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This paper examines the phylogeny of Erodium subsect. Petraea, a group of six morphologically and genet-
ically very similar species from the mountains of the western Mediterranean. Combined trnL–F-ITS anal-
ysis was unable to determine the phylogenetic relationships of these species owing to sequence
similarity. AFLP fragment analysis showed different populations to cluster in six closely related phylo-
groups that partially coincided with morphological species. In the Iberian Peninsula, high temperatures
during interstadial periods probably impeded the survival of these species at low altitudes, and their pop-
ulations may have been forced to migrate northward within Iberia or remain isolated on high mountains.
AFLP variation suggests that this might have led to their differentiation into groups and speciation during
interglacials, but it probably also provided the basis for recurrent recolonisations and the mixing of
neighbouring populations at the last glacial maxima. The genetic diversity of the two Erodium lineages
suggests two migration episodes took place from southern Iberia towards the north, with one lineage
migrating via western Iberia and the other via eastern Iberia. The patterns of genetic diversity observed
in populations of 56 European species (27 genera) leads to the hypothesis that disparate proportions of
unique polymorphic fragments are the result of the evolutionary histories of their mountain populations
irrespective of the currently recognised species.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction In the mountains of Europe, temperature fluctuations limited
The flora of the Mediterranean mountains offers many exam-
ples of closely related species or subspecies with disjunct popula-
tions that show limited gene flow due to geographic barriers or
genetic drift (Thompson, 1999; Kropf et al., 2006). Geography ap-
pears to play an important role in isolation by distance, particularly
for Mediterranean plants. Reductions in gene flow may lead to the
appearance of new species or subspecies, with isolation in glacial
refugia as a major promoter of such diversification (Stuessy,
1990; Hewitt, 1999; Pauli et al., 2003). The disjunct distributions
of montane plant taxa presumably originated through the frag-
mentation of their earlier range by past glaciations and intersta-
dials. Indeed, the phylogeography and palynological records of
these plants have revealed the important effect of Quaternary gla-
ciations on their present distributions (Lang, 1994; Hewitt, 2000;
Thompson, 2005).
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differentiation during the glacial maxima through the meeting of
different montane populations in more lowland areas. The result-
ing mixed populations would have given rise to the recolonisation
of more mountainous areas during interstadial periods, leading to a
process of reisolation (Zink and Slowinski, 1995; Hewitt, 1999;
Frankham and Ralls, 1998; Gilpin and Soulé, 1986; Young et al.,
1996). The opportunities for the geographic isolation of mountain
plants during interglacial cycles, however, were less common since
they were shorter than the glacial periods (Webb and Bartlein,
1992; Comes and Kadereit, 1998). The effects of such climatic fluc-
tuations vary considerably depending on the ecology and distribu-
tion of the species in question. Mediterranean mountain species in
general show a more complex migrational history than those of Al-
pine areas, a consequence of the region’s more varied topography
(Hewitt, 2000; Gómez and Lunt, 2007; Nieto-Feliner, 2011). In
addition, many southern Iberian species preserve high degrees of
genetic diversity compared to their conspecifics from more north-
erly, higher and more extensive mountain ranges (Kropf et al.,
2006; Peredo et al., 2009).

The genus Erodium (Geraniaceae) includes 74 species and is dis-
tributed on all continents, excluding Antarctica (Fiz et al., 2006). A
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major centre of diversity is observed in the Mediterranean Basin
(62 species). In the western Mediterranean, most species belong
to the large subgenus Barbata, with c. 42 species in this area (30
perennials and 12 annuals, Fiz et al., 2006). The core of E. subgenus
Barbata is formed by two well supported clades: one containing the
sect. Cicutaria, and the other formed by the sects. Malacoidea, and
Absinthioidea subsect. Petraea (Alarcón et al., 2011 and Fig. 1).
The subsection Petraea is sister to the sect. Malacoidea Brumh
and it is well differentiated from all the remaining groups, with
which Petraea species do not hybridize (Guittonneau, 1972). The
six species of subsect. Petraea are disjunct between the Southern
Alps, Pyrenees, several Iberian mountain ranges, Rif and Atlas
mountains (Fiz et al., 2006; Fiz-Palacios et al., 2010). Two of them,
E. antariense and E. rodiei, are separated from the rest by large
geographic distances. Indeed, the distribution areas of three spe-
cies (E. lucidum, E. glandulosum and E. foetidum) partially overlap
in northeastern Iberia (Fig. 2).

The species included in the subsection Petraea (e.g. E. antariense,
E. rodiei, E. paularense, E. glandulosum, E. foetidum and E. lucidum),
are characterised by just a few differences in certain traits (i.e.
petal colour, shape of the petal spots, indumentum of the stamen
filaments, and shape of the leaf), suggestive of only recent
Fig. 1. Phylogram obtained by Bayesian analysis of the combined ITS-trnLF matrix for the
Petraea). Posterior probabilities are shown over the branches. The date for the root of Erod
names see Table S1. Species names are followed by accession numbers and geographic d
Australia, cmed: Central Mediterranean, eu: Europe, fra: France, ibe: Iberian Peninsula,
Africa, was: West Asia, wmed: West Mediterranean).
divergence (see López-Pujol et al., 2006; Fiz et al., 2006; Alarcón,
2008; Fiz-Palacios et al., 2010). The circumscription of species or
taxa within subsect. Petraea has long been controversial (Guitton-
neau, 1972, 1990). Moreover, Guittonneau (1972) proposed that
isolated populations of Erodium subsect. Petraea represented allo-
patric taxa (i.e., groups of closely related species with the same
chromosome number and with a pattern of disjunct distributions
[Thompson, 2005]). All are diploid (2n = 20; reviewed in Fiz et al.,
2006) and appear to have differentiated as a result of recent geo-
graphic influences.

