v.2.0.0 (Jombart, 2008) for the R 

software v.3.2.3 (R Core Team, 2016). Population structuring 
was explored using the "clustering with linked loci" option 
implemented in BAPS v.6.0 (Corander et al., 2008), which unlike 
STRUCTURE allows for linked loci. The number of genetically 
homogeneous groups was estimated from the PP (log marginal 
likelihood of the best partition) for three iterations of K = 1–26 
(the total number of populations).

We tested for a correlation between genetic variation in the 
cpDNA genome and geographic distance between populations 
using a partial Mantel test (Mantel, 1967). The analysis was 
performed in R software v.3.2.3 (R Core Team, 2016) using the 
"vegan" package v.2.5.2 (Oksanen et al., 2018), with 100,000 
permutations to test for significance. Tests were performed on 
all populations, as well as separately on just the mainland and 
just the island populations to dissect the relative contributions 
of these two groups on any isolation-by-distance findings. 
Additionally, analyses of molecular variance (AMOVA) 
(Excoffier et al., 1992) were conducted using Arlequin v.3.5 
(Excoffier and Lischer, 2010). An AMOVA was conducted to 
assess genetic differentiation in the cpDNA genome among all 
studied species. A second AMOVA with just mainland species 
was performed to exclude the influence of island populations in 
the analysis. Finally, a third AMOVA was carried out to study 
genetic differentiation among islands. F-statistics (Wright, 1951) 
were used to estimate the proportion of genetic differentiation 
found among species, with significant levels determined by 
1,023 permutations.

Similarity of S. cambessedesii Plants From 
Mainland and Balearic Populations
We assessed genetic similarities of S. cambessedesii from Balearic 
Islands with plants from a mainland population from the Iberian 
Peninsula (Almenara; Figure 2). Almenara is the only remaining 
natural population of S. cambessedesii on the mainland; however, 
plants from this population were not collected during the initial 
sampling for next-generation sequencing given their endangered 
status in the region (Comunidad Valenciana government) 
(Navarro et al., 2015). DNA was obtained from 20 seeds (provided 
by the Servicio de Vida Silvestre-CIEF in Valencia, Spain) of 
botanical garden grown plants from this population. Since 
we received seeds after the preparation of the next-generation 
sequencing libraries, we amplified and sequenced only four regions 
representing the three genomes. From the chloroplast genome, 
we amplified the trnK (see previous section Single Nucleotide 
Polymorphism Validation) and ycf1 (871 bp) regions (using the 
primers ycf1-F: CAGTTTTTCCATTGAGTCCGTCC and ycf1-R: 
TCCCGAAAACGACCCCATTT). From the mitochondrial 
genome, we amplified and sequenced a fragment of the atp1 gene 
(see previous section Single Nucleotide Polymorphism Validation). 
From the nuclear genome, we amplified and sequenced the 
ITS region (using the primers ITS5* and ITS26S-25R as in 
Whittall et al., 2006). PCR conditions and purification were the 
same previously described, but using 55°C and 59°C annealing 
temperature for ITS and ycf1 regions, respectively.

Finally, we examined the phylogenetic relationships between 
mainland and island individuals of S. cambessedesii by building 
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ML trees in RAxML for each fragment of the cpDNA (trnK 
and ycf1), mtDNA (atp1), and nrDNA (ITS) genomes. ML 
analyses were performed using the GTR+CAT approximation 
of the GTR+G model of nucleotide evolution with estimate of 
proportion of invariable sites and 1,000 bootstrap replicates. ML 
trees were rooted using S. latifolia and S. vulgaris as outgroups. 
The trnK, ycf1, and atp1 fragments were extracted from the 
complete chloroplast and mitochondrial genomes of S. latifolia 
(NC_016730 and NC_014487 for cpDNA and mtDNA genomes, 
respectively) and S. vulgaris (NC_016727 and JF750427 for 
cpDNA and mtDNA genomes, respectively), whereas the ITS 
regions of S. latifolia and S. vulgaris were obtained from GenBank 
(FJ384022 and KJ918500, respectively).

ReSUlTS

genomic Dna extraction and Sequencing
Single-end sequencing generated two data sets that were merged 
since similar results were attained from each individual data set, 
obtaining an average of 25.91 million reads per sample (range 
24.3 million—28.0 million; Supplementary Table S1). Of those, 
approximately 1.70 million raw reads (6.6%) were trimmed prior 
the assemblies. Paired-end sequencing provided an average of 
1.47 million reads per sample (range 0.79 million–2.22 million; 
Supplementary Table S1). An average of approximately 60,000 
raw reads were trimmed from each sample (4.0%). Raw data are 
available from GenBank's Short Read Archive (accession number 
PRJNA558348). GenBank accession numbers for cpDNA, 
mtDNA, and nrDNA genomes are available in Supplementary 
Table S2.

