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Abstract Sorbus aria (L.) Crantz (common whitebeam) from
the Canary Islands has not been characterised genetically. We
analysed the genetic variability of 184 individuals belonging
to seven natural populations of S. aria from the Canarian
Archipelago and the Iberian Peninsula. Our main aims were
to obtain essential information to enable the exploration of the
genetic relationship between populations from the Canary
Islands and the Iberian Peninsula; to establish the existence
of a spatial genetic structure and formulate appropriate man-
agement and conservation genetics strategies. Genetic varia-
tion was analysed using nine polymorphic microsatellite loci.
The Canary Island populations (triploids) were found to have
very low genetic variability and to be considerably differenti-
ated from the populations from the peninsula (diploid and
triploid), although with a connection to the Sierra Nevada
population in the south of the Peninsula. This population, in
turn, had many different genotypes, which is indicative of the
existence of various origins. The level of genetic diversity was
higher in all-diploid populations, which, in addition, presented

a greater interpopulation gene flow, possibly the result of a
prevalence of sexual reproduction. On the other hand, the
triploid populations presented lower levels of genetic variabil-
ity, with a significant degree of fixed heterozygosity, possibly
due to asexual reproduction, mainly by apomixis. The repro-
ductive biology and ploidy appear to be responsible for the
levels of genetic variability in S. aria.
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Introduction

The genus Sorbus L. (Rosaceae), which includes more than
250 species, is a well-known example of a complex plant
group that includes diploid sexual outcrossing and self-
incompatible species and a large number of polyploid species
originated by hybridization, allopolyploidy and autopolyploidy
(Nelson-Jones et al. 2002; Robertson et al. 2004, 2010; Chester
et al. 2007; Gömory and Krajmerová 2008). Furthermore,
many of these species are reproduced principally by asexual
reproduction, through apomixis (hereafter synonymous with
agamospermy), i.e. the production of “maternal” clonal seeds,
both obligate and facultative (Robertson et al. 2010). Because
apomictic plants are genetically identical from one generation
to the next, each lineage has some of the characters of a true
species, affording immediate, often total, reproductive isolation
from parental taxa and maintaining distinctions from other
apomictic lineages within the same genus (Aldasoro et al.
2004; Chester et al. 2007; Rasmussen and Kollmann 2008;
Whitton et al. 2008; Del Río et al. 2009; Robertson et al.
2010). The taxonomical complexity of Sorbus has been widely
noted, and various authors consider that apomictic polyploids
are not equivalent to Linnean species and are described as
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“microspecies” (Aldasoro et al. 2004; Nelson-Jones et al. 2002;
Robertson et al. 2004, 2010).

Sorbus aria L. is included in the subgenus Aria that com-
prises not only the diploid sexual species (S. aria sensu stricto)
but also a number of triploid and tetraploid species. The whole
group is known as the S. aria aggregate and is often referred to
as S. aria sensu lato (Nelson-Jones et al. 2002). S. aria aggre-
gate covers a wide natural area throughout the whole of
Europe and North Africa (Aldasoro et al. 2004). In the
Iberian Peninsula, it extends through mountain areas between
600 and 2,200 m.a.s.l. above all in limestone areas (Aldasoro
et al. 2004; Oria de Rueda et al. 2006; Del Río et al. 2009).
The Canary Islands represent the most meridional distribution
of the species. It has been described on just two islands, La
Palma and Tenerife, located at more than 2,000 m.a.s.l, very
isolated and with a very small number of individuals
(Arechavaleta et al. 2010; Acevedo et al. 2011). At present,
only 137 individuals have been described (Acevedo et al.
2011), 4 in Tenerife and 133 in La Palma; most of themwithin
the limits of Teide and Caldera de Taburiente National Parks,
respectively. There are no demographic, reproductive or ge-
netic studies of this species in the Canary Islands or genetic
studies in the south of Europe (Oria de Rueda et al. 2006). In
fact, as far as we know, all genetic studies of S. aria have been
carried out in the context of an intergenus comparison
(Nelson-Jones et al. 2002; Chester et al. 2007; Gömory and
Krajmerová 2008; Robertson et al. 2010). However, the rela-
tionships between populations located in the archipelago are
unknown, as are their ploidy levels and biogeographical rela-
tionships with the continental populations.