The present work focuses on Erodium subsect. Petraea as an
amenable model in which to test the hypothesis of geographic dif-
ferentiation and speciation in the western Mediterranean during
recent ice ages. The phylogenetic relationships and the genetic
structure of this group were investigated in order to address: (i)
the degree to which geographical groups of populations and mor-
phological species of Erodium subsect. Petraea belong to genetically
distinct lineages, (ii) the effect of cyclical expansions and contrac-
tions across the Iberian plateaus and mountains on the genetic
structure of subsect. Petraea, and (iii) the genetic diversity of Erodi-
um and other mountain species distributed in European mountain
ranges.
core of Erodium subg. Barbata (sects. Cicutaria, Malacoidea and Absinthioidea subsect.
ium subsect. Petraea was taken from Fiz-Palacios et al. (2010). For species/accession
istributions (in brackets, acronyms are: as: Asia, atl: Atlantic coasts of Europe, aus:
med: Mediterranean, naf: North Africa, nam: North America, nwaf: Northwestern



Fig. 2. Geographic distribution, genetic clusters inferred from Bayesian clustering of the AFLP data, the number of private fragments for each group/species and the number of
shared private fragments for pairs of groups/species. The species/group is indicated by a colour square, the same which presents the distribution area. The square includes (1)
the assignment of individual species/groups to the eight clusters detected in STRUCTURE and (2) an histogram where (i) the first bar on the left indicates the number of
private fragments for each group/species (number in red), and (ii) the following bars represent the number of private fragments shared between this species/group and any
other, represented by their colours (numbers in black). Acronyms are followed by a number that indicates population (see Table 1). Dotted lines in black indicate significant
BARRIER boundaries with their bootstrap value.
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2. Materials and methods

2.1. Taxonomic treatment

This work adheres to a partial taxonomic treatment of Erodium
published by Guittonneau (1990), with some changes in species
circumscription based on studies currently in progress (Fiz et al.,
2006; Alarcón, 2008). According to Guittonneau (1972, 1990), Ero-
dium sect. Absinthioidea subsect. Petraea includes 10 species, but
this number was reduced to six by Fiz et al. (2006), Alarcón
(2008), Fiz-Palacios et al. (2010), and Alarcón et al. (2011) based
on morphological and molecular differences. The subsection Pet-
raea includes six morphologically distinct species: E. antariense, E.
rodiei, E. paularense, E. glandulosum, E. foetidum and E. lucidum.

2.2. Plant material, DNA extraction and sequencing

Four populations of E. glandulosum, three of E. lucidum, one of E.
rodiei, one of E. antariense, two of E. paularense, and nine of E. foeti-
dum were sampled (Table 1, Fig. 2). For each population, leaves
from 9 to 15 plants some 7–15 m apart along a number of transects
were collected, numbered, dried and conserved in silica gel. Vou-
cher specimens of all sampled populations were deposited in the
herbarium of the Madrid Botanical Garden (MA) and the Instituto
Botánico de Barcelona (BC) (Tables 1 and S1 [S =Supplementary
material]).

DNA was extracted from field-collected and well preserved her-
barium samples (Tables 1 and S1) using the DNeasy Plant Mini Kit
(QIAGEN Laboratories). Some 20–25 mg silica dried leaves were
pounded using an MM200 Tissue Lysser automatic mixer mill
(Retsch) and genomic DNA extracted according to the kit manufac-
turer’s instructions. Forward and reverse DNA strands were
amplified by PCR. The PCR-Beads Kit (‘‘puRetaq Ready-To-Go’’,
Amersham Biosciences) was used to extract DNA from poorly-pre-
served herbarium specimens. All amplified products were purified
using PCR Clean-up Kit spin filter columns (MoBio Laboratories)
following the manufacturer’s instructions.

PCR amplifications were performed using an Eppendorf Master-
cycler Epgradient S (Westbury, NY). The complete ITS region was
amplified with primers ITS1 and ITS4 (White et al., 1990). The
PCR profile included 2 min at 94 �C; 30 cycles of 1 min denaturing
at 94 �C, 1 min annealing at 50 �C, and 2 min extension at 74 �C;
with final extension of 10 min at 72 �C. The trnL–F region was
amplified using external primers ‘‘c’’ and ‘‘f’’ (Taberlet et al.,
1991). The PCR profile consisted of 1 min at 95 �C; 30 cycles of
1 min denaturing at 94 �C, 1 min annealing at 55 �C, 2 min exten-
sion at 72 �C; and final extension of 10 min at 72 �C. PCR products
were cleaned using the ExoSAP-IT (USB corporation, OH, USA)
according to manufacturer’s instructions and sequenced with
ITS4 and ITS1 primers for ITS region, and with the trnL–F c and
trnL–F f primers for the trnL–F region. The products obtained were
analysed using an Applied Biosystem Prism Model 3700 automated
sequencer, and the resulting chromatograms were edited with Bio-
edit 7.0 (Hall, 1999).