Reference-guided assemblies (cpDna, 
mtDna, and nrDna)
For the cpDNA, a nearly complete chloroplast assembly from 
each population was recovered (alignment length = 154,199 bp). 
Due to alignment ambiguities, we masked ∼1% of the total length 
(average = 1,535.6 bp; range 1,444–1,606 bp). Total cpDNA 
sequencing depths were between 49.9X and 2,064.8X, with a 
mean of 359.91X (median = 153.95X; Supplementary Table S1), 
and there were 6,322 variable sites not including the outgroup 
samples. For the mtDNA genome, a mitochondrial sequence 
from each sample was recovered (alignment length = 254,270 
bp). However, on average, only 38.0% of the alignment was 
assembled for each individual sample (range 31.8–44.9%), mainly 
corresponding to coding regions. Sequencing depths were lower 
than for the cpDNA, ranging from 3.8X to 197.2X (mean = 33.4X; 
median = 10.5X; Supplementary Table S1). For each sample, a 
concatenation of 5,648 bp from six mitochondrial genes with 
high sequencing depths (atp1, atp4, atp6, cob, cox3, and nad9) 
was selected for phylogenetic analyses. For the mtDNA data, 
there were 130 variable sites not including the outgroup samples. 
For the nrDNA, we assembled the complete cistron sequence 
for all samples, including a portion of the external transcribed 
spacer (ETS) and non-transcribed spacer (NTS) regions. The 
length of the alignment was 6,415 bp, with sequencing depths 
between 885.8X and 7,584.7X and a mean depth of 2,765.2X 

(median = 2,046.7X; Supplementary Table  S1). There were 
257 variable sites not including the outgroup samples in the 
nrDNA alignment.

SnP Validation
In order to confirm some of the next-generation sequencing 
SNPs detected in the alignments, we amplified and Sanger 
sequenced 30 individuals for the trnK gene of the cpDNA 
genome (alignment length = 806 bp). We Sanger sequenced 
16,648 bp to compare with the next-generation sequences. A total 
of 16,502 bp (99.1%) agreed with those obtained during the next-
generation sequencing and assembly process. Ninety-four base 
pairs (0.56%) correspond to ambiguities in the next-generation 
sequencing that were only partially confirmed because we could 
not amplify all individuals pooled for that population sample (i.e. 
we detected one of the bases that cause the ambiguity, but not 
the other). The remaining 52 bp (0.31%) could not be confirmed 
due to recalcitrant amplification of some DNA samples. Of the 
60 putative SNPs present in the trnK gene, 3 SNPs (5.0%) were 
completely validated, 47 SNPs (78.3%) had ambiguities that were 
partially confirmed, and 10 SNPs (16.7%) could not be verified 
because of failed PCR reactions. Sequences obtained from Sanger 
sequencing did not reveal any incongruences with those obtained 
during the next-generation sequencing.

We also amplified and Sanger sequenced 28 individuals for 
the atp1 gene of the mtDNA genome (alignment length = 753). 
In total, 15,813 bp of this region were compared with the next-
generation sequences. We confirmed the veracity of 15,509 bp 
(98.1%), whereas 213 bp (1.35%) were partially validated (i.e. 
one of the two possible bases were identified at an ambiguous 
position), and 91 bp (0.58%) could not be confirmed due to failed 
PCR reactions. Of the 125 putative SNPs present in this gene, 11 
SNPs (8.8%) were confirmed, 98 SNPs (78.4%) contained at least 
one ambiguity that was partially validated, and 16 SNPs (12.8%) 
could not be verified because of failed PCR reactions. Sequences 
obtained from Sanger sequencing did not reveal incongruences 
with those obtained during the next-generation sequencing.

The variability within populations (i.e. ambiguities resulting 
of pooling five individuals in each population) in both the trnK 
and the atp1 regions was assessed by amplifying and Sanger 
sequencing two or more individuals per population. When two 
individuals per population were sequenced, genomic polymorphism 
was verified in 2 of 21 cases (9.5%), and ambiguities found in 
next-generation sequencing were partially validated in the 
remaining cases (90.5%). When three or four individuals per 
population were sequenced, we confirmed the population 
genomic polymorphism in 24 of 29 cases (82.8%) and performed 
partial validations of the ambiguities found in next-generation 
sequencing in the remaining cases (17.2%). Failed PCR reactions 
precluded our ability to sequence all five individuals of any 
population.

