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Abstract

The Canary Islands are oceanic islands that encompass a wide diversity of geological ages, sizes, ecological regions, and
orographic contexts that determine different isolation frameworks and provide a suitable geographical setting to address
questions regarding genetic variation patterns and colonization processes. In the present study, we used nuclear micro-
satellites to quantitatively determine gene flow, colonization patterns, and geographical barriers in the Canarian endemic
genus Parolinia, taking into account the dynamic geological ontogeny of the islands. Our genetic analyses showed a
high number of shared alleles (68%) and low interspecific genetic differentiation, suggesting both a close relationship
among the species of Parolinia and a likely recent origin of this Canarian endemic genus. MIGRATE analysis suggested
a westward stepping stone colonization pattern from Gran Canaria to Tenerife, and then to La Palma and La Gomera.
Supporting this hypothesis, P. schizogynoides (La Gomera Island) and P. aridanae (La Palma Island) clustered together in
the STRUCTURE and PCoA analyses, and showed a high number of shared alleles and low genetic differentiation, which
also suggests a recent migration from an ancestor from Tenerife Island. In addition, these analyses also point to P. ornata
(Gran Canaria Island) as the genetically closest taxon to the putative ancestor of the genus. In view of the existence of
genetic relationships within Parolinia, any population reinforcement programs should be carried out using genetic material
with strict geographic and, when possible, genetic traceability to prevent anthropogenic hybridization. Translocations of
individuals between different distribution areas should be avoided, and the most endangered species should be adequately
represented in seed banks.
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processes on oceanic islands. Most factors that promote
isolation are the consequence of natural geographical bar-
riers that greatly favor the accumulation of genetic differ-
ences within and among populations, and eventually lead
to the appearance of new taxa (Carson and Clague 1995;
Caujapé-Castells et al. 2017; Gonzélez-Pérez and Caujapé-
Castells 2022). Yet, if geographical barriers disappear or
are sufficiently permeable to allow dispersal, natural con-
specific populations can constitute large metapopulations
where genes may be exchanged between adjacent or nearby
subpopulations (Kimura and Weiss 1964). A common out-
come of such a situation is that the extent of gene flow does
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not exceed the distribution range of the subpopulations, thus
preventing the formation of a single panmictic unit in the
meta-population and producing a type of isolation called
“isolation by distance” (Wright 1943; Kimura and Weiss
1964).

The natural isolation of oceanic archipelagos turns them
into unique systems for studying evolutionary processes
that promote speciation (Grant 1998; Losos and Ricklefs
2009), and for testing biogeographical models related to the
origins and diversification of their biotas (Emerson 2002;
Whittaker and Fernandez-Palacios 2007; Sanmartin et al.
2008). Due to anthropogenic activities, oceanic islands are
rapidly becoming models to study extinction, so the results
of genetic investigations often help improve the conserva-
tion status of the most endangered taxa.

The Canarian archipelago belongs to the Mediterranean
biodiversity hotspot (Myers et al. 2000) and consists of
seven major oceanic islands (Fig. 1) which host the most
diverse flora in the Macaronesian region. The Canaries
encompass a wide diversity of geological ages (spanning
from 1.1 My of El Hierro and 23 My of Fuerteventura; van
den Bogaard 2013), sizes, ecological regions and orographic
contexts that determine different isolation frameworks, and
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provide a suitable geographical setting to address questions
about genetic variation patterns and colonization processes
(Juan et al. 2000; Emerson 2002). Together with the biologi-
cal features of the colonizing biota, the different geological
ontogenies of the islands (Stuessy 2007; Caujapé-Castells
et al. 2017), and their auspicious climatic conditions during
the Pleistocene and Pliocene (Maley 1980; Rodriguez-Séan-
chez et al. 2009) have influenced the levels and distribution
of population genetic diversity, and potentially affected the
evolutionary ways of many lineages. Many of the extant
Canarian endemic plants evolved locally from refuged taxa
that avoided extinction during extremely dry and cold peri-
ods on the mainland throughout the Pleistocene glaciations
(Bramwell 1979; Hewitt 2004; Caujapé-Castells et al. 2022).
After colonization, diversification forces like stochasticity,
migration, geographic isolation, or hybridization have also
largely contributed to shaping the diversity of the endemic
flora through gene flow levels between and within islands.
The population genetic diversity of the Canarian endemic
flora is relatively high for an oceanic insular enclave (Fran-
cisco-Ortega et al. 2000; Pérez de Paz and Caujapé-Cas-
tells 2013), and its origins are still the subject of debate.
While Silvertown et al. (2005) argue that most groups are