2.3. Phylogenetic analyses

The phylogenetic relationships between the geographical
groups of populations and the morphological species of Erodium
subsect. Petraea were studied via a number of phylogenetic analy-
ses using ITS and trnL–F DNA regions and involving the accessions
listed in Table S1. Most sequences for species of sect. Cicutaria, and
sect. Malacoidea, and some of sect Absinthioidea subsect. Petraea
(Table S1) were taken from Fiz et al. (2006, 2008) and Fiz-Palacios



Table 1
Materials used for each population analysed, and the values obtained for polymorphism, private fragments and Hj, in the AFLP analysis.

Species Population Coordinates
N

Coordinates
W/E

Number of
specimens
sampled/
population

Number and percentage (in
brackets) of polymorphic
fragments over a total number
of 1499 fragments

Number of private
fragments
(percentage in
brackets)

Number of
fixed private
fragments

Hj (se)

E. rodiei rod France, Col de la Faye, S. Vallier, 1100 m, Molero &
Meseguer s.n.

43�4203900N 6�5000800E 10 595 (39.7) 6 (1.008) 1 0.136
(0.0047)

E. lucidum luc1 Spain, Boumort, Lérida, Molero s.n. 42�1400600N 1�0800500E 9 591 (39.4) 6 (1.015) 0 0.132
(0.0045)

luc2 Spain, Montserrat, Barcelona, 1230 m Molero s.n. 41�3501900N 1�4905800E 9 586 (39.1) 6 (1.024) 0 0.130
(0.0044)

luc3 Spain, Senet, Aneto, 1500 m, Aldasoro & Alarcón 8838 42�3302800N 0�4500800E 8 554 (37.0) 8 (1.444) 2 0.132
(0.0046)

E. glandulosum gla1 Spain, León, Montañas del Teleno, between Alto del
Morredero and San Cristobal de Valdueza, 1501 m,
Aldasoro & Alarcón 9613

42�2501100N 6�3103700W 10 708 (47.2) 2 (0.282) 0 0.187
(0.0053)

gla2 Spain, León, Campo Romo, Fonte da Cova, 1750 m,
Aldasoro & Alarcón 9285

42�1804300N 6�4301600W 10 683 (45.6) 0 0 0.176
(0.0052)

gla3 Spain, Palencia, Valdecebollas, 2100 m, Aldasoro &
Alarcón 3500, 8832

42�5705300N 4�2104300W 9 574 (38.3) 0 0 0.134
(0.0046)

gla4 Spain, Cuenca, Tragacete, 1300 m, Aldasoro & Alarcón
8829

40�2000300N 1�4901800W 9 673 (44.9) 0 0 0.166
(0.005)

E. foetidum (N) foeN1 France, Perpignan, Cases de Pène,; Notre Dame de
Pène; 157–322 m, Aldasoro & Alarcón 9227, 9228

42�4603900N
42�4700000N

2�4603900E
2�4700100E

15 734 (49.0) 6 (0.817) 0 0.185
(0.0048)

foeN2 Spain, Cabo Norfeu Spain, Gerona, Cabo Norfeu,
128 m, Aldasoro & Alarcón 9224, 9253, 9280

42�1403100N 3�1501700E 8 730 (48.7) 1 (0.137) 0 0.177
(0.0048)

E. foetidum (C) foeC1 Spain, Teruel, Javalambre, 2020 m, Aldasoro &
Alarcón 5036, 9213, 9263

40�0505500N 1�0100800W 8 759 (50.6) 0 0 0.169
(0.0046)

foeC2 Spain, Teruel, Puerto de Cabigordo, 1600 m, Aldasoro
& Alarcón 5037, 9212, 9243, 9264

40�2401000N 0�5800100W 9 694 (46.3) 0 0 0.149
(0.0045)

foeC3 Spain, Cuenca, Sierra de Mira, Pico Pelado, 1407 m,
Aldasoro & Alarcón 9214b, 9242

39�4405700N 1�2204300W 7 725 (48.4) 0 0 0.168
(0.0046)

E. foetidum (S) foeS1 Spain, S. Espuña, Murcia, Cerro Piedras Blancas,
1200 m, Aedo CA9728, Aldasoro & Alarcón 9210

37�5200000N
37�5305300N

1�3400000W
1�3500900W

13 702 (46.8) 2 (0.285) 0 0.174
(0.0045)

foeS2 Spain, Almería, Sierra de María, Virgen de la Cabeza,
1486 m, Aldasoro & Alarcón 5027

37�4005200N
37�4005300N

2�0800000W
2�1100400W

14 719 (48.0) 1 (0.139) 0 0.173
(0.0046)

foeS3 Spain, Jaén, Mancha Real, Sierra de Mágina, Pico
Almadén, 1992 m, Aldasoro & Alarcón 5036, 9220,
9259

37�4402500N 3�3102400W 9 823 (54.9) 1 (0.122) 0 0.174
(0.0045)

foeS4 Spain, Granada, Sierra Nevada, radiotelescope; Aedo
CA7834

37�0400000N 3�2302600W 8 771 (51.4) 1 (0.130) 0 0.168
(0.0045)

E. paularense p1 Spain, Madrid, Pinilla del Valle, Aldasoro & Alarcón,
A9239

40�5405400N 3�4900200W 9 422 (23.2) 3 (0.711) 0 0.115
(0.0037)

p2 Spain, Guadalajara, Cañamares pr. Atienza, 1084 m,
Aldasoro & Alarcón 8835, 9246

41�1204300N 2�5602800W 6 412 (27.5) 2 (0.475) 0 0.101
(0.0035)

E. antariense a Morocco, Alto Atlas, J. Ayachi, 3150 m, Sáez, Molero,
Aldasoro & Alarcón, A9537

32�3300800N 4�5303900W 10 687 (45.8) 16 (2.329) 4 0.169
(0.005)
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et al. (2010). These regions were sequenced for seven species, and,
along with the sequences for 39 species of Erodium already re-
corded in GenBank, were assembled into a matrix (22 new se-
quences plus 87 taken from GenBank, Table S1). Sequences were
aligned manually and using Clustal software. The sequence matrix
was included in the TreeBASE database (http://purl.org/phylo/tree-
base/phylows/study/TB2:S11102). Phylogenetic analyses were
performed for three data sets: ITS, trnL–F, and their combination.
Analyses were performed using Bayesian inference (BI).