Phylogenetic analyses
ML and Bayesian phylogenetic analysis of the cpDNA 
genome showed mostly congruent topologies (Figure 3A and 
Supplementary Figure S1A). In the ML analysis, 17 of 27 (63%) 
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internal branches were moderately or highly supported, while 
in the Bayesian analysis, 20 of 27 (74%) branches showed strong 
support. There are very few geographic patterns, and most species 
are not reciprocally monophyletic. An exception to this overall 
pattern is the six populations of S. cambessedesii from the Balearic 
Islands which form a strongly supported clade (BS = 100; Figure 
3A). On the mainland, three geographically adjacent populations 
of S. littorea and S. stockenii (Li-Bre, Li-Tra, and St-Bar; see 
species and population codes in Table 1) from Cadiz province, 
in the southern end of the Iberian Peninsula, form another 
strongly supported clade (BS = 100). The network analysis of the 
cpDNA data produced a largely unresolved "starburst" with some 
differentiation of the Balearic Island samples combined with 
some mainland samples (Supplementary Figure S2A).

Topologies for mtDNA-based trees were mostly congruent 
for ML and Bayesian phylogenetic analysis (Figure 3B and 
Supplementary Figure S1B), yet only a few internal branches 
were confidentially resolved. In the ML analysis, 4 of 27 (15%) 
internal branches were moderately or highly supported, while in 
the Bayesian analysis, 6 of 27 (22%) branches showed moderate 
or strong support. The mtDNA-based trees did not show any 
clear phylogeographic pattern. Neither island nor mainland 
populations clustered geographically, except for the three adjacent 

populations of Cadiz province (Li-Bre, Li-Tra, and St-Bar) that 
formed a well-supported clade (BS = 88). The network analysis 
of the mtDNA data produced largely unresolved splits that do 
not correspond to clear taxon or geographical delimitations. In 
addition, the S. littorea from Barra (Li-Bar) had an exceptionally 
long terminal branch (Supplementary Figure S2B).

For the nrDNA genome, ML and Bayesian phylogenetic 
analysis were mostly congruent (Figure 3C and Supplementary 
Figure S1C), although very few internal branches were resolved. 
In the ML analysis, 4 of 27 (15%) internal branches were 
moderately or highly supported, while in the Bayesian analysis, 
only 4 of 27 (15%) branches showed moderate or strong support. 
Phylogenetic relationships in the nrDNA-based trees did not 
reflect either taxonomic boundaries or biogeographic patterns. 
The same three adjacent populations of Cadiz province (Li-Bre, 
Li-Tra, and St-Bar), together with a southern population of S. 
littorea (Li-Ald) separated approximately 65 km from these 
populations, formed a moderate supported clade (BS = 79). A 
strongly supported clade (BS = 85) emerged in the southeast 
of the Iberian Peninsula (Almeria province), composed by 
five adjacent populations: three populations of S. adscendens 
(Ad-Feo, Ad-Ger, and Ad-Tor) and two populations of S. littorea 
(Li-Car and Li-Pun). The populations of S. psammitis from 

FIgURe 3 | Phylogenetic relationships within the Section Psammophilae using maximum likelihood (ML) estimation. Phylogenetic relationships were determined 
from the complete chloroplast genomes (a), six coding regions of the mitochondrial genome (B), and complete nuclear ribosomal cistron with a partial ETS (c). 
Sequences were aligned, rooted with two outgroups, and analyzes under maximum likelihood (ML) phylogenetic methods (RAxML). Numbers above branches 
represent bootstrap support (BS > 50 are displayed). Cladograms show relationships among taxa, while branch lengths are displayed in the inset phylograms. 
Branches are drawn proportional to the number of substitutions per site (see scale bar). Blue, green, and red squares represent populations from the Balearic 
Islands and the southern (Cadiz province) and southeast (Almeria province) of the Iberian Peninsula, respectively. Species and population codes are shown in 
Table 1.
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Candeleda and Játar (Ps-Can, Ps-Jat) are not present in the nrDNA 
phylogenetic analyses because we obtained paralogous sequences 
during the assemblies (the average distance to the mean patristic 
distance within the ingroup was 87.5%). We tried to recover the 
orthologous copies by remapping the reads using the consensus 
sequence of S. psammitis from Benahavis (Ps-Ben) as a reference, but 
this failed to produce homologous sequences. The network analysis 
of the nrDNA data produced a set of relationships largely congruent 
with the phylogenetic results described above. There were four 
clusters of samples that were largely biogeographically aligned— 
"Northwest–West Iberian Peninsula," "South–Southwestern Iberian 
Peninsula," "Southeast Iberian Peninsula," and "Balearic Islands" 
(Supplementary Figure S2C).

gene Tree–Species Tree Reconciliation
For this and all subsequent analyses, we focus on the cpDNA 
genome because this organelle traces colonization events (although 
chloroplast capture could entangle phylogenetic relationships), 
which are particularly informative to clarify evolutionary 
relationships at the intra- and interspecific level, whereas nrDNA 
reflects both seed and pollen gene flows. The species tree obtained 
from *BEAST analysis of the cpDNA genome clustered together 
the five species of the Silene section Psammophilae (PP  = 1; 
Figure 4A). The island populations of S. cambessedesii are strongly 
supported (PP = 0.99) as sister clade to the remaining mainland 
species, which showed weakly supported relationships among 
them. The species trees from DensiTree highlight the network-
like relationships within the section, especially among mainland 

taxa (Figure 4B). The most recent common ancestor of the 
section emerged approximately 2.34 Ma (95% HPD: 0.05–7.48 
Ma), while the origins of S. adscendens, S. littorea, S. psammitis, 
and S. stockenii are more recent and very similar to one another 
[~1.33 (95% HPD: 0.02–4.13) Ma] (Figure 4A).

