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INTRODUCTION

The wealth of molecular phylogeographic studies on Eu-
ropean mountain taxa during the last decade have clearly dem-
onstrated the important effect of Quaternary glaciations on 
their current geographical distribution and genetic diversity 
(see Comes & Kadereit, 1998, 2003). These recurrent climatic 
changes caused cyclic expansions and contractions in the dis-
tribution ranges of plant species. Disjunct populations origi-
nated during contraction periods were potentially submitted to 
divergence processes driven by reproductive isolation due to 
geographical barriers, and genetic drift, which are key mecha-
nisms for plant evolution and speciation. However, geographi-
cal isolation of mountain plants during interglacial cycles may 
have been too short to foster divergence, and glacial recolonisa-
tion frequently enabled secondary contacts between disjunct 
populations, preventing from complete speciation (Comes & 
Kadereit, 1998; Kadereit & al., 2004). This is particularly so 
because glacial periods were considerably longer (ca. 70,000–
90,000 years) than interglacial ones (ca. 10,000–26,000 years). 
As a result, range dynamics during Quaternary climatic oscil-
lations markedly shaped the current genetic structure of many 
species (i.e., Kropf & al., 2003; Noyes, 2006; Dixon & al., 
2007), but the question of whether they promoted speciation 
is still under debate (Zhang & al., 2001; Kadereit & al., 2004; 

Parisod & Besnard, 2007). The assessment of divergence times 
through the use of molecular dating is providing a growing 
evidence of plant speciation events during the Quaternary 
(Zhang & al., 2001, 2004; Comes & Kadereit, 2003; Kadereit 
& al., 2004). In addition, intraspecific differentiation patterns 
during the Quaternary have also been documented for several 
mountain taxa (reviewed in Vargas, 2003; Kadereit & Comes, 
2005; Schönswetter & al., 2005).

The genetic structure of plant populations is strongly influ-
enced by both common ancestry and interpopulation genetic ex-
change (i.e., Schaal & al., 1998). Vicariance has been postulated 
as the predominant process shaping the geographical and ge-
netic structure of European mountain plants (Kropf & al., 2006, 
2008), although long-distance dispersal has also been proposed 
to account for plant disjunctions (Zhang & al., 2001; Kropf & 
al., 2006; Puscas & al., 2008). Recurrent periods of glacial rec-
olonisation of inter-mountain lowland areas by mountain plants 
and interglacial range fragmentation may have facilitated ad-
mixture processes between divergent lineages (i.e., reticulation) 
and differential sorting of ancestral polymorphism in isolated 
populations. The footprint of these mechanisms is frequently 
reflected in incongruent evolutionary histories inferred from 
different genomes (i.e., nuclear vs. plastid). Unravelling whether 
hybridisation or incomplete lineage sorting are involved in the 
discordance between plastid and nuclear phylogenetic signals 
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may be a difficult task, above all because they may be acting 
in concert (Wendel & Doyle, 1998; Albaladejo & al., 2005).

Reseda sect. Glaucoreseda (Glaucoreseda hereafter) is 
composed of five species endemic to the high mountain ranges 
and plateaus of the Iberian Peninsula and Morocco (Fig. 1): 
R. battandieri, from the Central Moroccan plateaus, R. com-

plicata, restricted to the summits of Sierra Nevada, R. glauca, 
with a disjunct distribution in the Cantabrian Mountains and 
the Pyrenees, R. gredensis, from the Spanish Sierra de Gredos 

and extremely rare in the Portuguese Serra da Estrela (Central 
Massif), and R. virgata, occurring in the central-northern Ibe-
rian plateau. Therefore, Glaucoreseda species are present in 
all the main mountain ranges of the Iberian Peninsula, which 
constitute its main centres of plant biodiversity, harbouring 
approximately 60% of its endemic species (Gómez-Campo & 
Malato-Beliz, 1985). The high physiographic complexity of the 
Iberian Peninsula probably allowed long-term survival and dif-
ferentiation of species during Quaternary climatic oscillations 

Fig. . A, Summary of major characteristics of the five species of Reseda sect. Glaucoreseda, indicating specific distribution, habitat, altitudi-
nal range and chromosome number; B, distributional map of species and samples. Coloured areas indicate approximate distribution of species; 
numbers preceded by “R” indicate ITS ribotypes (R1–R20); symbols represent trnL-F–rps16 haplotypes; and numbers inside symbols indicate 
population number. Each species is represented by a different colour according to the table in Fig. 1A.