In this study, we used codominant markers (microsatellites)
to study the patterns of genetic diversity and genetic differen-
tiation of S. aria from the Iberian Peninsula and the Canary
Islands. Microsatellite markers are a powerful tool with which
to assess vegetative reproduction because the probability that
a number of sexually reproduced individuals have the same
multilocus genotype, in such highly variable markers, is ex-
tremely low. The general aims of this study were as follows:
(i) with respect to the archipelago, to investigate the level of
genetic diversity of S. aria from the Canary Islands, determin-
ing the pattern of genetic differentiation and the existing
genetic flow between populations where the species is located
(the islands of La Palma and Tenerife); (ii) to obtain essential
information to enable an exploration of the genetic relation-
ship between populations of S. aria from the Canary Islands
and the Iberian Peninsula; (iii) with respect to the Iberian
Peninsula, to ascertain the genetic relationships between var-
ious locations separated by hundreds of kilometres; and (iv) to
use molecular information to help in assessing the protection
status of S. aria and to contribute to the formulation of
appropriate management and conservation strategies in
Spain’s ,national parks, specially in the Canary Islands, where
the species is threatened.

Materials and methods

Sample collection

A total of 184 individuals of S. aria belonging to seven natural
populations were collected (Fig. 1 and Table 1). Four popula-
tions in the Iberian Peninsula were sampled, which
corresponded to a representation of the geographical distribu-
tion of the species. All were located in high mountain habitats
in the interior of Spanish national parks. An effort was made to
include populations situated in both the north and south of the
Iberian Peninsula, as well as sampling in those localities in the
Iberian Peninsula closest to the Canarian Archipelago (Fig. 1
and Table 1). All samples were collected in Spanish national
parks, which funded this research. The individuals were iden-
tified as S. aria according to the morphological characteristics
of their leaves (laminas simple, entire, toothed or shallowly
lobed, craspedodromous or camptodromous venation), previ-
ously identified as robust diagnostic characteristics (Aldasoro
et al. 2004), and collected by specialist technicians from each
national park between June 2007 and October 2008. The exact
location for each sample studied was obtained (by GPS). They
were mapped and located at a local scale. In Tenerife, the only
four specimens described to date were sampled, three of
which were found only a few metres from each other. In La
Palma, two populations were studied: the first (La Palma 1)
comprises an isolated and separated group located on terraces
and slopes in the ravines of the national park of Caldera de
Taburiente, and the second population (La Palma 2) is made
up of a relatively dense nucleus of 64 specimens occupying an
area of 25,000 m2 in the Los Hombres ravine, north of the
Caldera de Taburiente, at an altitude averaging 2,040 m.a.s.l.
(Table 1). In Sierra Nevada, the samples were collected from
isolated specimens, separated from each other by more than
25 m in different locations spanning an area of 57,000 km2 of
Sierra Nevada National Park. Due to technical problems, only
six specimens from the Cabañeros population (CA) could be
analysed. These specimens were collected from an area of
approximately 1,500 m2. In Aigüestortes (AI), the samples
were collected in two adjacent areas separated by 7 km.
Finally, in Picos de Europa (PE), the specimens were collected
along a linear transect of 300 m, the greatest distance between
specimens being 25 m (Table 1).