Population genetic Structure
We used DAPC of the plastid genome to investigate species 
affinities and to look for traces of organellar introgression. 
DAPC analysis revealed that the probability of membership to 
the assigned species priors was unequivocal for S. cambessedesii 
(100%), but variable for mainland populations, ranging from 
12.7% to 100% (Figure 2). S. cambessedesii samples from 
the Balearic Islands were mostly separated from mainland 
populations along the first two retained principle component 
axes of the DAPC (representing 66.5% of the variation), whereas 
mainland populations showed largely overlapping 95% inertial 
ellipses (Figure 5A).

When using geography as priors, the probability of correct 
assignment to samples with regard to geographic location was 
again unequivocal for Balearic populations of S. cambessedesii 
(100%) and varied widely for the mainland populations (16.2–
100%). S. cambessedesii and S. psammitis population from 
Candeleda (named as east and interior mainland locations, 
respectively, in Figure 5B) are clearly separated from the 
populations from the northwest, west, south, and southeast of the 
Iberian Peninsula, which overlapped along the first two retained 
principle component axes of the DAPC (Figure 5B).

TaBle 1 | Sample localities (populations of each species are ordered by name) and distance to the closest species.

code Species locality information latitude (°) longitude (°) Distance 
to closest 
spp. (km)

closest spp.

Ad-Feo Silene adscendens Spain, Almería, Los Feos 37.013444 −2.029278 13 S. littorea
Ad-Ger S. adscendens Spain, Almería, Gerjal 37.083361 −2.507861 20 S. psammitis
Ad-Tor S. adscendens Spain, Almería, Los Toros 36.822639 −2.043222 19 S. littorea
Ca-Can Silene cambessedesii Spain, Formentera, Canyes 38.729528 1.451861 184 S. littorea
Ca-Mit S. cambessedesii Spain, Formentera, Mitjorn 38.684389 1.467500 184 S. littorea
Ca-Sal S. cambessedesii Spain, Formentera, Ses Salines 38.746806 1.432889 183 S. littorea
Ca-Cav S. cambessedesii Spain, Ibiza, Cavallet 38.848139 1.401056 184 S. littorea
Ca-Ped S. cambessedesii Spain, Ibiza, Sa Pedrera 38.970028 1.261111 180 S. littorea
Ca-Tre S. cambessedesii Spain, Ibiza, Punta des Trencs 38.969194 1.270722 179 S. littorea
Li-Mon Silene littorea Portugal, Faro, Monte Clérigo 37.341174 −8.852668 95 S. psammitis
Li-Cas S. littorea Portugal, Lisboa, Cascais 38.702153 −9.473942 85 S. psammitis
Li-Alc S. littorea Portugal, Setúbal, Alcácer do Sal 38.485790 −8.903009 25 S. psammitis
Li-Fur S. littorea Spain, A Coruña, Furnas 42.638420 −9.039037 210 S. psammitis
Li-Car S. littorea Spain, Almería, Carboneras 36.962500 −1.899722 13 S. adscendens
Li-Pun S. littorea Spain, Almería, Punta Entinas 36.710261 −2.639618 7 S. adscendens
Li-Bre S. littorea Spain, Cádiz, Breña 36.189620 −5.949146 7 S. stockenii
Li-Tra S. littorea Spain, Cádiz, Trafalgar 36.182506 −6.034710 13 S. stockenii
Li-Odi S. littorea Spain, Huelva, Odiel 37.164706 −6.919111 45 S. psammitis
Li-Ald S. littorea Spain, Málaga, Aldea Beach 36.332278 −5.239083 16 S. psammitis
Li-Bar S. littorea Spain, Pontevedra, Barra 42.259707 −8.840256 180 S. psammitis
Ps-Can Silene psammitis Spain, Ávila, Candeleda 40.215608 −5.247733 300 S. littorea
Ps-Jat S. psammitis Spain, Granada, Játar 36.916194 −3.905028 40 S. littorea
Ps-Ben S. psammitis Spain, Málaga, Benahavis 36.511000 −5.035750 27 S. littorea
Ps-Oje S. psammitis Spain, Málaga, Ojen 36.592972 −4.857389 18 S. littorea
St-Bar Silene stockenii Spain, Cádiz, Barca de Vejer 36.247929 −5.914718 7 S. littorea
St-Bor S. stockenii Spain, Cádiz, Bornos 36.818347 −5.767805 65 S. psammitis
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The BAP analysis, performed to determine if the cpDNA data 
could be subdivided, conclusively found that there is just one 
genetic cluster. The log likelihood values for K1 were much higher 
than those for other partitions (K1 = −37,598.87, K2 = −39,489.59, 
K3 = −39,576.70, K4 = −40,069.07).