b B

'y £ L

mCluster v
Cluster IV,

mCluster Il
Cluster Il

mCluster |

AN

I L ) i
PAR PSA PIG PIA PIT PFI
[RLAEF; L i

PFM PFT PFA PFV

L T I - I ] —
PGB POS POV POF POM POA PPG

P. aridanae P. intermedia P. filifolia

P. schyzoginoides

Fig. 1 Geographical location of the sampled populations of Parolinia,
and boundaries of genetic differentiation detected by BARRIER. The
red lines and the numbers represent, respectively, the barriers and
their statistical support (from 100 bootstrapped matrices). Each sym-
bol represents a Parolinia taxon. The diagram below summarizes the
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clustering results obtained with the Bayesian program STRUCTURE
assuming five clusters (K =5). Each individual is represented by a thin
vertical line, which is partitioned into K coloured segments that rep-
resent the individual’s estimated membership fractions in K clusters.
Populations are coded as in Table 1
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monophyletic and multiple colonizations are prevented by
competition with earlier colonizers (the ‘niche preemp-
tion hypothesis’), the ’surfing syngamenon hypothesis
(Caujapé-Castells et al. 2017) suggests that monophyly is
mostly artifactual, because high migration rates from the
mainland to the archipelago and among the islands likely
facilitated secondary contact among lineages previously
isolated in the mainland. According to this hypothesis, the
high genetic diversity generated by admixture among these
colonizers (see also Herben et al. 2005; Saunders and Gib-
son 2005) would have generated spurious monophyly, and
favoured both lineage diversification and the colonisation
of new areas (see also Crawford and Whitney 2010). Under-
standing the processes that underlie island colonization and
diversification is important to suggest informed hypotheses
on the origins of genetic diversity in the Canarian endemic
flora, and its conservation.

Parolinia Webb (Brasicaceae) is a Canarian endemic
genus that comprises seven species distributed in four of the
seven islands of the archipelago (Fig. 1). These plants are
woody perennials up to 2.5 m high occurring on dry and
sunny slopes of the xerophytic Canarian zone from the coast
to 1000 m a.s.l. All species are diploid (2n=22) and have
hermaphrodite flowers with homomorphic sporophytic self-
incompatibility (Borgen 1969; Bramwell et al. 1972; Febles
1989; Fernandez-Palacios 2010). Diverse insects (bees,
wasps, etc.) visit the flowers and seed dispersal is anemo-
chorous (Bramwell 1986; Hohmann et al. a1993).

Gran Canaria hosts four species (Parolinia ornata Webb,
P. platypetala Kunkel, P. filifolia Kunkel, and P. glabrius-
cula Montelongo & Bramwell), and the other three islands
of distribution harbour only one species each: P. intermedia
Svent. & Bramwell occurs in Tenerife, P. schizogynoides
Svent. in La Gomera, and P, aridanae Santos-Guerra in La
Palma. Most of these species are protected by the Canar-
ian catalogue of threatened species (Ley 4/2010, de 4 de
Jjunio, del Catdlogo de Especies Canarias). According to
the Red List of Spanish vascular flora (Bafiares et al. 2010),
two of them are critically endangered (P. platypetala and P.
glabriuscula); one is endangered (P, filifolia), and two are
vulnerable (P. intermedia and P. schizogynoides). Parolinia
aridanae is considered critically endangered, especially
after the very recent Tajogaite eruption in La Palma.

Previous investigations carried out with nuclear and
chloroplastic DNA sequences (Jaén-Molina et al. 2007)
revealed low phylogenetic differentiation among the seven
species of the genus, which were resolved as monophyletic
and closely related to the mainland African genera Dicer-
atella and Morettia. ITS sequences gave a sister basal posi-
tion to P, intermedia from Tenerife (Jaén-Molina et al. 2007)
and Fernandez-Palacios et al. (2004, 2006) and Fernandez-
Palacios (2010) hypothesized that P. filifolia is the taxon

genetically closest to the putative ancestor of the genus.
Besides, these authors detected high micro-morphological
and allozyme intra-population variation, but a low genetic
inter-population differentiation. although a more highly
polymorphic molecular marker could better resolve the rela-
tionships and gene flow among the species. In this sense,
Gonzalez-Pérez and Caujapé-Castells (2022) carried out a
genetic analysis of nuclear microsatellite loci in the four
endemic species from Gran Canaria. These authors sug-
gested that ancestral hybridization, vicariance and dispersal
events linked to the complex ontogeny of the island may
have been key factors to shape the current genetic diversity
and structure of Parolinia in Gran Canaria.