468

TAXON 59 (2) � April 2010: 466–482Martín-Bravo & al. � Pleistocene speciation in Reseda sect. Glaucoreseda

by altitudinal shifts (Gómez & Lunt, 2007). The presence of 
the Moroccan endemic R. battandieri within the otherwise 
Iberian Glaucoreseda is an example of the biogeographical af-
finities between the Iberian Peninsula and NW Africa (Médail 
& Quézel, 1997). About 75% of the species of the Iberian 
Mediterranean flora is shared with northern Morocco, with 
more than 500 Ibero–North African endemic species reported 
from this disjunct area (Valdés, 1991). Both regions were in 
contact, allowing exchange between their floras, during the 
Messinian salinity crisis, from the end of the Miocene to the 
beginning of the Pliocene (ca. 6.5–5.3 million years ago, Ma; 
Rodríguez-Sánchez & al., 2008), due to the partial dessication 
of the Mediterranean sea as a result of an increased aridity. 
Glaucoreseda is the only group of the family (ca. 85 species) 
exclusively composed of mountain or plateau species, whereas 
most Resedaceae occur in arid areas and at low or colline al-
titudes. In addition, while Resedaceae are mainly basophilous 
(Abdallah & de Wit, 1978), species of Glaucoreseda are found 
on a variety of substrates (Fig. 1A), ranging from granites (R. 

gredensis) or micaschists (R. complicata) to limestone rocks 
(R. glauca) and serpentines (some populations of R. virgata). 

Glaucoreseda is a well-supported monophyletic group, as 
revealed by a previous molecular phylogeny of the family Rese-
daceae (Martín-Bravo & al., 2007). In congruence, the section 
is well defined by a number of morphological characteristics 
(four carpels, forked placenta, entire leaves frequently with basal 
teeth, persistent sepals and stamens). Taxonomic differentiation 
between the species is also clear (Abdallah & de Wit, 1978; 
Valdés Bermejo, 1993). From a cytogenetic point of view, x = 
7 was proposed as the basic chromosome number of the sec-
tion (González Aguilera & al., 1980), suggesting a tetraploid 
condition for extant species, which share the same chromosome 
number (n = 14, 2n = 28; Fig. 1A). Based on these data, González 
Aguilera & al. (1980) proposed a vicariance scenario for the 
origin of the section, which involved the polyploidisation of an 
ancestral diploid species followed by Quaternary interglacial 
range fragmentation and allopatric speciation. Previous molecu-
lar studies revealed a poor internal resolution of Glaucoreseda, 
which was linked to a low level of sequence divergence, and 
tentatively related to the intervention of recent, on-going proc-
esses of allopatric speciation (Martín-Bravo & al., 2007).

Another interesting background resulting from the previous 
phylogeny of the family was the detection of clear nucleotide 
additivities or polymorphic sites (positions containing double 
nucleotide peaks, PS hereafter) in some ITS chromatograms 
of Glaucoreseda. The presence of multiple ITS copies (i.e., ri-
botypes) was suggested as the most probable explanation for the 
PS (Martín-Bravo & al., 2007). Numerous systematic studies 
of plants using nrDNA as a molecular marker have faced the 
problem of heterogeneous ITS sequences (e.g., Sang & al., 1995; 
Fuertes Aguilar & Nieto Feliner, 2003; Escudero & al., 2008; 
among others). ITS sequence heterogeneity has frequently been 
interpreted as a result of hybridisation events and subsequent 
incomplete concerted evolution. However, few studies have used 
cloning techniques to evaluate the hybrid origin of ITS intra-
individual polymorphims (e.g., Noyes, 2006; Suárez-Santiago 
& al., 2007). This is partly due to particularities of cloning, 

which is costly, considerably time-consuming, and requires 
the sequencing of several clones for each PCR product to mini-
mise polymerase-replications errors (Zhang & Hewitt, 2003). 
Therefore, some researchers have opted to employ the statisti-
cal approach of haplotype substraction (Clark, 1990), which 
infers coexisting ITS copies (i.e., ribotypes) by comparison 
with sequences with no additivities (Albaladejo & al., 2005; 
Segarra-Moragues & al., 2007b; Jones & al., 2008). Although 
it is conceivable that this method generates artificial ribotypes, 
its accuracy has not been evaluated. The detailed study of ITS 
intra-individual polymorphism can help to understand impor-
tant evolutionary processes such as reticulation and genetic 
divergence of infraspecific lineages or closely-related species.

The monophyly of the section, together with the allopatric 
distribution of the species in different mountain ranges and pla-
teaus, along with the ITS additivity patterns detected, may indi-
cate that range shifts or dispersal could have played an important 
role in the evolution and speciation of the section. Our main 
objective is to study the evolutionary history of Glaucoreseda 
by analysing molecular divergence within a geographical and 
temporal well-defined scenario. Particularly, the nuclear ribos-
omal ITS and four plastid regions (rcbL, matK, rps16, trnL-F) 
were sequenced and analysed to address the following specific 
issues: (1) to evaluate the species monophyly and their phyloge-
netic relationships within the section; (2) to infer the historical 
range dynamics and colonisation patterns involved in the evo-
lution of Glaucoreseda ; (3) to estimate the divergence time of 
Glaucoreseda and to relate it to the onset of Quaternary climatic 
oscillations; and (4) to elucidate the mechanisms involved in the 
origin of ITS intra-individual polymorphisms.