Partial Mantel tests were performed to test for isolation-
by-distance and showed that pairwise genetic distances were 

very low for island populations, but variable for mainland 
populations. Partial Mantel test showed spatial correlation of 
patristic distances when all populations were considered (P  < 
0.001, r  =  0.35). However, when the partial Mantel tests were 
conducted separately for mainland and island populations, there 
was no significant correlation among mainland population 
(P  =  0.27, r  = 0.07), but there was marginally significant 

FIgURe 4 | Species tree reconciliation analysis. (a) *BEAST multispecies coalescent with posterior probabilities over branches and node age estimates (95% HPD) 
with posterior probability limit set up to 0.90 (strong support). (B) DensiTree visualization of the posterior distribution of gene trees obtained from *BEAST.

FIgURe 5 | Scatter plot of Discriminant Analysis of Principal Components (DAPC) when using species and location categories as priors. In the scatter plot using 
species categories as priors (a), each species is represented by different symbols and colors (S. adscendens, pink square; S. cambessedesii, blue circle; S. 
littorea, green triangle; S. psammitis, orange diamond; S. stockenii, red circle). In the scatter plot using geographic location categories as priors (B), each location is 
represented by different symbols and colors (northwest, dark red circles; west, red triangles; south, green triangles; southeast, dark green circles; east, blue circles; 
interior mainland, brown square). The 95% inertial ellipses around each cluster represent the variance of the two first principal components of the DAPC. The insets 
represent the relative magnitude of the eigenvalues of the first four and five principal components, respectively.
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correlation among island populations (P = 0.079, r = 0.49) 
(Supplementary Figure S3).

We conducted AMOVA using the cpDNA data set in order to 
determine the distribution of genetic variation within and among 
species. There was a moderate level of genetic differentiation 
among species (FST = 0.23; P < 0.001); most of the genetic 
variation was concentrated within species (77.3%) compared to 
among species (22.7%; Table 2). However, when the AMOVA was 
restricted to mainland species, 100% of the genetic variation lies 
among populations within species (Table 3). Finally, when the 
AMOVA was restricted to island populations, we did not find 
genetic differentiation between the two Balearic Islands (Table 4).

Similarity of S. cambessedesii Plants 
From Mainland and Balearic Populations
Sanger sequencing of four loci (trnK and ycf1 from the cpDNA, 
atp1 from the mtDNA, and ITS from nrDNA) from 20 seeds from 
a mainland population of S. cambessedesii (Almenara) generated 
2,993 bp, which were compared to the Balearic Island populations 
sequenced using next-generation. Nearly all the sequences 
from the Almenara population were identical to those from 
the Balearic populations (99.2%). For the 23 SNPs (0.8%) that 
contained ambiguities in one or more of the Balearic populations, 
the Almenara individuals had one of the bases that causes the 
ambiguity. Two SNPs were exclusively found in the ITS1 and ITS2 
regions of sequences from Balearic populations. SNPs detected 
in both island and mainland populations of S. cambessedesii were 
also present in several populations from the southeast and the 
southern end of the Iberian Peninsula. One SNP in the ycf1 region 
was exclusively found in all S. cambessedesii samples.

In a ML analysis of the trnK fragment (cpDNA) including the 
mainland S. cambessedesii samples, only 3 of 28 (10.7%) internal 
branches were strongly supported (BS = 100) (Supplementary 
Figure S4A). The Almenara population showed a weak 
relationship with two populations of S. cambessedesii from the 
Balearic Islands, but also with three mainland populations from 
the south and the southeastern parts of the Iberian Peninsula. In 
the ycf1-based tree (cpDNA), 3 of 28 (10.7%) internal branches 
showed strong support (Supplementary Figure S4B). The 
Almenara population formed a cluster with all populations of S. 
cambessedesii from the Balearic Islands but was only moderately 
supported (BS = 62). Within this cluster, only the relationship 
between Almenara and one population from Ibiza (Ca-Cav) was 
strongly supported (BS = 97).

In the topology of the atp1-based tree (mtDNA), only 2 of 
28 (7.1%) internal branches had a moderate or strong support 
(Supplementary Figure S4C). S. cambessedesii from Almenara and 
the Balearic Islands clustered together with three more mainland 
populations of other species, showing moderate support (BS = 75).

