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Islands offer an interesting framework in which to study the effect of geographical isolation on population genetic
differentiation. For plant species with high dispersal abilities, however, oceanic barriers may not represent a factor
promoting strong population structure. In this work, we analysed seven nuclear microsatellite loci in Ilex
(Aquifoliaceae), a bird-dispersed plant group, to infer patterns of genetic differentiation among Macaronesian taxa:
I. canariensis, I. perado ssp. lopezlilloi, I. perado ssp. platyphylla (Canary Islands) and I. perado ssp. azorica
(Azores). In agreement with current taxonomic classification, our results revealed a high genetic differentiation
between Ilex lineages (I. canariensis and the I. perado complex), and also supported previous hypotheses that these
are the result of independent dispersal events to the islands. In contrast, genetic differentiation between I. perado
ssp. azorica and the two subspecies from the Canaries was high, suggesting that taxonomic revision may be
necessary. Levels of genetic variation at microsatellite loci in ssp. azorica were, in addition, the lowest reported
among Macaronesian bird-dispersed taxa. Lastly, low genetic differentiation was observed between subspecies
occurring on the same island (sspp. platyphylla and lopezlilloi). In summary, our results revealed contrasting
patterns between Macaronesian Ilex lineages: I. canariensis displayed moderate population structure across
islands, whereas the I. perado complex showed strong differentiation among populations sampled on different
islands. Thus, the Macaronesian Ilex taxa show that long-distance dispersal syndromes (ornithochory) do not
always ensure genetic connectivity across large areas in island systems. Plant groups that successfully colonized
the islands on multiple occasions may have found barriers to gene flow within certain lineages. © 2013 The
Linnean Society of London, Botanical Journal of the Linnean Society, 2013, 173, 258–268.
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INTRODUCTION
The genus Ilex L. (Aquifoliaceae) is a cosmopolitan
taxon which includes > 400 species of trees and
shrubs widely distributed in the tropics, subtropics
and temperate zones of both hemispheres (Mabberley,
1993; Manen et al., 2010). In the Macaronesian
region, Ilex is represented by two currently recognized
species (Arechavaleta et al., 2010; Silva et al., 2010):
I. canariensis Poir. (Canary Islands and Madeira) and
*Corresponding author. E-mail: psosa@dbio.ulpgc.es
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I. perado Aiton, a complex of four subspecies distributed in different Macaronesian archipelagos: I.
perado ssp. azorica (Loes) Tutin (I. azorica auct.)
(Azores), I. perado ssp. perado Aiton (Madeira) and
I. perado ssp. platyphylla (Webb & Berthel.) Tutin
and I. perado ssp. lopezlilloi (G. Kunkel) A.Hansen &
Sunding (Canary Islands). Previous phylogenetic
analyses have indicated that these two species are the
result of a minimum of two independent colonization
events from mainland ancestors (Cuénoud et al.,
2000; Manen et al., 2010). Nevertheless, our knowledge of the patterns of differentiation in Macaron-
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esian Ilex lineages is based on evidence obtained from
a few (one or two) samples included in genus-wide
phylogenetic analyses (e.g. Manen, Boulter & NaciriGraven, 2002; Selbach-Schnadelbach et al., 2009;
Manen et al., 2010). A lack of studies addressing relationships in the I. perado complex, for instance, precludes further inference on the evolutionary history of
Ilex in the Macaronesian islands.
One feature that probably explains multiple events
of colonization in plant species, as inferred for Ilex in
island regions, is the presence of fleshy fruits dispersed by birds (e.g. Cuénoud et al., 2000). Results
from recent population genetic studies have suggested that long-dispersal syndromes, such as ornithochory, could be responsible for the low level of
genetic structuring found in island species with widespread distributions (García-Verdugo et al., 2010b;
Ferreira et al., 2011; Rumeu et al., 2011). In the case
of Ilex, the widespread occurrence of I. canariensis
throughout the Canaries and the presence of I. perado
populations on several islands (Arechavaleta et al.,
2010) points towards frequent events of successful
seed dispersal over oceanic barriers. However, the
restricted distribution of some subspecies, with their
low population numbers, has been a reason to include
some of these taxa on the IUCN red list of threatened
taxa (IUCN, 2010). Understanding the levels and
apportionment of genetic diversity within and among
populations is therefore important for the conservation of these island endemics, especially because their
island ranges may make them more vulnerable to
extinction than continental taxa (Sosa, 2001;
Frankham, Ballou & Briscoe, 2002; González-Pérez
et al., 2009a, b; Sosa et al., 2010a). Thus, information
on the genetic structure and relationships among Ilex
taxa may have implications for classification and
genetic conservation (González-Pérez et al., 2009a;
2009b).
The general aims of this study were: (1) to investigate the patterns of genetic variation in Macaronesian Ilex taxa; and (2) to evaluate whether levels of
genetic differentiation as inferred from molecular
data are in agreement with the current taxonomic
treatment.