DNA extraction and microsatellite genotyping

DNA was extracted from silica gel-dried young leaves that
were ground in a mixer mill (RETSCH MM 301, Haan,
Germany) with two stainless steel balls in each microtube,
following a modified 2× CTAB protocol (Doyle and Doyle
1987). About 150 μl of each total DNA sample was purified
using a Genelute PCR Clean-Up Kit (Sigma-Aldrich, St.
Louis, MO, USA) for further analysis.
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Forward and reverse primers specifically developed for
S. aria by González-González et al. (2010) were used to
amplify nine polymorphic microsatellite loci (SA-01, SA-02,
SA-03, SA-06, SA-07, SA-08, SA-09, SA-14 and SA-19). Each

25 μL PCR reaction contained approximately 20 ng of DNA,
10 pmol of each primer as well as a PCR Master Mix (Reddy-
Mix, ABgene, Surrey, UK) which included 0.625 units of Taq
DNA polymerase, 75 mM Tris–HCl, 20 mM (NH4)2SO4,

Fig. 1 Location of natural populations of Sorbus aria analysed

Table 1 Genetic diversity indices obtained for nine microsatellite loci in Sorbus aria populations

Population Code Latitude Longitude Altitude P N NA NPA %PA G A HS

Tenerife TF 341.571 3.122.681 2,354 3× 4 26 2 7.7 1 2.89 0.713

La Palma 1 LP1 218.509 3.185.157 2,267 3× 17 29 3 10.3 3 3.22 0.660

La Palma 2 LP2 219.124 3.184.805 2,263 3× 29 30 0 0.0 7 3.33 0.659

Canary Islands 50 35 7 20.0 - 4.22 0.677

Cabañeros CA 363.705 4.377.333 1,300 3× 6 25 1 4.0 6 2.78 0.612

Aigüestortes AI 317.335 4.719.635 1,682 2× 36 86 11 12.8 31 9.56 0.812

Picos de Europa PE 345.737 4.778.456 1,181 2× 40 89 6 6.7 39 9.89 0.817

Sierra Nevada SN 461.472 4.105.565 1,817 3× 52 65 8 12.3 20 7.22 0.755

Iberian Peninsula 134 135 36 26.7 14.78 0.860

Total 184 140 – 15.67 0.733

Latitude and longitude in UTM. Altitude in metres

P ploidy, N number of individuals sampled, NA total number of different alleles seen across the loci, NPA number of private alleles,%PA percentage of
private alleles, G number of different multilocus genotypes, A mean number of different alleles carried by each individual, averaged across loci, HS

expected heterozygosity within populations
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0.01 % Tween 20, 2.5 mM of MgCl2 and 0.2 mM of each
dNTP. Amplifications were carried out using the following
thermal cycling conditions: 3 min denaturation at 95ºC; 35
cycles of 30 s denaturation at 95ºC; 30 s at annealing
temperature; and 90 s elongation at 72ºC, followed by
5 min elongation at 72ºC. These procedures are recorded
in the Bank of Molecular Markers of Macaronesian Flora
(www.banmac.ulpgc.es).

Ploidy

Amplified products were detected using an ABI 3130XL
Genetic Analyzer, and fragment sizes were determined using

GENESCAN v. 2.02 and GENOTYPER v. 1.1 (Applied Biosystems,
Inc.). We identified allele peak profiles at each locus, and the
presence of fragments was scored for each analysed individ-
ual. Since allele dosage determination in triploid individuals is
complicated and difficult, we compared all multiloci geno-
types following the method described by Robertson et al.
(2010). Therefore, for each individual analysed in this study,
microsatellite allele genotypes were determined for each of the
nine loci. Ploidy level estimates were based on the maximum
number of displayed alleles at a single locus. If three alleles
were displayed for one locus, the individual was considered
triploid. The number of different alleles detected in a triploid
individual is often lower than its ploidy level. So, a triploid
individual carrying alleles A and B may have two copies of
either A or B and one of two different genotypes AAB or
ABB. In this case, we included a missing value for this locus
in the database. However, a triploid individual carrying only
allele Awill be AAA (Robertson et al. 2010). To estimate the
number of triploids that have only one or two alleles, the
known triploids were first used to calculate the proportion
of triploids having three alleles at each microsatellite
locus (pi) (Garner et al. 2008). This proportion was
then used to calculate the probability that a triploid individ-
ual would receive three alleles at none of the nine loci

∏
n

t¼1
1−pi ¼ 5:17� 10−17

� �
. This probability was then mul-

tiplied by the group size to determine the expected number of
triploid not containing three alleles at any of the loci sampled
(9.52×10−5). So, we considered an individual as diploid when
none of the nine loci analysed showed three alleles.