MrModeltest 2.2 software (Nylander, 2004) was used to deter-
mine the best-fitting model of sequence evolution for each data
set using the Akaike Information Criteria (AIC). The nrITS se-
quences were coded using the GTR + I + C model, and the trnL–F
sequences using the GTR + C model. These models, and their
resulting estimates, were then used in BI analyses using MrBayes
3.1 software (Ronquist and Huelsenbeck, 2003). Two parallel anal-
yses with four Markov chains each were run for five million gener-
ations (with a sample frequency of 100 and a burn-in of 25%).
Stationarity of the chains was checked with the average standard
deviation of split frequencies and using AWTY (Nylander et al.,
2008). A 50% majority rule tree was obtained with the trees sam-
pled after the burnin.

2.4. AFLP analysis

AFLP analysis was performed to determine (i) whether the
groups of populations reflected species status or the early stages
of speciation, and (ii) their genetic variability and structure. AFLP
analysis (see Vos et al., 1995) was performed using the AFLP Plant
Mapping Kit (Applied Biosystems) following the manufacturer’s
recommendations (available at http://www3.appliedbiosystems.
com/cms/groups/mcb_support/documents/generaldocuments/cms_
040959.pdf). An initial screening was performed of 32 combina-
tions of selective primers involving five individual Erodium plants
from different geographic areas. Four combinations were selected
that yielded clear and evenly distributed bands: 1-EcoRI6-FAM-
ACC/MseI-CAT; 2-EcoRI6-FAM-ACC/MseI-CCT; 3-EcoRIVIC-AGG/MseI-
CTG, and 4-EcoRIVIC-AGG/MseI-CAA. These combinations produced
polymorphic AFLP profiles with clearly defined fragments. The
DNA sample was digested with the enzymes EcoRI and MseI and
linked to the primers EcoRI (50-CTCGTAGACTGCGTACC-30/50AAT
TGGTACGCAGTCTAC-30) and MseI (50- GACGATGAGTCCTGAC-30/
50-ATCTCAGGACTCAT-30). For each individual plant sample, 0.3 lL
of 6-FAM-labelled and 0.3 lL of VIC-labelled selective PCR prod-
ucts were combined with 0.5 lL of GeneScan 500 LIZ as a sizing
standard in the 35–500 bp range (excluding the 250 bp band) (Ap-
plied Biosystems), plus 13.5 lL of formamide, and placed in an ABI
3730 capillary sequencer (Applied Biosystems). Each of the DNA
fragments was labelled with a fluorophore (6-FAM and VIC) that
resulted in a single peak each under denaturing or native
conditions.

Fragments of each primer combination were processed and
analysed using GeneMapper software (Applied Biosystems), which
automatically generated the presence (1) or absence (0) matrices
for different bands. These matrices were compared with the corre-
sponding electrophoretograms; unclear bands were corrected
manually. Bands of 100–500 bp for all samples were compared.
Shorter fragments were not scored due to the more frequent occur-
rence of non-homologous fragments in this size class (Vekemans
et al., 2002). The number of private fragments for populations,
groups of populations, species and pairs of species (shared private
fragments) was also assessed (Tables 1 and S2). Only markers
unambiguously scorable (well separated) and repeatable among
duplicates were scored. They were counted when present in at
least two individuals of a group (no tolerance of one occurrence
outside a particular group was allowed). The reliability of data
was assessed by comparison of duplicates, using one or two indi-
viduals for each population (44 reproducibility tests). The repro-
ducibility obtained was 86–100% with a mean of 95.2% (Table
S3). Since a great deal of interpretation in this paper is based on
the occurrence of private AFLP fragments in populations/groups
of populations, and since private fragments are typically a low per-
centage of the total number of polymorphic fragments, tests were
performed to determine whether variations in reproducibility be-
tween samples might affect the results; the number of private frag-
ments was found to be constant over all reproducibility tests.

2.5. AFLP data analysis

The resulting combined AFLP fragment presence/absence ma-
trix, which contained only polymorphic markers, was analysed
using AFLPSURV 1.0 software (Vekemans et al., 2002) to estimate
Nei’s gene diversity, the Hj, the Fst, the percentage of per individual
polymorphic fragments (P), and the bootstrapped Nei’s genetic dis-
tance matrix between individuals and populations (Nei and Li,
1979; Lynch and Milligan, 1994). The data set was analysed assum-
ing both partial self-fertilisation and Hardy–Weinberg equilibrium.
In these analyses the Bayesian method was used to estimate the
allelic frequencies, employing non-uniform prior distribution
(Zhivotovsky, 1999). Ten thousand permutations were performed
to calculate the Fst, and 5000 bootstraps were performed to deter-
mine Nei’s genetic distances.