We lack evidence of the relative antiquity of this endemic
genus, but the low genetic differentiation detected among
populations despite high intra-population genetic variation
(Fernandez-Palacios et al. 2004, 2006; Fernandez-Palacios
2010; Gonzalez-Pérez and Caujapé-Castells 2022), sug-
gests that it could be a neoendemic, tentatively derived from
extinctions of its closest mainland relatives during the late
Pleistocene glaciations, as hypothesized in a recent phylo-
geographic investigation (Caujapé-Castells et al. 2022).

Thus, despite the research developed for Parolinia,
there are still open questions on its genetic diversity and
inter-island colonization which can be assessed by apply-
ing inferential statistical tools to genetic data. Nuclear mic-
rosatellites are hypervariable genetic markers that revealed
a relevant role of past hybridization in the widespread P,
ornata and P. filifolia from Gran Canaria (Gonzalez-Pérez
and Caujapé-Castells 2022), and may provide further clues
to test different hypotheses about the patterns and tempos
of colonization of the Canarian archipelago by Parolinia.
Nuclear microsatellites also may contribute informed con-
servation strategies for these endemic species, most of them
endangered (see above). Indeed, the distribution of genetic
diversity in natural populations is one of the major concerns
of conservation biology, given the degree to which it may
affect the long-term evolutionary potential of species and
populations (Ouborg 2010; Gonzalez-Pérez et al. 2013).

In this investigation, we use eight nuclear microsatellites
(Gonzalez-Pérez and Caujapé-Castells 2014, 2022) on an
exhaustive sampling of all the species of Parolinia to (1)
propose an inter-island dispersal hypothesis for these spe-
cies, (2) explore their populational genetic diversity, differ-
entiation, and structure, (3) study barriers to gene flow and
migration pattern within and among islands, and (4) inform
the ongoing conservation strategies for the most endangered
species.
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Materials and methods
Plant material

In order to estimate the genetic diversity, differentiation
and relationships among the seven species of Parolinia, an
extensive and intensive population sampling was carried out
representing 335 individuals from 17 populations (Table 1;
Fig. 1). Using the distributional information available in the
Banco de Datos de Biodiversidad de Canarias (Gobierno
de Canarias, https://www.biodiversidadcanarias.es/biota),
we surveyed and collected representative samples from a
high percentage of all the extant populations of the genus
(Table 1). These included the four endemic species of Gran
Canaria (the only extant populations of P. glabriuscula and
P, platypetala, and a comprehensive geographic representa-
tion of the more widespread P. filifolia and P. ornata); three
populations of P. intermedia from Tenerife; the populations
of P. schizogynoides from La Gomera; and the only known
population of P. aridanae from La Palma. All sampling was
conducted with prior permission from the Government of
the Canary Islands (permit number 2017/6818).

DNA isolation and microsatellite analysis

DNA was extracted following a slightly modified 2xCTAB
protocol (Doyle and Doyle 1987) from silica-gel dried young
leaves that were ground in a Mixer-Mill (RETSCH MM
301, Haan, Germany), with two glass balls in each micro-
tube. About 150 pul of each total DNA sample was purified
using a Genelute PCR Clean-Up Kit (Sigma-Aldrich, St.
Louis, MO, USA) for further analysis.

Forward and reverse primers specifically developed for
P. ornata (Gonzélez-Pérez and Caujapé-Castells 2014) were
used to amplify eight polymorphic microsatellite loci. Poly-
merase Chain Reactions (PCR) were performed in a final
volume of 12 pL that contained approximately 20 ng of
DNA, 10 pmol of each primer, and 7 pL PCR Master Mix
(Premix Taq, TaKaRa BIO INC., Otsu, Japan).

PCR products were detected using an ABI 3130XL
Genetic Analyzer and fragment sizes were determined using
GENEMAPPER v 4.0 (Applied Biosystems, Inc.), which
allowed us to identify allele peak profiles at each locus, and
to assign genotypes to each individual, considering their
diploid nature.

Table 1 Genetic diversity indices in the Parolinia species and populations sampled