Statistical analysis

The quantification of genetic diversity for organisms with
different ploidy (in this case, diploid and triploid; see
“Results” section) can be difficult because some calculations
are not included in the different software packages available.
In our case, the most appropriate measure for studying genetic
diversity in apomictic taxa is to compile and compare

multilocus genotypes. As with other polyploid species of
Sorbus (Robertson et al. 2010), we have included the follow-
ing as measures: total number of different alleles seen across
the loci (NA); mean number of different alleles carried by each
individual, averaged across loci (A); number of private alleles
detected (NPA); percentage of private alleles (%NPA);
number of different multiloci genotypes (G); and ex-
pected heterozygosity or gene diversity (HS). All of these
were calculated using GenoDive 2.0B22 software (Meirmans
and Van Tienderen 2004), a programme specifically designed
to handle polyploid data.

Recombination, hybridization, gene conversion and gene
transfer all lead to histories that are not adequately modelled
by a single tree, due to the imposition of a bifurcating
(Neighbour-Joining) topology, which may be misleading
(Bryant and Moulton 2004). In these cases, networks can
provide a valuable tool for visualising a space of feasible trees.
So, the genetic similarity matrices (Nei and Li 1985) were
obtained with RAPDPLOT 2.3 (Black 1995), input into
SplitsTree version 4.8 (Huson and Bryant 2006) and used to
generate a Neighbour-Net network (Bryant and Moulton
2004) between the individuals analysed.

The genetic differentiation between populations pair-wise
was analysed using FST implemented in GenoDive 2.0B20

(Meirmans and Van Tienderen 2004). Also, principal coordi-
nate analysis (PCoA) was performed to establish the genetic
relationship between individuals from each population using
GENALEX version 6.4 (Peakall and Smouse 2006).

In addition, population structure was also inferred using a
Bayesian clustering procedure implemented in STRUCTURE 2.2

(Falush et al. 2007) to identify the origin of the sampled
individuals and to assign them to different populations. The
most likely value ofK is assessed by comparing the likelihood
of the data for different values ofK. We assumed an admixture
model of population and independent allele frequencies.
Analysis consisted of 105 burn-in period replicated and a
run length of 106 replicated. We conducted a series of five
independent runs for each value of K between 1 and 10.
Individuals were assigned to one cluster if their proportion
of membership (qi) to that cluster was equal to or greater than
0.05.

Results

Ploidy of S. aria

Examination of the microsatellite profiles showed that most
S. aria individuals have up to three alleles per locus. PCR
products of three loci of three individuals were cloned in order
to confirm the polyploidy status of the species. These analyses
were described in a previous paper (González-González et al.
2010), and the cloned sequences confirmed the polyploidy
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status of the plants. All the individuals from the Canary Island
(LP1, LP2, TF), CA and Sierra Nevada (SN) populations were
triploids (three alleles were detected in at least one locus). All
individuals analysed from AI and PE had only one or two
peaks in all loci, and these populations were estimated to be
diploid (Table 1). We considered an individual as diploid
when none of the nine loci analysed showed three alleles
(see “Material and methods” section).

Genetic diversity level

One hundred forty alleles were recorded from the nine poly-
morphic microsatellites analysed in S. aria. At a population
level, the average number of alleles ranged from 2.78 for the
Cabañeros to 9.89 for the PE populations. The average num-
ber of alleles per locus was, in general, higher for the Iberian
Peninsula (A=14.78) than for the Canary Islands (A=4.22).
On the whole, expected heterozygosities (or gene diversity)
were high, which ranged fromHS=0.612 for CA toHS=0.817
for the population of PE (Table 1).