MATERIAL AND METHODS
STUDY TAXA
Four taxa encompassing the limits of distribution for
Ilex in the Macaronesian region were considered in
the present study. Ilex canariensis (Canary holly) is a
laurel forest tree that has been catalogued as ‘near
threatened’ by the IUCN (IUCN, 2010). It is easily
distinguishable from I. perado by its smaller leaves
with bluntish points, its entire margins and the pres-
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ence of stalked clusters of flowers in the upper leaf
axils (Loizeau et al., 2005). In the Canarian archipelago, this species occurs on five of the islands: El
Hierro, La Palma, La Gomera, Gran Canaria and
Tenerife (Arechavaleta et al., 2010). Ilex perado ssp.
lopezlilloi (hereafter, lopezlilloi) is endemic to the
island of La Gomera (Canary Islands), and has been
classified as ‘critically endangered’ (IUCN, 2010)
because of the small number of individuals known in
the wild. It was also catalogued as ‘endangered’ by the
Canarian Government (BOC, 2010) and has also been
included on the Spanish Red List of Endangered
Plants (Moreno et al., 2008). The distribution area of
lopezlilloi is small, and wild individuals are only
found within the Garajonay National Park. However,
conservation strategies recently adopted by this
National Park (La Gomera) have reinforced the
number of individuals by means of asexual propagation (Bañares et al., 2004). Morphologically, the few
known individuals exhibit intermediate characteristics between I. perado ssp. platyphylla and I. canariensis, having, in general, cuneate leaves and longer
floral pedicels.
Ilex perado ssp. platyphylla (hereafter platyphylla)
has been classified as ‘vulnerable’ according to IUCN
categories (IUCN, 2010), and has also been included
on the Spanish Red List of Endangered Plants
(Moreno et al., 2008). It is endemic to the Canary
Islands (Kunkel, 1977), and populations have been
reported for the islands of La Palma, La Gomera and
Tenerife (Arechavaleta et al., 2010). Lastly, I. perado
ssp. azorica (hereafter azorica) is endemic to the
Azores archipelago (Silva et al., 2010), and has been
classified as ‘near threatened’ according to IUCN criteria (IUCN, 2010). It is characterized by obovate,
acute or obtuse leaves, which are relatively small
compared with those displayed by taxa of the
I. perado complex. A common feature for all of these
Ilex taxa is that their fruits are known to be dispersed
by frugivorous birds, especially blackbirds (Turdus
merula), European robins (Erithacus rubecula) and
two endemic fruit pigeons, Bolle’s pigeon (Columba
bollii) and the laurel pigeon (Columba junoniae)
(Arévalo, Delgado & Fernández-Palacios, 2007).

SAMPLING

AND GENOTYPING

The total sample size included 233 individuals from 15
populations on five islands (Fig. 1, Table 1). For
I. canariensis, population sampling represented the
distribution of the species on each island of the Canarian archipelago, with the exception of the island of El
Hierro, which was not sampled. All known individuals
of lopezlilloi were sampled, whereas platyphylla was
represented from each island where the species occurs
sympatrically with I. canariensis (La Gomera and Ten-
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Figure 1. Geographical distribution of Ilex populations sampled in this study: I. canariensis (△), I. perado ssp. azorica
(☆), I. perado ssp. platyphylla (○) and I. perado ssp. lopezlilloi (•). Graphs next to the islands display results for genetic
structure as inferred with STRUCTURE (K = 4). Each bar represents an individual and each inferred group is represented
by a different colour. Populations are coded as in Table 1.

erife). Unfortunately, samples of Ilex perado ssp.
perado from Madeira could not be obtained for this
study.
For DNA analysis, silica-dried leaf samples collected from each individual were ground in a mixermill (RETSCH MM 301). DNA was extracted
following a modified 2 × cetyltrimethylammonium
bromide (CTAB) protocol (Doyle & Doyle, 1987).
However, DNA from I. canariensis was extracted following the protocol of Dellaporta, Wood & Hicks
(1983), because of the high concentration of metabolites detected in this species. In both cases, 150 μL of
each total DNA sample was purified using a Genelute
PCR Clean-Up Kit (SIGMA). Five primer pairs
described for I. leucoclada Makino by Torimaru et al.
(2004) (ILE04–ILE10, ILE03–ILE38, ILE03–ILE53,

ILE03–ILE01 and ILE04–ILE06) and two primer
pairs recently isolated for the same species (ILE05–
ILE81 and ILE03–ILE86b; T. Torimaru, pers. comm.)
were labelled with fluorochromes (6-FAM, VIC, NED
and PET) and used for PCR amplification. Each 25-μL
PCR contained approximately 20 ng of DNA, 10 pmol
of each primer and a PCR Master Mix (Reddy-Mix,
ABgene, Surrey, UK) that included 0.625 units of Taq
DNA polymerase, 75 mM Tris-HCl, 20 mM (NH4)2SO4,
0.01% Tween20, 2.5 mM MgCl2 and 0.2 mM of each
deoxynucleoside triphosphate (dNTP). Amplifications
were carried out using the following thermal cycling
conditions: 3 min denaturation at 94 °C; 30 cycles of
45 s denaturation at 94 °C, 45 s annealing at 56 °C
and 45 s elongation at 72 °C; followed by 5 min elongation at 72 °C. Detailed protocols are fully available
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Table 1. Location, sample size and genetic indices for populations of Ilex taxa considered in this study
Population

Island

N

G/N

A

NA

NE

HO

HE

%P

FIS

I. perado ssp. lopezlilloi
ENGO-L
La Gomera

5

0.60

2.14

15

0

0.600

0.486

100

−0.273ns

I. perado ssp. platyphylla
SUGO-P
La Gomera
PARC-P
La Gomera
APAT-P
La Gomera
MOQU-P
Tenerife
CAFO-P
Tenerife
CRTA-P
Tenerife
Overall