Population Code Island N° A NE H, H, %P
P, aridanae
El Remo PAR La Palma 20 2.63 0 0.342 0.328 62.50
P, schizogynoides
Argaga PSA La Gomera 20 3.00 3 0.381 0.357 62.50
P, intermedia
Teno PIT Tenerife 20 3.63 1 0.471 0.447 75.00
Guaza PIG Tenerife 20 3.50 1 0.275 0.343 87.50
Tamaimo PIA Tenerife 17 3.25 2 0.463 0.421 87.50
Overall P. intermedia 57 5.38 4 0.399 0.463 100
P, glabriuscula
Bandama PGB Gran Canaria 20 2.63 0 0.443 0.417 100
P. platypetala
Guayadeque PPG Gran Canaria 20 4.25 3 0.430 0.484 100
P. ornata
Sorrueda POS Gran Canaria 20 4.75 2 0.394 0.495 100
Fataga POF Gran Canaria 20 4.13 0 0.506 0.523 100
Mogan POM Gran Canaria 20 3.88 2 0.453 0.464 100
Ayagaures POV Gran Canaria 19 4.88 2 0.447 0.499 100
Bco. Arguineguin POA Gran Canaria 20 5.13 1 0.463 0.648 100
Overall P. ornata 98 8.25 9 0.454 0.600 100
P, filifolia
Inagua PFI Gran Canaria 20 5.00 1 0.500 0.533 100
Mesa Junquillo PFM Gran Canaria 20 4.50 2 0.504 0.514 100
Tasartico PFT Gran Canaria 19 4.00 4 0.467 0.494 100
Agaete PFA Gran Canaria 20 6.25 5 0.619 0.704 100
Veneguera PFV Gran Canaria 20 5.13 1 0.483 0.643 100
Overall P. filifolia 97 9.50 17 0.518 0.664 100

Ne number of individuals analyzed, A: Average number of allelesper locus, NE: number ofexclusivealleles H,: Observed heterozygosity, H,:
Expected heterozygosity, P: Polymorphicloci percentage
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Data analysis

The genotypic data matrix was entered into Transformer-4
v. 2.0.2 (Caujapé-Castells et al. 2013) which allowed us to
export the data to different software programs. The standard
within-population genetic diversity statistics were calcu-
lated with GENALEX v 6.5 (Peakall and Smouse 2006):
mean number of alleles (4), number of exclusive alleles
(NE), observed (H,) and expected (H,) heterozygosity. The
genetic differentiation coefficient (Rg;) between all possible
population pairs was estimated using SPAGeDi v 1.5 (Hardy
and Vekemans 2002). As null alleles can overestimate /'
values, the Bayesian program INEST 2.2 (Chybicki and
Burczyk 2009) was used to simultaneously estimate the
presence of null alleles and get corrected values of Fg, with
50,000 burn-in cycles and 500,000 Markov Chain Monte
Carlo (MCMC) iterations in total. To detect the potential
existence of inbreeding effects in our dataset, INEST was
run using the models ‘nfb’ (null alleles, inbreeding coeffi-
cients, and genotyping failures) and ‘nb’ (null alleles and
genotyping failures).

To test the extent of genetic drift in the sampled popula-
tions, the occurrence of recent bottlenecks test was explored
using INEST 2.2 software (Chybicki and Burczyk 2009),
under the infinite allele model (IAM), the stepwise muta-
tion model (SSM) and an intermediate, two-phased model
(TPM).

An analysis of molecular variance (AMOVA; Excoffier
et al. 1992) was performed using the software ARLEQUIN
3.0 (Excoffier et al. 2005), to calculate variance components
and partitioning the variation ‘between species’, ‘among
populations within species’ and ‘within populations’ for
the entire data set. Subsequently, separate AMOVA models
were analysed to test the distribution of genetic variance
among and within populations of the species where/when?
more than one population was analysed (P. intermedia, P.
filifolia and P. ornata).

To represent the genetic relationships among popula-
tions, a principal coordinate analysis (PCoA) was made in
GENALEX v 6.5 (Peakall and Smouse 2006) based on the
allele frequencies of populations. The analyses of differen-
tiation patterns were conducted following population-based
approaches.

To investigate interspecific divergence, we first identi-
fied population structure, using the Bayesian clustering pro-
cedure STRUCTURE 2.2 (Falush et al. 2007) to infer the
number of genetic clusters (K), and to assign each sampled
individual to one of them. The most likely value of K was
assessed by comparing the likelihood of the data for differ-
ent values of K. The algorithm uses Markov Chain Monte
Carlo (MCMC) iterations to explore a parameter space con-
sidering individual memberships to the K clusters, ranging

from K=1 (thus testing the null hypothesis of panmixia) to
K=17 (the total number of sites sampled). Each MCMC
search was replicated 10 times for each K, with burn-ins of
100,000 and 1,000,000 replicates, and assuming an admix-
ture model and correlated allele frequencies. Choosing a
value of K that maximizes the posterior probability of the
data (PPD) can be difficult to apply for complex data sets
with many groups (Rosenberg et al. 2002). In the case of
highly structured data, the most divergent groups separate
first into distinct clusters as K is increased. Since the aim
should be to find the smallest value of K that best captures
the structure in the data, a second way to choose K is to
consider the successive increase of the PPD for increasing
values of K, which can be regarded as the increase in infor-
mation at each addition of a set of allele frequencies. So,
the optimum K, indicating the number of true clusters in
the data, was also determined using the AK criterion apply-
ing methods described by Evanno et al. (2005), and imple-
mented in STRUCTURE HARVESTER (Earl & von Holdt,
2012). Populations and individuals were assigned to a par-
ticular cluster if their proportion of membership (g,) to that
cluster was equal to or larger than an arbitrary threshold of
0.800.