The population with the greatest number of private alleles
was Aigüestortes (11). Only seven alleles out of 35 were
exclusive from some of the populations in the Canary
Islands (Table 1). We also found two private alleles from
Tenerife, despite the majority of individuals showing the same
multiloci genotype (Table 1). La Palma 2 (LP2) was the
population with the least amount of private alleles (none).
AI and PE shared 64 of the 112 alleles recorded in both
populations, which shows their strong genetic connection.

The majority of the triploid populations showed a deter-
mined number of individuals that had the same multiloci
genotype, although with a different frequency. Thus, the
greatest percentage of individuals with the same multiloci
genotype was detected in the Canary Island populations.

Genetic differentiation between populations

Genetic differentiation statistics FST (and its analogues) is
appropriate to testing the gene flow because of its capacity
to describe the genetic population structure and, therefore, the
degree of isolation (or connection) between populations
(González-Pérez et al. 2009a). Average genetic differentiation
between populations (FST) was low although significant, rang-
ing from 0.022 between the two La Palma populations and
0.284 between the Tenerife and Cabañeros populations
(Table 2). The genetic differentiation between the Peninsular
populations was almost double (FST=0.115) than that found
between the Canarian populations (FST=0.062), increasing to
a value of FST=0.150 when comparing the populations from
the peninsula and the archipelago.

The split network computed from the similarity matrix
displayed high levels of reticulation (Fig. 2). The network
clearly separated the individuals from the Canary Islands

and the Iberian Peninsula. Also, individuals from the island
of La Palma were clustered together (Fig. 2). The network
shows a clear separation of the Sierra Nevada individuals into
three differentiated groups, one of which was found to be very
close to the Canary Island populations. On the other hand,
Aigüestortes and Picos de Europa were grouped very closely.

Consistent with these results, all the samples from the
Canarian Archipelago were located separately in the same
cluster in the principal coordinate analysis, with small differ-
ences between the specimens from Tenerife and La Palma
(Fig. 3). The individuals from the northern Peninsula locations
(Aigüestortes and Picos de Europa) were again clustered,
which indicates their genetic closeness. However, the speci-
mens from Sierra Nevada were divided into at least three
subgroups: the first, formed of approximately half of the
individuals, were very close to the Canarian populations
(SN-1, Fig. 3), the second was separated considerably,
forming one isolated group (SN-2), while the rest of the
individuals (SN-3) were positioned more closely to the CA
population (Fig. 3).

For the Bayesian analysis, using the total data set (184
individuals, 7 localities, 9 microsatellite loci) and K=1–10,
the probability of the data was maximum with K=5 (Fig. 4).
The first group included those individuals from the Canary
Islands. The second inferred group clustered those individuals
from CA. All individuals of S. aria from AI and PE could be
attributed to cluster III, whereas samples from SN again
showed signs of admixture between the inferred clusters IV
and V, which exactly coincides with the results obtained in the
PCoA and Neighbour-Net network.

Discussion

The genetic diversity of S. aria has been analysed in different
parts of Europe (Chester et al. 2007; Robertson et al. 2010;
Kucerová and Gömöry 2011) but always in the context of
comparing it with other Sorbus species. It has never been
studied on the southern limit of its distribution. Our results
show that we are dealing with a S. aria complex, consisting
of individuals and populations with different ploidy, and
therefore with different evolutionary histories and even
possibly with different reproductive behaviours, as has been
described extensively in the Sorbus genus by many other
authors (Nelson-Jones et al. 2002; Robertson et al. 2004;
2010; Oria de Rueda et al. 2006; Lepší et al. 2008; Del Río
et al. 2009).

The Canary Island populations

The Canarian populations show low levels of genetic variabil-
ity, which is reflected in all the indices used (Table 1). At least
three specimens of S. aria from Tenerife (and possibly the
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fourth individual also, but we have missing data in two loci)
present the same multiloci genotype without any differences
and only seven different genotypes were detected among the
46 individuals analysed from the island of La Palma. In
addition, almost 80 % of these specimens from La Palma
belong to only three different genotypes.