Genetic distance/degree of similarity was calculated between
individuals, populations and geographic groups. To genetically dis-
tinguish similar groups of individuals in the AFLP data set, and to
clarify the similarities among them, a descriptive comparison of
AFLP phenotypes was undertaken, constructing a pairwise similar-
ity matrix for all individuals. This was performed using Dice’s coef-
ficient and subjecting the resulting matrix to principal coordinates
analysis (PCO) and NJ analysis using NTSYS PC v.2.1 software
(Rohlf, 1998). Neighbour-nets of AFLP data were also calculated,
both for individuals and populations using SplitsTree 4.10 software
(Huson and Bryant, 2006). To quantify the amount of genetic dif-
ferentiation attributable to geographic and population subdivision,
a hierarchical analysis of molecular variance was performed by
AMOVA (Excoffier et al., 2005) using ARLEQUIN v.3.0 software (Ta-
ble S4).

STRUCTURE 2.2 software was used to examine the structure of
the populations. This software uses a Bayesian clustering approach
for dominant markers (Pritchard et al., 2000 [available at http://
pritch.bsd.uchicago.edu/structure.html]; Falush et al., 2007).The
analysis assumed the conditions of admixture and uncorrelated al-
lele frequencies between groups. The alpha admixture value was
inferred from the data. The simulation was run with a burn-in of
100,000 and a run length of 500,000 MCMC, with K from 1 to 12,
and with 10 repetitions. For each K value, only runs yielding the
highest maximum likelihood value were considered (Fig. S1). The
LnP(D) for the successive decomposition of groups was used in
all STRUCTURE analyses (Evanno et al., 2005).

To test for isolation by distance, correlations between genetic
(measured as Fst) and spatial distances between pairs of popula-
tions were calculated using the Mantel permutation procedure
(NTSYS v. 2.1). The Fst between species or groups (Table S2), indi-
viduals (Table S5), and the means for each species or geographic
group (Table S6) were calculated. For all species of Erodium sub-
sect. Petraea, and for E. foetidum, Mantel tests were performed on
the entire dataset and for distance groups (Mantel, 1967) to search
for correlations between the genetic and geographic distance
matrices. The genetic distance matrix used was based on the frag-
ment presence/absence matrix; the geographic distance matrix
was based on distances between the geographic coordinates for
each collected population. Finally, BARRIER v.2.2 software (Manni

http://purl.org/phylo/treebase/phylows/study/TB2:S11102
http://purl.org/phylo/treebase/phylows/study/TB2:S11102
http://www3.appliedbiosystems.com/cms/groups/mcb_support/documents/generaldocuments/cms_040959.pdf
http://www3.appliedbiosystems.com/cms/groups/mcb_support/documents/generaldocuments/cms_040959.pdf
http://www3.appliedbiosystems.com/cms/groups/mcb_support/documents/generaldocuments/cms_040959.pdf
http://pritch.bsd.uchicago.edu/structure.html
http://pritch.bsd.uchicago.edu/structure.html
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and Guérard, 2004) was used to identify possible geographic loca-
tions acting as major genetic barriers among populations, based on
their genetic distances. The significance of those identified was
tested by means of 1000 bootstrapped distance matrices obtained
using AFLPsurv software.
2.6. Analysis of data on genetic polymorphism of mountain species

To compare the effects on genetic diversity of glacial and post-
glacial climate changes on Mediterranean and European montane
taxa, species distributed in the Pyrenean–Alpine or Iberian regions
with published fingerprint polymorphism data were selected for
analysis (see Fig. 3). Also the percentage of fingerprint polymor-
phism estimated from two other unpublished Erodium studies
were compared, making a total of 56 species or groups of popula-
tions surveyed. To compare whether the values of genetic variation
values were significantly different among species, one-way ANOVA
was performed using STATISTICA software (confidence limit 99%).
Fig. 3. Percentage of polymorphic loci of some perennial European mountain species
amplified polymorphic DNA sequences (RAPDs). Black bars represent the species distribu
Africa (Erodium antariense), and white bars represent the Pyrenean/Alpine species/popu
black triangle, central Iberia; white spot, Pyrenees; white triangle, Alps. Arrows signalise
if the species was present in more than one area. These species are studied in the followi
Kropf et al., 2006 (AFLP), 4: Szövényi et al., 2009 (AFLP), 5, 6: Kropf et al., 2008 (AFLP), 7
(AFLP), 10: Kropf et al., 2006 (AFLP), 11: Martínez-Ortega et al., 2004 (AFLP), 12: this work
et al., 2002 (AFLP), 17: Alarcón et al., unpublished (AFLP), 18: Reisch et al., 2003 (RAPD), 1
(AFLP), 24: Kropf et al., 2006 (AFLP), 25: Martínez-Ortega et al., 2004 (AFLP), 26, 27: Kro
(AFLP), 30: Schönswetter and Tribsch, 2005 (AFLP), 31, 32: this work, 33: Schönswett
unpublished (AFLP), 36,: Kropf et al., 2006 (AFLP), 37: this work, 38: Kropf et al., 2006 (A
Schönswetter et al., 2004 (AFLP), 43: this work, 44: Segarra-Moragues et al., 2007 (ISSR),
(AFLP), 48: Desprès et al., 2002 (AFLP), 49: Kuss et al., 2008 (RAPD), 50: Peredo et al., 2009
(RAPD), 54: Alarcón et al., unpublished (AFLP), 55: Gaudeul et al., 2000 (AFLP), 56: Bala
3. Results

3.1. Phylogeny of Erodium subsect. Petraea and related groups

The ITS sequences of the different members of subsect. Petraea
showed few different nucleotides. No differences were seen in the
trnLF sequences. Differences in the branch lengths of the Malacoi-
dea and Cicutaria clades were larger than those found in subsect.
Petraea (Fig. 1). Since the number of nucleotide differences was
so small in subsect. Petraea, AFLP analysis was performed to deter-
mine whether they reflected true species status or that of popula-
tions in the early stages of speciation.