4
5
8
28
10
31
86

1.00
1.00
0.38
0.96
1.00
0.52

2.29
2.43
1.57
3.29
2.71
3.00
3.86

16
17
11
23
19
21
27

0
0
0
1
0
1
7

0.393
0.429
0.515
0.457
0.486
0.493
0.475

0.418
0.391
0.302
0.493
0.534
0.531
0.575

100
85.7
57.1
100.0
100.0
100.0
100.0

0.070ns
−0.111ns
−0.807ns
0.071ns
0.088ns
0.073ns

I. perado ssp. azorica
TROQ-A
São Miguel
LAFO-A
São Miguel
Overall

10
10
20

0.90
1.00

2.71
2.71
3.57

19
19
25

4
4
13

0.171
0.214
0.193

0.249
0.278
0.263

57.1
71.4
71.4

0.323†
0.239†

7
11
31
23
24
26
122
233

1.00
1.00
1.00
1.00
1.00
1.00

2.57
3.43
3.57
3.86
3.43
3.29
6.29
10.14

18
24
25
27
24
23
44
71

3
0
1
2
3
3
27
47

0.561
0.570
0.667
0.596
0.667
0.410
0.578
0.482

0.493
0.607
0.541
0.492
0.525
0.406
0.534
0.734

85.7
85.7
85.7
85.7
100.0
85.7
100.0
100.0

−0.240ns
0.070*
−0.210†
−0.221ns
−0.283ns
−0.043‡
−0.240ns

I. canariensis
VAHE-C
LOJA-C
MOQU-C
CALD-C
TILO-C
TAMA-C
Overall
Total

La Gomera
Tenerife
Tenerife
Tenerife
La Palma
Gran Canaria

*P < 0.05; †P < 0.01; ‡P < 0.001.
N, number of sampled individuals; G/N, clonal diversity; A, average number of alleles per locus; NA, total number of
alleles; NE, number of private alleles; HO, observed heterozygosity; HE, unbiased expected heterozygosity; %P, percentage
of polymorphic loci; FIS, inbreeding coefficient. ns, non-significant.

from the Bank of Molecular Markers of the Macaronesian Flora webpage (http://www.banmac.ulpgc.es).
PCR products were detected using an ABI 3130XL
Genetic Analyser 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 assigned a genotype manually to each individual, considering its diploid nature
(Selbach-Schnadelbach et al., 2009).

DATA ANALYSIS
Data from allele scoring were entered into TRANSFORMER 4 software (Caujapé-Castells et al., 2011),
which generates data formatting for other programs.
Standard measures of genetic diversity at the population level were calculated using POPGENE 1.32 (Yeh
et al., 1997) and included: proportion of polymorphic
loci (P), mean number of alleles per locus (A),
observed heterozygosity (HO) and unbiased sampled
heterozygosity (HE; Levene, 1949). Clonal diversity
was calculated as G/N, where G is the number of

different multilocus genotypes and N is the number of
sampled individuals in the population. To investigate
potential deviations from Hardy–Weinberg equilibrium, exact tests were performed in GENEPOP V4
(Rousset, 2008). Tests were run for each pair of loci
and for each population. For all tests, a sequential
Bonferroni correction for multiple comparisons was
applied (Rice, 1989).
In order to analyse the levels of genetic differentiation among Ilex populations, pairwise FST estimates
between populations (Wright, 1951) were calculated
using GENEPOP V4 (Rousset, 2008). In addition, a
minimum spanning tree (MST) was generated following Gower & Ross (1969). To investigate the spatial
representation of the samples, the resulting tree was
superimposed on a plot obtained from a principal
coordinate analysis (PCoA) using NTSYSpc (Rohlf,
2000).
Following our hierarchical sampling design (taxa/
island, populations), allele frequency data were analysed using a nested analysis of molecular variance
(AMOVA; Excoffier, Smouse & Quattro, 1992). Differ-
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ent hierarchical levels were considered, depending on
the subset of data analysed, including ‘among taxa/
islands’, ‘among populations within taxon/islands’ and
‘within populations’. The software GENALEX version
6.4 (Peakall & Smouse, 2006) was used to run each
AMOVA.
Population structure was also inferred using the
Bayesian clustering procedure implemented in
STRUCTURE 2.2 (Falush, Stephens & Pritchard, 2007)
to identify the K (unknown) genetic clusters of origin
of the sampled individuals and to assign individuals
to the inferred clusters. The most likely value of K
was assessed by comparing the likelihood of the data
for different values of K. Populations and individuals
were assigned to one cluster if their proportion of
membership (qi) to that cluster was ≥ 0.05. We
assumed an admixture model and independent allele
frequencies. A number of independent runs for each
value of K (1–10) were performed.

RESULTS
GENETIC

DIVERSITY ESTIMATES

The amplification of seven polymorphic microsatellites
in four Ilex taxa revealed 71 alleles. The number of
alleles per locus ranged from six (locus ILE03-86b) to
14 (locus ILE04-06) (Supporting Information,
Table S1). The average number of alleles (A) ranged
from 1.57 to 3.86 and the expected heterozygosity (HE)
varied from 0.249 to 0.607 across populations (Table 1).
Multilocus genotypes congruent with clonality were
only found in some I. perado populations. The lowest
clonal diversity at the population level was found in
platyphylla (APAT-P), which resulted in a small
number of alleles (A) and percentage of polymorphic
loci (P) (Table 1). Ilex canariensis showed the highest
levels of genetic variability (A = 6.29; HE = 0.534),
whereas azorica displayed the lowest (A = 3.57;
HE = 0.263). Exact tests suggested that most of the
analysed populations, with the exception of those of
azorica, were at Hardy–Weinberg equilibrium. Thus,
83% (67 of 81 possible tests) of comparisons were not
significantly different from Hardy–Weinberg expectations after Bonferroni corrections (Supporting Information, Table S2). Populations showing substantial
levels of clonality generally show negative FIS values,
as a consequence of fixed heterozygosity among clonal
plants (results not shown).