The ML analysis of the ITS region (nrDNA) revealed that 5 
of 28 internal branches (17.9%) have moderate to strong support 
(Supplementary Figure S4D). All populations of S. cambessedesii 
from the Balearic Islands formed a very weakly supported clade 
(BS = 61), but plants from Almenara seemed to be more closely 
related with other mainland populations.

DIScUSSIOn
This study sought to reconstruct the relationships among the 
five species in Silene section Psammophilae, yet neither the 

TaBle 2 | Analysis of molecular variance (AMOVA) testing genetic subdivision among all species.

Source of variation d.f. Sum of squares Variance 
components

Percentage of 
variation

Statistics P

Among species 4 1,546.5 47.7 22.7 FST = 0.23 <0.001
Within species 21 3,402.5 162.0 77.3
Total 25 4,949.0 209.7

TaBle 3 | AMOVA testing genetic subdivision among mainland species.

Source of variation d.f. Sum of squares Variance 
components

Percentage of 
variation

Statistics P

Among species 3 552.9 −3.61 0 FST = −0.018 0.58
Within species 16 3,189.4 199.3 100
Total 19 3,742.3 195.7

TaBle 4 | AMOVA testing genetic subdivision between islands.

Source of variation d.f. Sum of squares Variance 
components

Percentage of 
variation

Statistics P

Among islands 1 42.2 −1.89 0 FST = −0.04 0.71
Within islands 4 191.3 47.8 100
Total 5 233.5 45.9
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complete chloroplast genome, nor the complete nrDNA cistron, 
nor a portion of the mitochondrial genome supported reciprocal 
monophyly of any of the species except the Balearic Island 
populations of S. cambessedesii. In the following sections, we 
discuss the potential causes for the incongruence among these 
three loci and between the DNA sequences and morphology-
based species boundaries. Finally, we discuss the utility of 
genome skimming to obtain next-generation sequence data from 
three genomes for phylogeographic inference.

Phylogenetic Relationships and 
Hybridization in Iberian Silene
DNA sequence data from all three genomes support a single 
common ancestor of Silene section Psammophilae, yet these data 
did not resolve the phylogenetic relationships therein. Most of 
the relationships across all three trees are poorly resolved, and 
a few results even indicate strongly supported, yet incongruent, 
relationships among the three genomes. Often, geography 
was a better predictor of relatedness than either morphology-
based species boundaries or edaphic preferences of the species. 
The cpDNA analysis revealed a monophyletic clade formed by 
the six Balearic populations and another clade of three Cadiz 
populations representing two distinct species, whereas nrDNA 
analysis showed a clade formed by five Almeria populations 
representing two distinct species. Clearly, these three genomes 
reveal a complex evolutionary history of these species.

Incongruence among gene trees is frequently attributed to 
hybridization and/or incomplete lineage sorting (Frajman et al., 
2009a). The lack of genetic differentiation found in the AMOVA 
analysis indicates that mainland species have not diverged 
genetically, probably because of a history of gene flow among 
them. Hybridization and introgression are common in Silene 
(Frajman and Oxelman, 2007; Frajman et al., 2009a; Rautenberg 
et al., 2010; Petri et al., 2013). Interspecific hybridization is often 
more common between closely related species (Mallet, 2005; 
Widmer et al., 2009), but in the genus Silene, hybridization 
has also been reported among distantly related species (Petri 
et al., 2013). The phylogenetic proximity and recent time of 
divergence (around 2.34 Ma) of species of section Psammophilae 
fall well within the possibility of interspecific crossability in this 
promiscuous genus, yet no one has reported the existence of 
interspecific hybrids. However, populations at the overlapping 
margins of the geographic distributions of distinct species have 
been noted to have intermediate morphological traits (EN 
personal observations).

In spite of the widespread incongruence between morphology-
based species boundaries and phylogenetic relationships, we 
found occasional evidence of geographic patterning within 
Section Psammophilae. In addition to the monophyly of Balearic 
samples, in the southern end of the Iberian Peninsula (Cadiz), 
the proximity of one population of S. stockenii (St-Bar) to two 
populations of S. littorea (Li-Bre and Li-Tra), separated by only 
a few kilometers, may reflect an increased likelihood of gene 
flow. This could explain the largely overlapping ellipses defining 
these two species in the DAPC analysis. Similarly, in the nrDNA 
phylogenetic analysis, five geographically adjacent populations of 

S. adscendens and S. littorea from the southeastern part of the 
Iberian Peninsula cluster together (Ad-Feo, Ad-Ger, Ad-Tor, 
Li-Car, and Li-Pun). DAPC results show mixed genetic heritage 
in two of these populations (Ad-Feo and Li-Car) that contrasts 
with the other three genetically unique populations (Ad-Ger, 
Ad-Tor, and Li-Pun), which seem to become more isolated in 
the eastern part of the Baetic System. Our results suggest that, 
in some cases, geographic proximity of morphologically distinct 
species increases the probability of interspecific hybridization or 
introgression. Several studies have revealed that genetic diversity 
in Silene is more reflective of the geography than the taxonomy 
(e.g. Frajman et al., 2009a; Durović et al., 2017). In addition, 
genetic admixture between species highly differentiated for 
numerous phenotypic and ecological traits has been reported in 
some Silene species (e.g. S. latifolia and S. dioica; Minder et al., 
2007; Hathaway et al., 2009), but also in many other genera (e.g. 
Populus alba and Populus tremula; Lexer et al., 2010). In the same 
way, even if the species of the Section Psammophilae display 
morphological variation among them and distinct edaphic 
affinities, these differences do not seem to preclude gene flow.