To investigate the effects of geographical barriers on
the distribution of genetic variability and population struc-
ture, we used the approach implemented in BARRIER
2.2 (Manni et al. 2004). The spatial organization of sub-
populations was modelled by Voronoi tessellation, and a
maximum-difference algorithm (Monmonier’s algorithm)
identified the borders between neighboring populations that
exhibited the highest levels of genetic differences (Manni et
al. 2004). One hundred permutations of pairwise matrices
of population differentiation based on Nei's distance (Nei
1978) were used to assess the consistency of the boundaries
detected by the algorithm. Only barriers with support>70%
were considered. The statistical significance of the relation
between the genetic and geographic distances (isolation by
distance) was assessed through a Mantel test using the IBD
software (Bohonak 2002).

Historical gene flow was estimated using the Bayesian
inference and Brownian motion approximation to the mic-
rosatellite ladder model implemented in the MIGRATE-n
5.0.4 software (Beerli and Felsenstein 2001). Nine evolu-
tionary models were tested considering different clusters
(islands, species, clusters inferred by STRUCTURE, etc.)
and evolutionary processes (Table S4.). One long chain was
run saving 50,000 generations with sampling increments of
100 generations after a burn-in period of 1,000,000 genera-
tions. Prior distributions were uniform with a range from
0.00 to 20.00 for Theta (® which is 4x the effective popula-
tion size x the mutation rate per locus) and for migration rate
(M which is the mutation-scaled immigration rate). A static
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heating scheme was applied with four temperatures of 1,
1.5, 3 and 1x 106 (Beerli and Palczewski 2010).

Contemporary rates of gene flow among species and
migration directions were estimated with BAYESASS v 3.0
(Wilson and Rannala 2003). This program was run multiple
times with different seeds, comparing the posterior mean
parameter estimates for concordance, as recommended by
the authors. In all cases, the runs consisted of 20,000,000
generations with a burn-in of 5,000,000 and sampling incre-
ments of 200. Parameters for migration rates, inbreeding
coefficients, and allele frequencies were set to respectively
0.1, 0.3, and 0.2, to ensure adequate mixing and acceptance
rates between 0.2 and 0.6 (Wilson and Rannala 2003).

Results
Genetic diversity

A total of 105 different alleles were observed in the eight
polymorphic loci surveyed, ranging from six to 16 per
locus. At the species level, the two more widespread species
(P. ornata and P. filifolia, both from Gran Canaria) showed
much higher genetic diversity values (H, = 0.600 and H, =
0.664, respectively) than the more narrowly distributed spe-
cies from Gran Canaria (P. glabriuscula and P. platypetala,
H, = 0.417 and H, = 0.484, respectively), from Tenerife
(P, intermedia; H, = 0.463), from La Gomera (P, schizogy-
noides, H, = 0.357) and from La Palma (P. aridanae, H, =
0.382) (Table 1).

The AMOVA showed that the largest proportion of
genetic variation (68.25%) was found within populations,
and only 20.43% among species (Table S1). At the species
level, the genetic variation within populations was similar
for the three species with multiple populations (83% in P.
intermedia, 87% in P. ornata, and 87% P. filifolia).

Genetic differentiation among populations

We detected 30 private alleles (i.e. exclusive of one species)
in all taxa except P. aridanae and P. glabriuscula. However,
only in P. intermedia, P. schizogynoides and P. filifolia they
did have frequencies higher than 5% (Table 1). All popu-
lations except PGB and PAR showed private alleles, with
frequencies higher than 5% in six of them (PSA, PIT, PIA,
PFM, PFT and PFA).

Overall, 71 alleles out of 105 (68%) were shared between
different combinations of species. The highest numbers
of shared alleles were detected within Gran Canaria (52
between P. ornata and P. filifolia, 11 of them exclusively),
and between Tenerife and Gran Canaria (P. intermedia
shared 30 and 31 alleles with P. filifolia and P. ornata,
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respectively, none of them exclusively). Finally, in Gran
Canaria, P. platypetala shared 28 alleles with P. filifolia
and P. ornata. Parolinia aridanae from La Palma and P,
schizogynodes from la Gomera shared 11 alleles, none of
them exclusively.

The values of the genetic differentiation coefficient (Rgy)
between population pairs (Table S2) ranged from Rgp =
0.005 between PFV (P. filifolia) and POA (P. ornata), to Rgy
= 0.872 between PAR (P. aridanae) and POV (P. ornata).
The high number of shared alleles between P. filifolia and
P. ornata was also reflected in the moderate average pair-
wise Ry between both species (0.297). The average value
of Rg; between populations from the western islands and
Gran Canariawas considerably high (0.745). However, the
average Ry among western island populations was 0.237,
and among Gran Canaria populations was 0.249 (Table S2).