ALLELIC

FREQUENCIES AND GENETIC
DIFFERENTIATION

Of the 71 alleles detected, none was shared by all
populations. At a taxon level, no taxon-diagnostic
alleles were found. However, two alleles with a high
frequency were present exclusively in azorica. Also,

four privative alleles were detected in I. canariensis.
No exclusive alleles were detected for lopezlilloi
(Table 1).
Pairwise FST estimates ranged from virtually zero
(between populations of azorica) to 0.668 (between
populations of azorica and platyphylla) (Table 2). The
most remarkable result was that the average FST
value among platyphylla populations (sampled across
two islands) was 0.252, whereas the same average
value for I. canariensis (sampled across four islands)
was substantially smaller, equalling 0.095 (Table 2).
The minimum genetic differentiation between taxa
was found between lopezlilloi and platyphylla
(average FST = 0.108).
The first two axes of the PCoA accounted for a
relatively high proportion of the total variance (45%)
(Fig. 2) and revealed three clearly differentiated clusters. The first cluster was constituted by all populations of I. canariensis, regardless of their island of
origin. The second was formed by the two azorica
populations and the third grouped platyphylla and
lopezlilloi populations together. Two subgroups were
also evident in the third cluster, in which samples
from different islands were differentiated (Fig. 2). The
MST superimposed on the PCoA showed that azorica
was intermediate between I. canariensis and I.
perado ssp. platyphylla/lopezlilloi.
Similar results were obtained when applying
Bayesian analysis. Using the total dataset (233 individuals, seven microsatellite loci, 15 populations) and
testing values of K from 1 to10, the probability of the
data reached its maximum when K = 4 (Supporting
Information, Fig. S1), which suggests that the total
sample can be split into four distinct genetic clusters.
The first group included individuals of I. canariensis.
All azorica individuals were assigned to cluster II.
The third inferred cluster included those individuals
of lopezlilloi and platyphylla sampled on the island of
La Gomera. Finally, the last group was formed by
platyphylla individuals from the island of Tenerife.
Populations of lopezlilloi and platyphylla from the
island of La Gomera were not separated into different
clusters, regardless of the number of K considered in
the analysis.
The hierarchical analysis of variance (AMOVA)
revealed that a high percentage of genetic variation
detected in Macaronesian Ilex was contained between
taxa (36.38%) (Table 3). Within the I. perado complex,
AMOVA revealed that 28.38% of the variation was
accounted for at the ‘among subspecies’ level.
However, this analysis did not detect significant differentiation (1.07%) between lopezlilloi and platyphylla. In contrast, when we considered the
geographical origin of the populations, significant
genetic variation between Tenerife and La Gomera
was detected (23.02%) (Table 3).
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0.046*
0.062‡
0.405‡
0.404‡
0.451‡
0.424‡
0.436‡
0.464‡
0.457‡
0.491‡

0.056†
0.465‡
0.453‡
0.435‡
0.371‡
0.395‡
0.426‡
0.432‡
0.502‡

0.380‡
0.380‡
0.431‡
0.395‡
0.420‡
0.442‡
0.432‡
0.469‡

0.000ns
0.662‡
0.586‡
0.585‡
0.621‡
0.606‡
0.652‡

0.638‡
0.556‡
0.569‡
0.606‡
0.590‡
0.638‡

0.049†
0.046‡
0.159‡
0.042‡
0.155‡

0.024ns
0.078†
0.093‡
0.196‡

0.036†
0.043†
0.155‡

0.113‡
0.126‡

ILEX

0.391‡
0.387‡
0.305‡
0.668‡
0.652‡
0.622‡
0.561‡
0.547‡
0.575‡
0.558‡
0.613‡
*P < 0.05; †P < 0.01; ‡P < 0.001.
ns, non-significant.

0.020ns
0.276†
0.330‡
0.275‡
0.205‡
0.634‡
0.616‡
0.532‡
0.444‡
0.479‡
0.515‡
0.488‡
0.566‡
0.037ns
0.088ns
0.203*
0.258‡
0.223‡
0.184‡
0.571‡
0.558‡
0.510‡
0.440‡
0.450‡
0.484‡
0.467‡
0.552‡
SUGO-P
PARC-P
APAT-P
MOQU-P
CAFO-P
CRTA-P
TROQ-A
LAFO-A
VAHE-C
LOFA-C
MOQU-C
CALD-C
TILO-C
TAMA-C
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0.363‡
0.365‡
0.336‡
0.248‡
0.649‡
0.634‡
0.558‡
0.478‡
0.495‡
0.529‡
0.501‡
0.578‡

LOFA-C
VAHE-C
LAFO-A
TROQ-A
CRTA-P
CAFO-P
MOQU-P
APAT-P
PARC-P
SUGO-P
ENGO-L

Table 2. Pairwise FST values between Ilex populations sampled in this study. Population codes are detailed in Table 1