Alternatively, the lack of correlation between taxonomy and 
genetic structure in species of the Section Psammophilae could 
indicate that Silene section Psammophilae consists of a single 
species, or maybe two species if we consider that S. cambessedesii 
is genetically distinct from the mainland species. This would 
appear to be the most likely conclusion from the *BEAST 
analysis, which generates a largely unresolved tree (Figure 4B). 
Under this scenario, the existing geographically structured 
variation would have to be a product of genetic drift, phenotypic 
plasticity, and/or local adaptation. Due to the consistency of the 
morphological and ecological differences among these lineages, 
including important phenotypic traits for species identification 
in Caryophyllaceae such as floral morphology and seed-coat 
ornamentation (Chater and Walters, 1964; Talavera, 1990), we 
prefer to treat them as distinct species which we now know 
harbor cpDNA and portions of the mtDNA and nrDNA with 
evolutionary histories that are largely incongruent with the 
morphological boundaries. Additional markers spanning the 
nuclear genome (e.g. RAD-Seq, comparative transcriptomics, or 
whole genome sequencing) could be used to test for phylogenetic 
signal amidst a history of introgressive hybridization among 
species of the Section Psammophilae.

geographic Isolation Promotes genetic 
Differentiation of Balearic Populations
The colonization of islands by one or a few individuals can lead 
to the fixation of genetic variation in contrast to large, contiguous 
continental populations (Frankham, 1997; Franks, 2010). The 
Balearic populations of S. cambessedesii may have fixed genetic 
differences due to founder effects following the colonization of 
these Mediterranean islands by a small number of individuals 
and/or subsequent population bottlenecks (Barton and 
Charlesworth, 1984; Carson and Templeton, 1984; Ellstrand and 
Elam, 1993; Orsini et al., 2013). The AMOVA analyses confirmed 
moderate genetic differentiation of this species with respect to 
mainland species of Section Psammophilae, but also showed the 
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genetic uniformity of all Balearic populations. Genetic diversity 
in island populations may be influenced by numerous factors, but 
physical characteristics, such as the distance to other islands and 
the mainland, are probably one of the most important (García-
Verdugo and Fay, 2014; Stuessy et al., 2014). For instance, 
proximity of California Channel Islands to each other and the 
mainland precludes island isolation as measured by the genetic 
diversity of endemic Acmispon (McGlaughlin et al., 2014). In 
contrast, the much larger geographical isolation of Hawaiian 
silverswords is an impediment to gene flow among islands and 
to any distant continents (McGlaughlin and Friar, 2011). Ibiza 
and Formentera are close enough to each other for dispersal to 
allow repeated gene flow between islands. Moreover, during the 
Pleistocene glaciations, Ibiza and Formentera formed a single 
large island as a consequence of sea level drop that allowed the 
contact among previously isolated populations of S. cambessedesii 
(Rodríguez et al., 2013; Chueca et al., 2015). Therefore, the weak 
genetic differentiation between islands we observe today is likely 
due to gene flow facilitated by historical land bridges or island 
proximity. By contrast, the islands remained isolated from the 
mainland during this time.

The presence of many endemic species in the Balearic Islands 
has been frequently explained by colonization events across 
land corridors that connected the archipelago to the Iberian 
Peninsula during the Messinian Salinity Crisis (~5.5 Ma) (e.g. 
Garnatje et al., 2013; Chueca et al., 2015). Since the origin of 
Section Psammophilae seems to be more recent, the presence of 
S. cambessedesii in the Balearic Islands could not be explained 
by stepwise dispersal across these land corridors. Although S. 
cambessedesii lacks any obvious dispersal mechanisms, other 
species in this genus are capable of long-distance dispersal 
(Giles and Goudet, 1997; Eggens et al., 2007; Gussarova et al., 
2015). Seed dispersal of coastal species without obvious dispersal 
mechanisms has been commonly explained by the accidental 
ingestion of seeds by granivorous birds, seed transportation 
in the plumage of birds and in mud attached to their legs and 
feet, or by water dispersal (Carlquist, 1967; Fridriksson, 1975; 
Richardson et al., 2000). We thus suggest that a single or very 
few long-distance dispersal events allowed S. cambessedesii to 
colonize the coasts of the Balearic Islands where they became 
isolated from the rampant interspecific hybridization on the 
Iberian Peninsula.