S. aria in the Canary Islands, with a mean expected het-
erozygosity value of 0.677 (HS), is found in the described
range for other autochthonous polyploid taxa from the
Canaries (González-Pérez et al. 2009b). Moreover, in all
cluster analyses performed (Figs. 2 and 3), the Canarian
populations are grouped in a cluster clearly separated from
the rest of the populations from the Iberian Peninsula. The low
levels of genetic variability detected could be due to a

combination of a founder effect, followed by the genetic drift
incurred in the populations from both islands with an isolated
and restricted distribution and a low number of individuals.
All this is amplified by the possibility of mostly asexual
reproduction, via agamospermy, consequence of its triploid
character, which has resulted in an impoverished gene pool.
These findings agree with those described in other polyploid
populations of the complex S. aria and congeneric species
(Robertson et al. 2004, 2010; Rasmussen and Kollmann
2008), as well as in other endemic trees in the Canary Islands
(García-Verdugo et al. 2009).

The high numbers of individuals with the same multiloci
genotype, together with the large number of shared alleles in
both populations (76.9 % of the alleles found in Tenerife are

Fig. 2 Individual-based Neighbour-Net of Sorbus aria, based on pairwise genetic distances complementary to Nei and Li (1985). The length of the edge
representing a given split is an indication of its support

Table 2 FST values from pairwise comparisons between Sorbus aria populations

Tenerife (TF) La Palma 1 (LP1) La Palma 2 (LP2) Cabañeros (CA) Aigüestortes (AI) Picos Europa (PE)

La Palma 1 (LP1) 0.130

La Palma 2 (LP2) 0.126 0.022

Cabañeros (CA) 0.284 0.267 0.258

Aigüestortes (AI) 0.111 0.131 0.139 0.098

Picos Europa (PE) 0.105 0.126 0.131 0.093 0.023

Sierra Nevada (SN) 0.169 0.165 0.161 0.156 0.104 0.091

All values are significant at p<0.001 level
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also found in La Palma), suggest that the S. aria populations
from the Canarian Archipelago could have originated from a
single colonisation event with very few effectives. The four
individuals from the Teide National Park (Tenerife) could be
the last remnants of a more numerous population of the
species that was completely decimated and isolated. It would
be feasible that the populations could have been affected by
volcanic eruptions from the Teide volcano, such as Pico Viejo
(17,000 years ago) or Montaña de La Cruz (3,500 years ago),
resulting in a general loss of specimens in relatively recent
times. However, as described above, at least three of these
individuals present the same multiloci genotype, and it is also
possible that these four trees are the lone stems of a genet
originating from apomictic seeds produced by the samemother
tree, which colonised this area recently.

The two populations from La Palma, more numerous and
with greater levels of genetic variability, also share many
alleles, including various multiloci genotypes, and present a
low differentiation coefficient between them (FST=0.022).
Although this genetic closeness could be indicative of the
high level of genetic flow between populations, we believe
that is a reflection of the fact that the majority (or all) of the
specimens of S. aria from La Palma form a part of a single
population with a monophyletic origin. We believe that the
existence of certain differences among multilocus genotypes
could be associated with variation generated by mutation
rather than independent colonisation events. Eighty percent
of the specimens from La Palma belonged to only three
different genotypes, a pattern that is much easier to explain
by multiple mutation events, and enhanced by probable

Fig. 3 Principal coordinate
analysis (PCoA) based on
pairwise Nei and Li (1985)
genetic similarity among Sorbus
aria individuals. SN-1, SN-2 and
SN-3 constitute the three genetic
subgroups detected for Sierra
Nevada population (see text for
details)

Fig. 4 Bar plot for the proportion
of coancestry inferred from
Bayesian cluster analysis (K=5).
Population codes as in Table 1
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asexual reproduction in most if not all cases, by apomixis.
Similar scenarios have been described widely for other Sorbus
species (Robertson et al. 2004, 2010; Vít et al. 2012). We are
probably, therefore, looking at a native non-endemic species
shared between North Africa and the Mediterranean that
colonised the Canary Islands in a single dispersal event.