MOQU-C

CALD-C

TILO-C

GENETIC DIFFERENTIATION AMONG ILEX TAXA

MACARONESIAN

TAXA

The analysis of seven nuclear microsatellite loci
revealed moderate levels of genetic variation in Macaronesian Ilex taxa (Table 1; see Nybom, 2004 for
typical values in narrow endemics). Genetic diversity
estimates obtained in this study are slightly lower
than those reported for other Macaronesian diploid
taxa showing potential for long-distance dispersal
(Table 4). The most remarkable exception to this
pattern was I. perado ssp. azorica, for which the
expected heterozygosity values were the lowest
reported in the literature for the Macaronesian
species analysed with nuclear microsatellite markers
to date (Table 4, cf. López de Heredia et al., 2010;
Sosa et al., 2010b). Levels of genetic diversity should
be interpreted in the context of the interactions
among factors related to population dynamics
(Hamrick & Godt, 1989; Nybom, 2004). As these
species are long-lived and strictly outcrossing (dioecious), one could expect populations to display high
levels of variation at microsatellite markers (e.g.
Nybom, 2004). Low variation within Azorean island
populations, however, could be explained by a small
number of island colonizers (founder effect) and subsequent genetic drift (Frankham, 1997). The heterozygote deficiency observed in these populations
(Table 1, Table S2) supports the idea of intense
inbreeding, probably as a result of small population
sizes. Thus, low levels of differentiation between
populations in I. perado ssp. azorica suggest extensive gene flow within islands, but our results on
genetic diversity levels also seem to indicate that
dispersal across oceanic barriers could have been a
much rarer process. A comprehensive sampling of the
area occupied by this taxon, comprising all but one of
the Azores (Silva et al., 2010), would be needed to
better characterize the patterns of differentiation in
the archipelago.
Similar levels of genetic diversity between the narrowly distributed I. perado ssp. lopezlilloi and the
more widespread I. perado ssp. platyphylla are also
unexpected. Considering its small population size,
one would expect the lopezlilloi population to exhibit
low levels of genetic diversity. Our results suggest
that this critically endangered taxon experienced a
relatively recent reduction in the number of wild
individuals, which may explain the moderate levels of
genetic variation despite low effective population
sizes (Aguilar et al., 2008). A complementary explanation, however, is that both Canarian subspecies
constitute a single genetic pool, and active gene flow
from platyphylla to lopezlilloi would therefore account
for the levels of genetic diversity detected, as well as
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Figure 2. Graphical representation of principal coordinate analysis results and minimum spanning tree based on
microsatellite data for populations of Ilex canariensis (△), I. perado ssp. azorica (☆), I. perado ssp. platyphylla (○) and
I. perado ssp. lopezlilloi (•).

Table 3. Analysis of molecular variance (AMOVA) results at three hierarchical levels for different combinations of Ilex
taxa or islands
Source of variation

d.f.

Sum of squares

Percentage of variation

Fixation indices

Among Ilex taxa
Among populations within Ilex taxa
Within populations
Among I. perado ssp.
Among populations within I. perado ssp.
Within populations
Between lopezlilloi and platyphylla
Among populations within ssp.
Within populations
Between Tenerife and La Gomera
Among populations within islands
Within populations

3
11
451
2
6
213
1
5
175
1
4
166

346.4
114.9
802.3
78.3
60.6
339.8
7.0
59.7
304.7
36.0
23.7
289.4

36.4
8.2
55.4
28.4
12.6
59.0
1.1
18.4
80.5
23.0
6.2
70.8

0.364*
0.129*
0.284*
0.177*
0.011ns
0.186*
0.230*
0.081*

*P < 0.001.
d.f., degrees of freedom; ns, non-significant.
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Table 4. Genetic variation indices obtained from microsatellite analyses of bird-dispersed Macaronesian taxa
Taxon

NL

A

Ho

HE

Reference

Ilex canariensis
Ilex perado ssp.azorica
Ilex perado ssp. platyphylla
Ilex perado ssp. lopezlilloi
Morella faya Aiton
Morella rivas-martinezii A.Santos
Olea europea ssp. guanchica P.Vargas et al.
Phoenix canariensis Hort. ex Chabaud
Sambucus palmensis Link
Sorbus aria (L.) Crantz

7
7
7
7
6
6
6
8
5
9

6.29
3.57
3.00
2.14
9.30
6.50
9.44
11.00
6.80
4.22

0.58
0.19
0.49
0.60
0.57
0.49
0.63
0.51
0.55
0.99

0.53
0.26
0.53
0.48
0.67
0.56
0.63
0.60
0.50
0.68

This work
This work
This work
This work
González-Pérez et al. (2009a)
González-Pérez et al. (2009a)
García-Verdugo et al. (2010a)
Saro et al. (unpubl. data)
Sosa et al. (2010a)
Sosa et al. (2010b)

NL, number of loci; A, average number of alleles; HO, observed heterozygosity; HE, expected heterozygosity.

the low genetic differentiation observed among populations of both taxa (Table 3).

PATTERNS

OF DIFFERENTIATION AND TAXONOMY IN

MACARONESIAN ILEX
Our analyses revealed contrasting patterns of population differentiation between the two currently recognized Ilex spp. Ilex canariensis showed a pattern
typically described in other bird-dispersed Macaronesian species, i.e. moderate to high levels of genetic
diversity and weak population structure across
islands (García-Verdugo et al., 2010b; Ferreira et al.,
2011; Rumeu et al., 2011). On the contrary, our analyses detected high levels of differentiation among
islands within the I. perado complex (Tables 2 and 3),
whereas levels of genetic variation ranged from low
(I. perado ssp. azorica) to moderate (I. perado ssp.
platyphylla and I. perado ssp. lopezlilloi; Table 4).
Life-history traits, such as longevity or pollination/
seed dispersal syndromes, do not account for the
contrasting patterns of differentiation detected in this
study, as these features are common to both lineages.
Evidence for clonal propagation, however, was only
found in I. perado populations, which limits the levels
of genetic diversity within populations (Table 1), and
may represent an efficient strategy for population
establishment in this taxon (García-Verdugo et al.,
2013). In addition, phylogenetic studies have shown
that these two lineages are not closely related within
the genus, which has been interpreted as evidence for
independent colonization events (e.g. Cuénoud et al.,
2000; Manen et al., 2010). Species-specific traits
related to habitat colonization, in addition to different
phylogeographical histories, may therefore explain
the patterns detected in this study. Substantial
genetic differentiation between both Ilex lineages ultimately supports current taxonomic classification and
the genetic consequences expected for two lineages