The existence of additional populations of S. cambessedesii on 
the mainland might be explained by dispersal from the islands 
back to the mainland following the genetic differentiation of 
this species on the Balearic Islands. The genetic diversity in 
many species distributed on both mainland and islands is highly 
influenced by gene flow between populations on both sides 
of water barriers (García-Verdugo et al., 2010). For instance, 
gene flow between populations of the Japanese shrub, Weigela 
coraeensis, from the Izu Peninsula and the adjacent northern Izu 
Islands explains why there is genetic differentiation with respect to 
more isolated populations from the southern islands (Yamada and 
Maki, 2012). Similarly, several studies have described an east–west 
geographical pattern in the Canary Islands in which populations 
from the eastern islands were genetically more similar to mainland 
taxa (e.g. García-Verdugo et al., 2009). Silene hifacensis, restricted 

to the east coast of the Iberian Peninsula and Ibiza, lacks any clear 
genetic differentiation between populations at both sides of the 
water barrier (Prentice et al., 2003). Gene flow between island 
and mainland populations of S. cambessedesii may explain the 
presence of a divergent nucleotide in the ycf1 region restricted to 
this species. However, the remaining divergent SNPs found in S. 
cambessedesii sequences are also shared with several populations 
from the southeast and the southern end of the Iberian Peninsula. 
The larger effective population sizes of these mainland populations 
may continue to harbor genetic variation from before the dispersal 
event to the archipelago and/or have acquired variation more 
common in the mainland populations due to hybridization 
and introgression. Thus, our results suggest that genetic traces 
observed in DNA sequences of Almenara individuals are the 
result of at least one dispersal event from the islands back to the 
mainland, followed by introgression with mainland populations. 
Nevertheless, future detailed phylogeographic studies applying 
additional nuclear markers across as many mainland and island 
populations as possible will be necessary to further investigate the 
colonization history of S. cambessedesii in the Balearic Islands.

On the Relative accuracy of Reference-
guided assembly of each genome
Reference-guided genome skimming for data from three genomes 
was sufficient to obtain the complete nuclear ribosomal unit and 
nearly complete plastome in all samples. The abundance of nrDNA 
and the high proportion of plastids per nuclear genome make them 
especially amenable for genome skimming and reference-guided 
assembly, even when there is no closely related genome to use as 
a reference (Straub et al., 2011; Straub et al., 2012). On the other 
hand, mitochondrial assemblies were largely incomplete and mainly 
restricted to coding regions, similar to other assemblies where 
mtDNAs were recovered (Malé et al., 2014; Ripma et al., 2014). 
Despite the abundance of this organelle in genomic DNA, obtaining 
mitochondrial genomes was challenging due to their complexity, 
variability, and frequent structural rearrangements in plants (Palmer 
and Herbon, 1988; Sugiyama et al., 2005; Knoop et al., 2011).

In some species of Silene, the mitochondrial genomes have 
a complex multichromosomal structure with large variations 
in genome sizes (Sloan et al., 2009), including the gain or 
loss of entire chromosomes in some species (Wu et al., 2015), 
and extremely variable substitution rates within and among 
species (Sloan et al., 2008; Sloan et al., 2009). In the same way, 
mitochondrial substitution rates also could vary among species of 
Section Psammophilae. In fact, the branch length of the S. littorea 
from Barra (Li-Bar) in the mtDNA-based tree is approximately 
10 times longer than its sister taxon (S. psammitis) and other 
populations of the same species. If these differences in branch 
length are explained by an exceptional variation in mitochondrial 
substitution rates, and not because of an inaccurate assembly, 
caution would be needed when using mitochondrial sequence 
for reconstructing phylogenetic relationships (Felsenstein, 1978). 
Larger fragments of the mitochondrial genome, including introns 
and intergenic regions, will be necessary to further examine 
phylogenetic and biogeographic analyses using this genome 
(Straub et al., 2012; Bock et al., 2014). Thus, genome skimming is 
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an efficient approach to generate the majority of the chloroplast 
genome, nrDNA cistron, and some mitochondrial coding 
sequences, yet even this cannot overcome the complex, recent, 
reticulate evolutionary history of Silene section Psammophilae.

cOnclUSIOnS
In this study, we skimmed the chloroplast genome, complete 
nrDNA, and portions of the mitochondrial genome, yet this 
was largely insufficient to reconstruct the complex evolutionary 
history of the members of Silene section Psammophilae. Except 
in the presence of substantial biogeographic barriers (e.g. the 
Balearic Islands), the highly reticulated evolutionary histories 
of young lineages and pervasive hybridization will remain 
challenging, even with massive amounts of sequence data at hand.
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