What could be the origin of S. aria in the Canary Islands?
We can dismiss the idea that the specimens from the archipel-
ago come from a hybridization process between different
species of the genus because other species of Sorbus have
not been reported in the Canary Islands (Arechavaleta et al.
2010) nor, up to now, have related fossils been found. The
flora of the Archipelago has a strong North African and
Mediterranean component (Fernández-Palacios et al. 2011),
and, indeed, S. aria is also found in the north of the African
continent (Aldasoro et al. 2004), which makes this the most
likely place of origin. Unfortunately, we were unable to obtain
samples from this area to confirm this assertion. Nevertheless,
we did find a significant relationship with one differentiated
subgroup from the Sierra Nevada (SN-1 in Fig. 3), which
shares 51.4 % of the alleles present in the Canarian popula-
tions. These results indicate that the Canarian populations
could proceed from triploid specimens whose closest ancestor
is found in the south of the Iberian Peninsula. So, S. aria could
have taken refuge in the Canary Islands where the impact of
the climate was buffered, maintaining a wide distribution
within the Mediterranean basin, the Canary Islands and
North Africa (Fernández-Palacios et al. 2011). Despite this,
as we have already pointed out that samples from Morocco
have not been studied, the results should be considered with
caution.

Iberian Peninsula populations

Iberian Peninsula populations presented, in general, higher
levels of genetic variability, with the exception of CA, prob-
ably due to the low number of samples analysed. Furthermore,
the degree of genetic differentiation between the continental
populations was variable, depending on the pairwise popula-
tions compared, the diploid populations (Picos de Europa and
Aigüestortes) being much more closely related. Outcrossing
perennial plant species generally exhibit higher levels of ge-
netic variability and lower levels of population differentiation,
indicating that the reproductive biology andmating system are
the most important factors in determining the genetic structure
of plant populations (Hamrick and Godt 1996; Duminil et al.
2007; Sosa et al. 2010).

Aigüestortes and Picos de Europa exhibited the highest
indices of genetic variability (Table 1), possibly due to their
ability to recombine genotypes between individuals. The
highest average number of alleles at each locus was detected
in these populations, and almost every individual (with the
exception of a few specimens) has a unique multilocus

genotype (Table 1). Moreover, both populations were in
Hardy-Weinberg equilibrium (data not shown) as predicted
for outcrossing taxa. They also share a high number of alleles
(74.4 %) and show the lowest genetic differentiation index of
the established comparisons in the Peninsula (FST=0.023;
Table 2), and all the cluster analyses (Neighbour-Net
(Fig. 2), PCoA (Fig. 3) and Bayesian analysis (Fig. 4)) indicate
that they are genetically very closely related.

The individuals of these populations are diploid (S. aria
sensu stricto) and therefore outcrossing, as described by nu-
merous authors (Nelson-Jones et al. 2002; Oria de Rueda et al.
2006; Del Río et al. 2009; Robertson et al. 2010). High
capacity for long distance gene flow by both pollen dispersion
by generalist insects and seed dispersion carried out by pas-
serine birds and fruit-spreading by mammals have been wide-
ly described in other diploid species of Sorbus (Del Río et al.
2009; Oria de Rueda et al. 2006; Angelone et al. 2007; Klein
et al. 2008; Robertson et al. 2010).