3.2. Polymorphism, private fragments and genetic diversity among
species and populations

A total of 1499 AFLP fragments from 192 individuals belonging
to 20 populations were scored. 412–823 AFLP fragments were
polymorphic (Table 1). Hj and P were low in E. paularense while
and groups of populations screened for AFLPs, microsatellites (ISSR) or randomly
ted in the Iberian Peninsula; grey bar the only species studied distributed in North

lations. The figures close to each bar indicate location: black spot, southern Iberia;
Erodium species. For each species, groups of populations were considered separately
ng references: 1: Schönswetter et al., 2003 (AFLP), 2: Ronikier et al., 2008 (AFLP), 3:
: Kropf et al., 2006 (AFLP), 8: Kropf et al., 2008 (AFLP), 9: Schönswetter et al., 2003
, 13: Martínez-Ortega et al., 2004 (AFLP), 14, 15: Kropf et al., 2006 (AFLP), 16: Tribsch
9, 20: Kropf et al., 2008 (AFLP), 21, 22: Kropf et al., 2006 (AFLP), 23: Mráz et al., 2007
pf et al., 2006 (AFLP), 28: Stehlik et al., 2002 (AFLP), 29: Guzmán et al. unpublished
er et al., 2002 (AFLP), 34: Martínez-Ortega et al., 2004 (AFLP), 35: Alarcón et al.,
FLP), 39: this work, 40: Desprès et al., 2002 (AFLP), 41: Kropf et al., 2008 (AFLP), 42:
45: Dubreuil et al., 2008 (AFLP), 46: Gaudeul et al., 2000 (AFLP), 47: Gaudeul, 2006
(RAPD), 51: Gaudeul, 2006 (AFLP), 52: Pluess and Stöckin, 2004, 53: Kuss et al., 2008

o et al., 2010 (AFLP).
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the remaining species showed medium–high levels of genetic var-
iation (Table 1). Six of the 20 populations contained more than five
private AFLP fragments (Table S3, Fig. 2). By species/groups, the
number of private fragments was high in E. glandulosum and E. luci-
dum (>35) and low in E. foetidum C, E. foetidum N and E. rodiei (4–
11) (Table S3, Fig. 2) (where N = northern Iberia, C = central Iberia
and S = southern Iberia).

Knowing the number of shared private fragments between
groups/species can be useful when studying phylogeographic rela-
tionships. Some species/groups showed more unique fragments
than fragments shared with other species/groups, e.g., E. glandulo-
sum (39) and E. lucidum (45). The pairs of groups with more than
11 shared fragments were: E. foetidum S/E. foetidum N (30), E. luci-
dum/E. rodiei (25), E. foetidum S/E. foetidum C (24), E. lucidum/E.
glandulosum (15), E. glandulosum/E. paularense (14), E. glandulo-
sum/E. antariense (12), and E. lucidum/E. paularense (11) (Table S2,
Fig. 2). The remaining pairs shared fewer than seven fragments
(Fig. 2). Thus, the AFLP results suggest there to be two Erodium lin-
eages in Iberia, one including E. paularense–E. glandulosum–E. luci-
dum–E. rodiei, the other including the three phylogroups of E.
foetidum. Though the populations of E. lucidum were separated by
moderate distances, they showed wide differences in terms of
number of private fragments, and genetic distance (Tables S5 and
S6). The only known population of E. rodiei appeared strongly re-
lated to E. lucidum (Fig. 4A and B). Finally, the only North African
population studied, that of E. antariense, showed high genetic
diversity and a closer genetic relationship with E. glandulosum
and E. foetidum S than with the remaining taxa (Tables 1 and S2,
Fig. 2).

3.3. Genetic structure and population differentiation

The neighbour-net diagrams obtained via AFLP analysis (Fig. 4 A
and B) showed seven main clusters corresponding to different spe-
cies and/or population groups. However, just five branches had
high bootstraps values (>90%). The morphological species only par-
tially coincided with these phylogroups: one corresponds to E.
antariense, one corresponds to E. glandulosum and E. paularense, an-
other comprises E. lucidum and E. rodiei, one comprises a geo-
graphic group of populations included in E. foetidum (northern
Iberia), one contains another geographic group of populations of
the same species (central Iberia), and one contains yet another geo-
graphic group of populations of E. foetidum (southern Iberia) but
which is not supported (Fig. 4A and B).

PCO using the Dice index and involving all individuals distin-
guished five groups (Fig. 5): E. paularense, E. foetidum, E. antar-
iense, E. glandulosum, and E. lucidum plus E. rodiei. However,
when the populations of E. foetidum were independently ana-
lysed they formed three groups: northern Iberian, central Iberian
and southern Iberian (data not shown). STRUCTURE analysis pro-
duced a similar ordination (Fig. 2), but with K = 8 receiving the
highest support (Fig. S1). Most populations showed a high
proportion of individuals assigned to one cluster. E. antariense,
E. rodiei and E. paularense reflected low admixture levels, while
E. glandulosum, E. lucidum, and E. foetidum populations showed
more (Fig. 2). E. glandulosum showed admixture with elements
of E. paularense, E. lucidum with E. rodiei, and E. foetidum S with
E. foetidum C., suggesting that these pairs are related or have
experienced strong gene flow.