Our analyses with the INEST software concluded that
inbreeding is a significant component of the model in three
of the five populations of P, filifolia (PF1, PFM and PFT); in
one of the five populations of P. ornata (POF), in one of the
three populations of P. intermedia (PIA), and in the single
existing population of P. aridanae (PAR). Null allele fre-
quencies ranged from 0 to 0.14, and therefore the bias intro-
duced by null alleles could be considered negligible (Dakin
and Avise 2004). Wilcoxon tests implemented in the INEST
2.2 software detected heterozygosity excesses in POA,
PGB, PFA, PFV, PIT and PSA under the IAM model, indi-
cating recent bottlenecks in these populations (Maruyama
and Fuerst 1985).

Spatial patterns of genetic diversity

The rate of change of the likelihood function with respect
to K in the STRUCTURE analysis using the total dataset
(335 individuals, eight microsatellite loci, 17 populations)
reached its maximum at K=5 groups (Fig. 1, Fig. S1),
corresponding to: all populations of P. intermedia (cluster
I); P. aridanae+P. schizogynoides (cluster 1I); P. glabri-
uscula+some individuals of P. ornata from Arguineguin
(cluster III); P. filifolia (cluster IV); and P. ornata, P. platy-
petala, and the remaining individuals of P. ornata from
Arguineguin (cluster V). The two principal components of
the PcoA analysis accounted for 58.08% of the total vari-
ance and was largely consistent with the STRUCTURE
results (Fig. 2). Parolinia intermedia (Tenerife) and P. gla-
briuscula (Gran Canaria) occupied distant zones of the mul-
tivariate space. The overall shorter distances among the rest
of populations indicated different degrees of species close-
ness; thus, the distributions of P. ornata and P. filifolia pop-
ulations (both from Gran Canaria) showed a lower degree
of overlap, whereas those of P. aridanae (La Palma) and P,
schizogynoides (La Gomera) were more tightly clustered,
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Fig.2 PCoA analysis are based on the allele frequency of eight scored
microsatellite loci genotypes in the sampled Parolinia populations.
The percentage of the explained variance of each axis is given in

and those of P. platypetala (from Gran Canaria) substan-
tially overlapped with P. ornata.

The BARRIER software detected a primary order bar-
rier that isolated Tenerife Island from Gran Canaria and La
Gomera islands (Fig. 1). A further barrier to gene flow was
identified within Gran Canaria Island between the P. glabri-
uscula population and the rest, and a secondary order barrier
between population POM (P. ornata) and its neighbouring
populations (Fig. 1). In accordance, Mantel test between
genetic (Fgr) and geographic distances detected significant
IBD among the populations of Parolinia throughout the
archipelago (r=0.704; p <0.001) (Fig. S2).

The most likely of the nine models tested in MIGRATE
models assumed isolation of species units without migration
events (Table S4). This model detected a split of P. aridanae
and P, schizogynoides from P. intermedia. According to this
model, P, intermedia and P. glabriuscula would have split
from P, filifolia. Finally, P. filifolia and P. platypetala would
have diverged from P. ornata (Fig. 3). However, BAYES-
ASS detected significant contemporary migration from P,
ornata to P. platypetala (m=0.259) (Table S3).

parentheses. Populations are coded as in Table 1. Dashed circles repre-
sent the five clusters inferred by Bayesian cluster analysis

Discussion
Genetic diversity

Whereas genetic diversity detected in P. intermedia (H, =
0.463), P. glabriuscula (H, = 0.417), and P. platypetala (H,
= (0.484) were similar to those reported for endemic species
(H, = 0.42; Nybom 2004), P. aridanae (H, = 0.328) and
P. schizogynoides (H, = 0.357) exhibited a lower genetic
variation, in concordance with their hypothesized recent
divergence from a common ancestor (Table 1). Further-
more, P, filifolia (H, = 0.664) and P. ornata (H, =0.600)
showed the highest genetic diversities, similar to those
detected with nuclear SSRs in other Canarian endemic plant
species: Morella rivas-martinezii (H,= 0.56; Gonzélez-
Pérez et al. 2009a, b), Olea europaea ssp. guanchica (H,
= 0.63; Garcia-Verdugo et al. 2010), Sambucus palmensis
(H,=0.50; Sosa et al. 2010) or Juniperus phoenicea ssp. tur-
binata (H,=0.60; Garcia et al. 2018). On the whole, higher
genetic variability has been recorded in Canarian plant
endemics than in those distributed in other oceanic islands
(Francisco-Ortega et al. 2000; Caujapé-Castells and Pérez
de Paz 2013).
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La Gomera