However, the high genetic diversity detected in the Sierra
Nevada seems, a priori, incompatible with clonal reproduc-
tion, considering that its individuals are triploid and contain
genomes in which individual loci are not free to recombine.
The association between polyploidy and apomixis has been
widely noted, and it has been suggested that polyploidy acts
either as a stimulus for apomixis, is a prerequisite for its
maintenance or both (Soltis et al. 2004; Whitton et al. 2008;
Hörandl 2010; Robertson et al. 2010). In addition, the speci-
mens from the Sierra Nevada were found to be strongly
genetically differentiated; the value of genetic differentiation
between the subgroups SN-1, SN-2 and SN-3 (FST=0.240)
being considerably greater than all the pairs of comparisons
made between populations. In addition, there is no geographic
separation between these individuals, and many of the speci-
mens from the genetic sub-groups are separated by only a few
metres.

What these results, Network, PCoA and Bayesian analysis
(Figs. 1, 2 and 3), show is the polyphyletic nature of the
polyploids within the Sierra Nevada population. It is possible
that this population has been driven primarily by a series of
interspecific hybridisations and backcrosses between closely
related taxa, with new genotypes being fixed and propagated
via apomictic reproduction (20 different multilocus genotypes
were identified in 52 individuals analysed).

The observation supporting multiple origins for these sub-
groups, rather than mutation in the Sierra Nevada population,
is that the individuals belonging to each of the three subgroups
differ considerably in the alleles of the majority loci, a pattern
which is much easier to explain by independent hybrid origins
than by multiple mutation events. However, the differences
within each subgroup are few; for example, subgroups SN-1
and SN-3 were made up of only five and nine different
multilocus genotypes, respectively (data not shown). The
result is a scenario derived from a dynamic evolutionary
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complex which may proceed from multiple hybridizations
and backcrosses between closely related taxa, where
S. aria is present, a finding that has been described on
numerous occasions in the Sorbus genus (Aldasoro et al.
2004; Nelson-Jones et al. 2002; Robertson et al. 2010; Vít
et al. 2012). Determining whether or not these distinct
genetic pools are different taxa (or species) is not the
objective of this work, but it opens new doors for further
study.

The delimitation of the species in S. aria sensu lato is
extremely difficult and is not clearly distinguished by mor-
phological features (Aldasoro et al. 2004; Lepší et al. 2008).
The consideration that the agamospermmicrospecies could be
considered an actual species has been discussed by different
authors (Aldasoro et al. 2004; Lepší et al. 2008), and there are
yet other authors who separate the products of hybridization
events as independent taxa (Lepší et al. 2008).

Conclusions and implications for conservation

In conclusion, we have described the divergent behaviour of
the polyploid (and possibly apomictic) populations S. aria
sensu lato in the south of the Iberian Peninsula and the
Canary Islands from that of the diploid populations (with
possible sexual reproduction) in the north of the Iberian
Peninsula.

The occurrence of only triploid individuals in popu-
lations from the Canary Islands and the large proportion
of genetically identical samples on both the islands of
Tenerife and La Palma make it likely that the reproduc-
tive processes of this species in the Archipelago involve
apomixis (agamospermy). However, an analysis between
parents and their offspring will be needed to reveal if
seed production utilises obligate apomixis in every pop-
ulation or whether, in addition to apomixis, populations
also resort to sexual reproduction (facultative apomixis).
If facultative apomixis occurs in the Canarian popula-
tions, interpopulation reinforcement would be feasible
within La Palma, where a certain degree of genetic
diversity has been found. This would be achieved through
controlled crosses or by the use of seedlings from germplasm
banks with different multilocus genotypes, avoiding the col-
lection of clone specimens. In the case of Tenerife, and given
that there is a high number of clonal specimens, it would be
very important to initiate a reproductive process.

In this study, basing our conclusions exclusively on molec-
ular results, we found three genetically differentiated entities
with different gene pools in the south of the Iberian Peninsula
(the Sierra Nevada population). For this population, we could
be revealing the presence of different microspecies of Sorbus,
which are extremely difficult to distinguish by morphological
differences, which must be considered in a possible conserva-
tion programme.

With this information, we hope to contribute to the
development of a more accurate conservation policy for
S. aria in the Spanish national parks that both takes into
account its evolutionary past and facilitates its future
evolution.
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