resulting from independent dispersal events to the
islands (e.g. Selbach-Schnadelbach et al., 2009).
Following current taxonomic classification, one
unexpected result, however, concerns the high degree
of differentiation detected between I. perado ssp.
azorica and the two Canarian I. perado subspecies
(Tables 2 and 3). The occurrence of similar taxa in
different Macaronesian archipelagos is often associated with low phenotypic differentiation (Brochmann
et al., 1995; García-Verdugo et al., 2010a). Based on
morphological grounds, similar island forms of the
same genus occurring on different archipelagos have
been frequently classified by taxonomists as geographical races (subspecies) instead of different
species. However, some studies have shown that morphological similarity between taxa could merely
reflect the response to similar environments, as phenotypic similarity between island subspecies is often
associated with strong molecular differentiation
(Sahuquillo & Lumaret, 1999; García-Verdugo et al.,
2010a). In addition, a growing number of examples
suggest that Macaronesian taxa with vicariant
Canarian–Azorean distributions, such as Hedera L.
(Valcárcel, Fiz & Vargas, 2003), Picconia DC.
(Ferreira et al., 2011), Juniperus L. (Rumeu et al.,
2011) or Prunus (García-Verdugo et al., 2013), are the
result of independent dispersal events to each archipelago from mainland ancestors. High genetic differentiation between I. perado ssp. azorica and the
Canarian I. perado complex is in agreement with a
third independent event of colonization of Ilex to the
Macaronesia (Azores). Although the MST tree (Fig. 2),
the high number of private alleles (Table 1) and the
Bayesian analysis support this hypothesis, further
phylogenetic analyses would be needed to test this
possibility, as alternative explanations (e.g. ancient
dispersal of Azorean ancestors from the Canaries,
followed by strong geographical isolation) cannot be
ruled out with our current results. In any case, such
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a high degree of differentiation supports the idea of
strong isolation between Azorean and Canarian populations, which warrants taxonomic revision of the
I. perado complex.
Lastly, the low genetic differentiation detected
among the two Canarian subspecies of I. perado is in
agreement with the results obtained by Werner, Ros &
Fernández (2007). These authors did not find evidence
of clear differentiation between both subspecies using
internal transcribed spacer (ITS) sequences and inter
simple sequence repeat (ISSR) markers. In contrast,
Jaén-Molina et al. (2010) found differences between
these two taxa using rbcL and matK sequences.
Although the scope of these latter results remains to be
determined, it is feasible that the differences detected
by these authors could be caused by the fact that the
specimens used in their analyses were sampled on
different islands, and therefore genetic variability
could be a result of differences between islands.
However, our results and those of Werner et al.(2007)
were based on nuclear markers, whereas those of
Jaén-Molina et al. (2010) were based on plastid data.
Discrepancies between our results and those reported
by Jaén-Molina et al. (2010) may be a result of the
complex evolutionary history of the genus, in which
introgression and hybridization seem to have produced
intricate patterns of differentiation in each genome, as
discussed elsewhere (Selbach-Schnadelbach et al.,
2009; Manen et al., 2010).
In summary, our results show contrasting patterns
of differentiation among Ilex taxa and provide evidence for further taxonomic revision and formulation
of hypotheses on the number of introductions of Ilex
into Macaronesia. To clarify the phylogeographical
patterns in Macaronesian Ilex further, future studies
should include some specimens of I. perado ssp.
perado from Madeira and a more complete representation of I. perado ssp. azorica using a phylogenetic
approach. This study shows that the potential for
efficient seed dispersal, as exemplified by recurrent
events of dispersal of Ilex to the islands, is not necessarily repeated within archipelagos. Gene flow limitations would potentially arise, despite such potential
to overcome the geographical isolation imposed by
oceanic barriers, triggering diversification processes
within certain lineages.

ACKNOWLEDGEMENTS
This project was funded by the Organismo Autónomo
de Parques Nacionales (N° Ref. 2/2005). We thank Dr
T. Torimaru (Nagoya University, Japan) for his kind
collaboration providing us with the sequences of
markers that were not published. We also thank J.
Caujapé-Castells and R. Jaén Molina from the DNA
bank of ‘Viera y Clavijo’ Botanical Garden for donating

material of Ilex canariensis. Special recognition is due
to A. Fernández and S. Chinea (Parque Nacional
Garajonay), M. Marrero and E. Carqué (Parque
Nacional Teide), M. Moura, L. Silva and M. J. Pereira
(Universidade do Açores) and J. Ojeda for their assistance in collecting samples. The authors wish to thank
C. García-Verdugo for his invaluable observations.