Tenerife

Gran Canaria

Fig.3 Split model of the Parolinia species inferred by MIGRATE-n software. Pa: P. aridanae, Pf: P. filifolia, Pg: P. glabriuscula, Pi: P. intermedia,

Po: P. ornata, Pp: P. platypetala, Ps: P. schyzoginoides

Genetic relationships among species

As revealed by Bayesian cluster analysis, the 17 assessed
populations are ascribed to five genetic pools which appear
to have maintained their genealogical cohesiveness; three
of these were localized in Gran Canaria and correspond
to P. glabriuscula, P. filifolia and P. ornata-P. platypetala
(Fig. 1). These findings may be correlated with ontogenetic
events that generated geographical or ecological barriers
to gene flow, or with the colonization of new distribution
ranges as they became available (Gonzalez-Pérez and Cau-
japé-Castells 2022).

A high number of shared alleles, the low interspecific
genetic differentiation detected in the present study, and
the scarce phylogenetic differentiation found with nuclear
and chloroplastic DNA (Jaén-Molina et al. 2007) suggest a
close relationship among the species of Parolinia, and likely
a recent origin of this Canarian endemic genus; the latter
possibility is also bolstered by the finding that the current

@ Springer

taxonomical separation of the seven species of Parolinia is
not supported by DNA barcoding analyses (Jaén-Molina et
al. 2014). Jaén-Molina et al. (2014) obtained an unresolved
tree for Parolinia ornata, P. filifolia and P. platypetala using
ITS1 and ITS2 DNA sequences. The high contemporary
migration rate detected between P, ornata and P. platypetala,
as well as the grouping of both species in STRUCTURE and
PCoA analysis, support that P. platypetala represents the
early stages of an incipient speciation process, as hypoth-
esized by Gonzalez-Pérez and Caujapé-Castells (2022).
Despite the overall phylogenetic closeness, our detailed
MIGRATE analyses allow us to suggest a first colonization
event of Gran Canaria from the mainland, followed by recent
and rapid processes of (i) divergence of the four species
currently known in this island, which sustain high levels of
contemporary gene flow and hybridization (see Gonzalez-
Pérez and Caujapé-Castells 2022); and (ii) island hopping
from Gran Canaria to Tenerife by the ancestor of P. inter-
media. Parolinia intermedia has not yet diverged in Tener-
ife, but our data (Fig. 3) support that the current endemics
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of La Palma and La Gomera, P. aridanae and P. schizogy-
noides, likely originated from a recent migration from an
ancestor related to this species. Similar East-to-West inter-
island colonization patterns have been described for other
Canarian endemic lineages, e.g. Descurainia (Goodson et
al. 2000), Argyranthemum (Asteraceae, Francisco-Ortega et
al. 2000, 2001), or Phoenix (Arecaceae, Saro et al. 2015).
Mantel test furnishes additional support for this hypothesis
in Parolinia by detecting significant isolation by distance
among the analyzed populations (Fig. S1). Thus, aligning
with the tenets of the ’surfing syngamenon hypothesis
(Caujapé-Castells et al. 2017), it is feasible that the high
levels of genetic variation attained through past and recent
hybridization processes involving populations from Gran
Canaria (Gonzalez-Pérez and Caujapé-Castells 2022) may
have facilitated rapid colonization of the Western islands
where the genus is distributed. However, we cannot discard
that the colonization of the archipelago was initially through
the easternmost islands of Lanzarote and Fuerteventura, but
because these islands are the oldest ones (15 and 23 Mya
respectively; Van den Bogaard 2013) and the most eroded,
the initial populations there could have gone extinct.

These results are at odds with the genetic and phyloge-
netic data available for the genus (Fernandez-Palacios 2010;
Jaén-Molina et al. 2007), which detected a sharp genetic
diversity discontinuity between the island of Gran Canaria
and the western group of islands (Tenerife, La Palma and
La Gomera), and suggested that Parolinia may not have
followed an east-to-west stepping-stone colonization, in
line with other phylogenetic investigations, e.g. Curto et al.
(2017) in Micromeria (Lamiaceae), White et al. (2020) in
Argyranthemum (Asteraceae), Garcia-Verdugo et al. (2021)
in Bituminaria (Fabaceae).