These results agree with the AMOVA results (Table S4) show-
ing the greatest genetic variance among groups to be found
when contemplating eight groups: E. foetidum N, E. foetidum C,
E. foetidum S, E. antariense, E. glandulosum, E. paularense, E. luci-
dum, and E. rodiei (Fct = 0.281). BARRIER analysis also revealed
a major boundary separating the population of E. rodiei from
the others (100% BS, Fig. 2). These results showed good separa-
tion for E. rodiei from the remaining species, though the differ-
ence between E. lucidum and E. rodiei was weak in both PCA
and NJ analyses.

As expected, pairs of populations of the same species showed
lower Fst values than did those of different species (Tables S2, S4
and S5). However, Fst values were higher among populations of
E. lucidum than among the remaining species or population groups
(Table S5). These data are of interest because the mean geographic
distance between the three populations of E. lucidum (51, 90 and
145 km; Table S5) is shorter than those between the populations
of the remaining species studied.

Using the matrix of inter-individual Dice distances, and the ma-
trix of geographic distances in kilometres, the Mantel Rm for all
species of subsect. Petraea was 0.588 (p = 0.000), and for E. foetidum
0.667 (p = 0.001). In both cases, the Fst values between populations
correlated well with the geographic distances. In a Mantel test
involving classes of distance (either for all species of subsect. Pet-
raea or for E. foetidum), the best correlation occurred in the 0–
300 km class. At distances of >300 km the correlation fell to very
low values. The three geographic entities of E. foetidum differed
slightly in terms of their level of genetic variation and structure,
and showed different numbers of private fragments. Gene flow de-
pends on distances between populations, and the historic gene
flow within E. foetidum appears to have been significantly higher
for populations situated at distances under 300 km (Fst = 0.083,
SD = 0.038) than for those situated at longer distances
(Fst = 0.245, SD = 0.043). The Mantel analysis results suggest that
current gene flow is insufficient to have homogenised the genetic
structure of these groups, suggesting them to have been in geo-
graphic isolation. The BARRIER analysis results showed E. foetidum
N to be separated from all remaining populations (98.88% BS)
(Fig. 2). The Mantel and STRUCTURE results also suggest there is
still some gene flow between close populations of certain groups
of E. foetidum, especially those in central and southern areas of
the Iberian Peninsula which have larger populations (data not
shown).
3.4. Genetic polymorphism in other mountain species

The genus Erodium, and the subsection Petraea in particular, as
well as 38 Pyrenean–Alpine and 18 Iberian groups of populations
(belonging to a total of 41 species), were scored (using data from
the literature and unpublished studies) for genetic variation in
terms of polymorphic fingerprint markers (P). The results showed
that at least three species of subsect. Petraea (i.e., E. foetidum, E.
glandulosum and E. lucidum) are in the medium range of genetic
variation for both Mediterranean and Alpine mountain perennial
species (Fig. 3). ANOVA showed there to be no significant differ-
ences between the Mediterranean and Eurosiberian regions when
all species and groups of populations were compared (P = 0.972,
F = 0.001, confidence level 99%).
4. Discussion

Erodium subsect. Petraea and E. sect. Malacoidea form a clade
within Erodium subg. Barbata. The split from the sect. Malacoidea
might have occurred at the end of the Neogene, c.5.78 mya, but
diversification appears to have taken place more recently, c.
1.25 mya (Fiz-Palacios et al., 2010). This may be related to the
onset of Pleistocene climatic oscillations (Suc et al., 1995; Mar-
tín-Bravo et al., 2010). It was reconstructed using a secondary
calibration (the date of divergence between Erodium and Califor-
nia) and a pollen fossil of Erodium (Fiz et al., 2008; Fiz-Palacios
et al., 2010).



Fig. 4. A: Neighbour-net of AFLP data for E. subsect Petraea individuals. Colours indicate species or groups of populations. Numbers are bootstrap values from neighbour-
joining analysis using Nei-Li distances over 1000 bootstrap replicates. B: Neighbour-net of AFLP data for E. subsect Petraea populations. Acronyms are: foeN1: E. foetidum
Cases de Pène, foeN2: E. foetidum Cabo Norfeu, foeC1: E. foetidum Cabigordo, foeC2: E. foetidum Javalambre, foeC3: E. foetidum Pico Pelado, foeS1: E. foetidum Sª Maria, foeS2: E.
foetidum Sª Espuña, foeS3: E. foetidum Sª Nevada, foeS4: E. foetidum Pico Almadén, rod: E. rodiei, luc1: E. lucidum Boumort, luc2: E. lucidum Montserrat, luc3: E. lucidum Senet,
pau1: E. paularense Pinilla, pau2: E. paularense Guadalajara, gla1: E. glandulosum Teleno, gla2: E. glandulosum Campo Romo, gla3: E. glandulosum Tragacete, gla4: E.
glandulosum Valdecebollas, ant: E. antariense.
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4.1. Two migration episodes in the Pleistocene

Two DNA regions (trnLF, ITS) often used in species phylogenetic
studies showed little variation, suggesting a recent diversification
for the species of Erodium subsect. Petraea. The presence of six
closely related AFLP phylogroups (five of them well-supported),
with moderate-rich genetic diversity (except for E. paularense),
and partially coincident with morphological species, suggests that
these taxa are allopatric and still undergoing speciation.
The central and southern geographic entities of E. foetidum are
poorly differentiated (i.e., they show a high degree of admixture),
while northern E. foetidum is somewhat isolated (Fig. 2). This
indicates an incipient process of speciation. Isolation has occurred
in E. foetidum, but the short time elapsed since the supposed
reduction in gene flow may have impeded the central and southern
populations forming clear-cut groups.