REFERENCES
Aguilar R, Quesada M, Ashworth L, Herrerias-Diego Y,
Lobo J. 2008. Genetic consequences of habitat fragmentation in plant populations: susceptible signals in plant traits
and methodological approaches. Molecular Ecology 17:
5177–5188.
Arechavaleta M, Rodríguez S, Zurita N, García A. 2010.
Lista de especies silvestres de Canarias. Hongos, plantas y
animales terrestres. Santa Cruz de Tenerife: Gobierno de
Canarias.
Arévalo JR, Delgado JD, Fernández-Palacios JM. 2007.
Variation in fleshy fruit fall composition in an island laurel
forest of the Canary Islands. Acta Oecologica 32: 152–160.
Bañares A, Blanca G, Güemes J, Moreno JC, Ortiz S.
2004. Atlas y libro rojo de la flora vascular amenazada de
España. Madrid: Dirección General de Conservación de la
Naturaleza.
BOC. 2010. Catálogo Canario de especies protegidas. Boletín
Oficial Canarias 112: 15200–15225.
Brochmann C, Lobin W, Sunding P, Stabbetorp O. 1995.
Parallel ecoclinal evolution and taxonomy of Frankenia
(Frankeniaceae) in the Cape Verde Islands, W Africa.
Nordic Journal of Botany 15: 603–623.
Caujapé-Castells J, Castellano JJ, Henríquez V, Ramos
R, Sabbagh I, Quintana-Trujillo FM, Rodríguez JF.
2011. Transformer-4: a genotype matrix format translator.
Jardín Botánico Canario ‘Viera y Clavijo’-Unidad Asociada
CSIC, Instituto Tecnológico de Canarias, Jablesoft & Inventiaplus, Las Palmas de Gran Canaria, Spain. Available at:
http://www.demiurge-project.org/download_t4 (accessed 10
April 2012).
Cuénoud P, Del Pero Martinez MA, Loizeau PA,
Spichiger R, Andrews S, Manen JF. 2000. Molecular
phylogenetics and biogeography of the genus Ilex L. (Aquifoliacaea). Annals of Botany 85: 111–122.
Dellaporta S, Wood L, Hicks JB. 1983. A plant DNA
minipreparation, version II. Plant Molecular Biology
Reporter 14: 19–21.
Doyle JJ, Doyle JL. 1987. A rapid DNA isolation procedure
for small quantities of fresh leaf tissue. Phytochemical Bulletin, Botanical Society of America 19: 11–15.
Evanno G, Regnaut S, Goudet J. 2005. Detecting the
number of clusters of individuals using the software structure: a simulation study. Molecular Ecology 7: 2611–2620.
Excoffier L, Smouse PE, Quattro JM. 1992. Analysis of
molecular variance inferred from metric distances among
DNA haplotypes: application to human mitochondrial DNA
restriction data. Genetics 131: 479–491.

© 2013 The Linnean Society of London, Botanical Journal of the Linnean Society, 2013, 173, 258–268

GENETIC DIFFERENTIATION AMONG ILEX TAXA
Falush D, Stephens M, Pritchard JK. 2007. Inference of
population structure using multilocus genotype data, dominant markers and null allele. Molecular Ecology Notes 7:
574–578.
Ferreira RC, Piredda R, Bagnoli F, Bellarosa R,
Attimonelli M, Fineschi S, Schirone B, Simeone MC.
2011. Phylogeography and conservation perspectives of an
endangered Macaronesian endemic: Picconia azorica (Tutin)
Knobl. (Oleaceae). European Journal of Forest Research
130: 181–195.
Frankham R. 1997. Do island populations have lower genetic
variation than mainland populations? Heredity 78: 311–
327.
Frankham R, Ballou JD, Briscoe DA. 2002. Introduction to
conservation genetics. Cambridge: Cambridge University
Press.
García-Verdugo C, Calleja JA, Vargas P, Silva L,
Moreira O, Pulido F. 2013. Polyploidy and microsatellite
variation in the relict tree Prunus lusitanica L.: how effective are refugia in preserving genotypic diversity of clonal
taxa? Molecular Ecology 22: 1546–1557.
García-Verdugo C, Forrest AD, Balaguer L, Fay MF,
Vargas P. 2010a. Parallel evolution of insular Olea europaea subspecies based on geographical structuring of plastid
DNA variation and phenotypic similarity in leaf traits.
Botanical Journal of the Linnean Society 162: 54–66.
García-Verdugo C, Forrest AD, Fay MF, Vargas P. 2010b.
The relevance of gene flow in metapopulation dynamics of
an oceanic island endemic, Olea europaea subsp. guanchica.
Evolution 64: 3525–3536.
González-Pérez MA, Lledó MD, Lexer C, Fay M, Marrero
M, Bañares A, Carqué E, Sosa PA. 2009b. Genetic diversity and differentiation in natural and reintroduced populations of Bencomia exstipulata and comparisons with
B. caudata (Rosaceae) in the Canary Islands: an analysis
using microsatellites. Botanical Journal of the Linnean
Society 160: 429–441.
González-Pérez
MA,
Sosa
PA,
Rivero
E,
González-González EA, Naranjo A. 2009a. Molecular
markers reveal no genetic differentiation between M. rivasmartinezii and M. faya (Myricaceae). Annals of Botany 103:
79–86.
Gower JC, Ross GJS. 1969. Minimum spanning trees and
single linkage cluster analysis. Applied Statistics 18: 5–64.
Hamrick JL, Godt MJW. 1989. Allozyme diversity in plant
species. In: Brown HD, Clegg MT, Kahler AL, Weir BS, eds.
Plant population genetics. Breeding and germplasm
resources. Sunderland, MA: Sinauer Associates, 43–63.
IUCN. 2010. IUCN red list of threatened species. World Conservation Union, Gland, Switzerland. Available at: http://
www.iucnredlist.org (accessed 10 March 2011).
Jaén-Molina R, Marrero A, Reyes JA, Naranjo J, Santos
A, Caujapé-Castells J. 2010. La flora endémica del Parque
Nacional Garajonay bajo la perspectiva molecular. Las
secuencias de ADN como herramienta en la identificación
taxonómica. In: Ramírez L, Asensio B, eds. Proyectos de
investigación en Parques Nacionales 2006–2009. Madrid:
Organismo Autónomo de Parques Nacionales, 249–273.