Without natural selection and genetic drift, gene flow
leads to genetic homogeneity among populations within a
metapopulation (e.g. Kimura and Weiss 1964). Parolinia
intermedia populations form a homogeneous and isolated
group in the STRUCTURE and PCA analyses (Figs. 1 and
2), and this species is distributed in a wide ecological niche
ranging up to 450 masl in the Western part of Tenerife. As
indicated by the high migration rate within P. intermedia
(m=0.964, Table S3) and its moderate inter-population dif-
ferentiation coefficient (average Rgr = 0.139), considerable
gene flow could exist among many of its areas of occur-
rence, largely limiting differentiation processes.

By contrast, a higher topographical complexity (with
geographic barriers overcoming 1000 m asl) may have
impeded gene flow and promoted rapid population diver-
gence through geographic isolation in several zones of Gran
Canaria. This possibility is consistent with the high pair-
wise overall genetic differentiation coefficient of the Paro-
linia populations within this island (average Rg, = 0.249,

Table S2). Thus, the distribution range of Parolinia in Gran
Canaria contains several genetic islands within its territory,
in agreement with the suggestion that lineage diversification
should be especially evident in insular regions with sharp
ecological and geographical discontinuities (e.g. Caujapé-
Castells et al. 2017). The habitats of the Parolinia species
in Gran Canaria also encompass a wider ecological hetero-
geneity than in Tenerife. Together with the complex ontoge-
netic geological history and the older age of Gran Canaria,
this factor could have stimulated the diversification of the
genus on this island, aided by the greater genetic diversity
attained through hybridization (Gonzalez-Pérez and Cauj-
apé-Castells 2022).

Conservation guidelines

As is often the case in all oceanic archipelagos, the main
threats to the conservation and proper scientific manage-
ment of Parolinia species are anthropogenic; countering
them poses great scientific challenges, as our genetic results
often suggest contrasting actions. Considering the tight
genetic relationship among the Parolinia species, conserva-
tion strategies should focus on facilitating and monitoring
the conditions that allow the ongoing diversification pro-
cesses in all the islands of distribution.

Different conservation strategies are thus possible
according to genetic results. In the first place, seed disper-
sal in Parolinia is anemochorous (Bramwell 1986; Fernan-
dez-Palacios 2010), and therefore the natural connectivity
among populations seems warranted, not requiring artificial
translocation of individuals to maintain population diversity
within and among zones of the islands of distribution where
migration, colonization, and inter-specific hybridization are
developing (Ferndndez-Palacios 2010; Gonzalez-Pérez and
Caujapé-Castells 2022). It could be the cases of the natu-
ral contemporary hybridization detected in Gran Canaria
between the widespread P. ornata and the narrowly distrib-
uted P. platypetala (Gonzéalez-Pérez and Caujapé-Castells
2022 and this paper), or the colonization of Tenerife by P,
intermedia from an ancestor related to the Gran Canarian P,
filifolia.

A second strategy could be suggested for Parolinia
ornata and P. filifolia from Gran Canaria which maintain
widespread distributions in adjacent areas and are not espe-
cially endangered. Because we have not detected contem-
porary natural hybridization between them, translocations
of individuals between their distribution ranges should be
avoided, and any population reinforcement programs should
be carried out using genetic material with strict geographic
and, when possible, genetic traceability to prevent anthro-
pogenic hybridization.
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A third strategy is suggested in the narrowly distributed
species of Gran Canaria (P. glabriuscula and P. platypetala),
La Gomera (P. schizogynoides) and La Palma (P. aridanae),
where extinction risk is a major issue making these species
are more affected by diverse and severe threatsthat induce
sharp population decline and fragmentation in all the spe-
cies of the genus. Consequently, transformation of water-
courses, tourism, introduced herbivores (mainly rabbits and
feral goats), or invasive plants (e.g., Cenchrus setaceus)
should be eradicated or mitigated to support the conserva-
tion of these species.

The known distribution ranges of all Parolinia species
are consistently represented in the seed bank of the Botanic
Garden Viera y Clavijo, with almost 50 accessions sampled
from 1986 to the present, especially focussing on the most
endangered species. However, the Canary Islands are very
complex geographically, and hardly accessible areas in the
known distribution ranges of many relatively widespread
species often contain new populations or even taxa yet to
be discovered, as illustrated by recent cases in many other
lineages (Lotus gomerythus, Alvarez et al., 2019; Thesium
palmense, Rodriguez-Rodriguez et al., 2022; Cheirolophus
barquinii, Mesa-Coello 2023; Helianthemum tibiabinae,
Marrero et al. 2023; Ruta nanocarpa, Mesa-Coello et al.
2023; or Sideritis, Marrero 2023). These considerations
advise a thorough chorological review of P. ornata, P. fili-
folia and P. intermedia to discover potentially new popula-
tions or taxa, and to better represent their genetic diversity
in our seed and DNA banks.

Supplementary Information The online  version  contains
supplementary material available at https://doi.org/10.1007/s10592-0
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