The populations of E. lucidum and E. glandulosum have accumu-
lated a larger number of private fragments than the remaining



Fig. 5. Principal coordinates analysis of populations of Erodium subsect Petraea, obtained using the Dice index. The percentage Eigenvalue for axis 1 was 10.48%, for axis 2 it
was 8.28%, and for axis 3 it was 5.54%.
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species. E. lucidum showed larger genetic distances between popu-
lations and with respect to central and northern E. foetidum,
despite the short geographic distances separating them (i.e., 44–
209 km). Wide genetic separation was also recorded for E. rodiei
(Fig. 2). In contrast, the populations of E. foetidum, E. glandulosum
and E. paularense were characterised by a lower incidence of pri-
vate fragments and smaller genetic distances between populations
(Tables 1 and S5). A long isolation time may explain the accumula-
tion of these genetic differences (Kadereit et al., 2004; Kropf et al.,
2006, 2008, 2009; Peredo et al., 2009). Assuming that private
fragments accumulated over time, therefore providing an estimate
of population antiquity (Stehlik et al., 2002; Schönswetter and
Tribsch, 2005), the present results are congruent with two south-
to-north colonisation episodes for Erodium subsect. Petraea: one
for the group E. paularense–E. glandulosum–E. lucidum–E. rodiei,
and another for the three phylogroups of E. foetidum. These data
suggest a degree of ancient genetic structure is reflected in the
northern areas of Iberia, e.g. at the foothills of the Pyrenees. A
refugial area in northern Iberia, close to the Pyrenees, may be
postulated for E. lucidum, E. foetidum and E. glandulosum, as done
for other montane plants (Huck et al., 2009; Michl et al., 2010;
Rodríguez-Sánchez et al., 2010).

In contrast to the PCO result (Fig. 5), the Moroccan E. antariense
shared many more fragments with E. glandulosum than with E.
foetidum S (the current distribution range of which is much closer
to Morocco) (Fig. 2). An explanation may be that E. glandulosum
was once more widespread in Iberia and that it is somewhat re-
lated to E. antariense. However, considering the low support for
lineage resolution, it is currently difficult to understand the detail
of these migrations.

4.2. Genetic diversity in European mountain genera

The members of the genus Erodium, including E. recorderi and E.
manescavi (Alarcón, 2008; Alarcón et al., unpublished) showed
large differences in their percentage of private polymorphic frag-
ments. Large differences were also found in species of other genera
(Fig. 3). Only small percentages have been reported for Veronica
javalambrensis (Martínez-Ortega et al., 2004.) and E. recoderi and
E. paularense (this paper). In contrast, large percentages have been
found for Senecio boissieri (Peredo et al., 2009), E. manescavi (Ala-
rcón, 2008), and Dianthus broteri (Balao et al., 2010). A survey of
private fingerprints in European mountains suggests that the Pyre-
nean–Alpine (38 species/groups of populations scored) and Iberian
regions (18 species/groups of populations scored) have similar pro-
portions of species with both wide and narrow genetic variation.
This result is not fully concordant with the ‘‘successive vicariance’’
model proposed by De Beaulieu et al. (1994) since the genetic dif-
ferentiation was greater between the northern species and popula-
tions (many of them geographically close to one another) than
between the northern and southern species. A similar pattern of
high genetic variation in high altitude mountains has also been re-
ported in Papaver alpinum, Senecio boissieri and Saxifraga oppositifo-
lia (Kropf et al., 2006, 2008; Peredo et al., 2009). In contrast,
fingerprint polymorphism is less common in the northern popula-
tions than in those of the south of Spain for other species, as re-
ported for Kernera saxatilis, Silene rupestris and Gentiana alpina
(Kropf et al., 2006). The canonical hypothesis assumes that glacia-
tions swept away the northern populations and that recolonisation
occurred from the richer areas of the south of Europe (Hewitt,
2000). Accordingly, down-up movements and south–north migra-
tions during interstadial periods may have caused lower levels of
genetic diversity in northern plant populations. In addition, topo-
graphical isolation in smaller mountain massifs can influence ge-
netic diversity (Thiel-Egenter et al., 2009). The present survey of
fingerprint polymorphisms of other European mountain species re-
vealed both low and high proportions of polymorphic fragments
irrespective of population distribution in the Pyrenean–Alpine or
Iberian regions (see Fig. 3).

In addition, the rich pattern of genetic diversity observed in
Erodium (subsect. Petraea) is also observed among the species of
other genera. Indeed, the percentage of fingerprint polymorphism
estimated from the six species of Erodium examined spans a similar
range of genetic diversity to that seen in the populations of 56
European species/groups surveyed (see Fig. 3). The same is true
for the four Saxifraga species analysed (Reisch et al., 2003; Kropf
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et al., 2008; Szövényi et al., 2009), which leads to hypothesise that
the groups of populations of western Mediterranean mountain
species have different evolutionary histories that have shaped their
genetic structure (Vargas, 2003).
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