267

Kunkel G. 1977. The Ilex complex in the Canary Islands and
Madeira. Cuaderno de Botánica Canaria 28: 17–19.
Levene H. 1949. On a matching problem in genetics. Annals
of Mathematical Statistics 20: 91–94.
Loizeau PA, Barriera G, Manen JF, Broennimann O.
2005. Towards an understanding of the distribution of Ilex
L. (Aquifoliaceae) on a world-wide scale. Biologiske Skrifter
55: 501–520.
López de Heredia U, Venturas M, López AR, Gil L. 2010.
High biogeographical and evolutionary value of Canary
Island pine populations out of the elevational pine belt: the
case of a relict coastal population. Journal of Biogeography
37: 2371–2383.
Mabberley DJ. 1993. The plant-book. A portable dictionary
of the higher plants. Cambridge: Cambridge University
Press.
Manen JF, Barriera G, Loizeau PA, Naciri Y. 2010. The
history or extant Ilex species (Aquifoliaceae), evidence of
hybridization within a Miocene radiation. Molecular Phylogenetics and Evolution 57: 961–977.
Manen JF, Boulter MC, Naciri-Graven Y. 2002. The
complex history of the genus Ilex L. (Aquifoliaceae), evidence from the comparison of plasmid and nuclear DNA
sequences and from fossil data. Plant Systematics and Evolution 235: 79–98.
Moreno JC, Bañares Á, Blanca G, Güemes J, Ortiz S.
2008. Lista roja 2008 de la flora vascular española. Madrid:
Dirección General de Medio Natural y Política Forestal.
Nybom H. 2004. Comparison of different nuclear DNA
markers for estimating intraspecific genetic diversity in
plants. Molecular Ecology 13: 1143–1155.
Peakall R, Smouse PE. 2006. GENALEX 6.4, Genetic analysis in excel. Population genetic software for teaching and
research. Molecular Ecology Notes 6: 288–295.
Rice WR. 1989. Analyzing tables of statistical tests. Evolution 43: 223–225.
Rohlf FJ. 2000. NTSYS-pc. Numerical taxonomy and multivariate analysis system. Version 1.70. New York: Exeter
Software, Applied Biostatistic Inc.
Rousset F. 2008. GENEPOP’007, a complete reimplementation of the GENEPOP software for Windows and
Linux. Molecular Ecology Resources 8: 103–106.
Rumeu B, Caujapé-Castells J, Blanco-Pastor JL,
Jaén-Molina R, Nogales M, Elias RB, Vargas P. 2011.
The colonization history of Juniperus brevifolia (Cupressaceae) in the Azores Islands. PLoS ONE 6: e27697.
Sahuquillo E, Lumaret R. 1999. Chloroplast DNA variation
in Dactylis glomerata L. taxa endemic to the Macaronesian
islands. Molecular Ecology 8: 1797–1803.
Selbach-Schnadelbach A, Smith Cavalli S, Manen JF,
Cohelo GC, Texeira de Souza-Chies T. 2009. New information for Ilex phylogenetics based on the plastid psbAtrnH intergenic spacer (Aquifoliaceae). Botanical Journal of
the Linnean Society 159: 182–193.
Silva L, Moura M, Schaefer H, Rumsey F, Dias EF. 2010.
List of vascular plants (Tracheobionta). In: Borges PAV,
Costa A, Cunha R, Gabriel R, Gonçalves V, Martins AF,
Melo I, Parente M, Raposeiro P, Rodrigues P, Santos S,

© 2013 The Linnean Society of London, Botanical Journal of the Linnean Society, 2013, 173, 258–268

268

P. A. SOSA ET AL.

Silva L, Vieira P, Vieira V, eds. A list of the terrestrial and
marine biota from the Azores. Cascais: Princípia, 117–146.
Sosa PA. 2001. Genes, poblaciones y especies. In:
Martín-Esquivel J, Fernández-Palacios JM, eds. Naturaleza
de Canarias. Santa Cruz de Tenerife: Publicaciones Turquesa SL, 151–155.
Sosa PA, González-Pérez MA, González-González EA,
Rivero E, Naranjo A, Oostermeijer G, Pestano J,
Van Hengstum T. 2010b. Biología de la conservación de
endemismos vegetales de los Parques Nacionales Canarios:
caracterización genética y demográfica. In: Ramírez L,
Asensio B, eds. Proyectos de investigación en Parques
Nacionales 2006–2009. Madrid: Organismo Autónomo de
Parques Nacionales, 225–248.
Sosa PA, González-Pérez MA, Moreno C, Clarke JB.
2010a. Conservation genetics of the endangered endemic
Sambucus palmensis Link (Sambucaceae) from the Canary
Islands. Conservation Genetics 11: 2357–2368.

Torimaru T, Tani N, Tsumura Y, Hiraoka K, Tomaru N.
2004. Development and polymorphism of simple sequence
repeat DNA markers for the evergreen shrub Ilex leucoclada
M. Molecular Ecology Notes 4: 531–533.
Valcárcel V, Fiz O, Vargas P. 2003. Chloroplast and nuclear
evidence for multiple origins of polyploids and diploids of
Hedera (Araliaceae) in the Mediterranean Basin. Molecular
Phylogenetics and Evolution 27: 1–20.
Werner O, Ros RM, Fernández A. 2007. Caracterización
genética de poblaciones de varias especies amenazadas en el
Parque Nacional Garajonay. Puerto de La Cruz: III Congreso de Biología de la Conservación de Plantas.
Wright S. 1951. The genetical structure of populations.
Annals of Eugenics 15: 323–354.
Yeh FC, Yang RC, Boyle T, Ye ZH, Mao JX. 1997.
POPGENE, the user-friendly shareware for population
genetic analysis. Edmonton, AB: Molecular Biology and Biotechnology Centre, University of Alberta.

SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article at the publisher’s web-site:
Figure S1. (a) Posterior probability of the data (PPD) against the maximum number of clusters (K) considered;
(b) increase in PPD given K (Evanno et al., 2005).
Table S1. Genetic variability indices by locus analysed.
Table S2. FIS estimates for each locus and population analysed for the study of Ilex taxa. Population codes are
the same as those detailed in Table 1.

© 2013 The Linnean Society of London, Botanical Journal of the Linnean Society, 2013, 173, 258–268