MATERIALS AND METHODS

Sampling, DNA extraction, amplification and sequenc-

ing. — A total of 27 populations and 102 sequences of the five 
species of Glaucoreseda were included in the phylogenetic and 
phylogeographic analyses, based on nuclear ITS and plastid 
trnL-F–rps16 sequences (Appendix S1 in the Electronic Sup-
plement to this article). The number of populations sampled per 
species ranged between three (R. battandieri, R. complicata) 
and nine (R. virgata), representing the species distribution in 
each case (Fig. 1B). Eight populations and 24 sequences of 
three species of Oligomeris (O. dregeana (Müll. Arg.) Müll. 
Arg., O. dipetala (Ait.) Turcz., O. linifolia (Vahl) J.F. Macbr.), 
the sister-group of Glaucoreseda based on a previous molecu-
lar phylogeny of the family (Martín-Bravo & al., 2007), were 
included as outgroup in the phylogenetic analyses. Forty se-
quences (17 ITS, 13 trnL-F, 10 rps16), obtained in previous 
molecular studies of Resedaceae (Martín-Bravo & al., 2007, 
2009), were taken from GenBank for the phylogenetic analyses. 
Total genomic DNA was extracted from silica-dried material 
collected in the field and herbarium specimens (ARAN, M, 
MA, SALA, UPOS), using the DNeasy Plant Mini Kit (Qiagen, 
California, U.S.A.).

The ITS matrix used for the molecular clock analyses 
was composed of 35 sequences, of which 14 belonged to 
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Glaucoreseda, 10 to the rest of the Resedaceae, and 11 to allied 
taxa of Brassicales (Appendix S1 in the Electronic Supplement). 
The plastid combined rbcL-matK-trnL-F matrix used for the 
estimation of divergence times of Glaucoreseda included 46 
sequences from Glaucoreseda (16 rbcL, 14 matK, 16 trnL-F), 
28 from the rest of the Resedaceae (10 rbcL, 8 matK, 10 trnL-F) 
and 49 from other Brassicales (17 rbcL, 17 matK, 15 trnL-F) 
(Appendix S1 in the Electronic Supplement). Amplification and 
sequencing of the ITS and plastid rbcL–matK–trnL-F–rps16 

regions were performed following the protocols described in 
previous molecular studies of the Resedaceae (Martín-Bravo 
& al., 2007, 2009).

ITS cloning. — The origin of intra-individual ITS poly-
morphisms was inferred by the methods of cloning and by 
ribotype substraction from additive polymorphic sites (APS: 
the two bases involved in the polymorphism are also found in 
the other accessions; Wichman & al., 2002; Fuertes Aguilar & 
Nieto Feliner, 2003; Nieto Feliner & al., 2004). ITS region was 
cloned in six individuals, one or two for each species showing 
PS (4 species; Table 1). On the other hand, haplotype substrac-
tion was used to infer ribotypes for all individuals (ten) with 
APS. This method has been used to infer the two putative pa-
rental ribotypes involved in an additive sequence. One of them 
is selected between the sequences with no additivities provided 
it has one of the two nucleotides responsible for the additivity 
in all the APS. This sequence is subsequently used as reference 
for inferring (“substracting”) the complementary combina-
tion of nucleotides in the APS as the other parental ribotype 
(Albaladejo & al., 2005). Accuracy of the haplotype substrac-
tion method was evaluated by comparison of the ribotypes 
inferred by substraction with the ones detected by cloning.

To facilitate cloning, PCR purified products were incu-
bated at 70°C for 30 min with Taq polymerase to provide poli-A 
tails to the PCR products. These were subsequently ligated into 
the pGEM-T Easy vector system (Promega, Madison, Wis-
consin, U.S.A.) and cloned in DH5-α E. coli competent cells. 
Positive colonies were grown overnight in liquid cultures and 
then plasmid isolated with a standard alkaline lysis protocol. 
Plasmid insertions were amplified and sequenced using stand-
ard conditions and original ITS or vector primers SP6 and T7. 
Eight clones per individual were sequenced to increase the 
possibility of sampling ITS copies represented in lower propor-
tion, adding up to a total of 48 sequenced clones. We repeated 
amplification and sequencing of all samples to be cloned and 
of one clone per individual to minimise the possibility of PCR 
and sequencing artifacts.

When sequencing clones, we did not consider point muta-
tions appearing in a single clone and for which no variation was 
observed in the corresponding nucleotide in direct sequences, 
since they are probably the result of Taq polymerase errors. 
On the other hand, mutations shared by more than one clone 
and single point mutations detected in variable positions were 
considered, assuming the low probability of their being the re-
sult of mistakes during replication (e.g., Wichman & al., 2002).

The structural integrity and potential functionality of clone 
sequences was evaluated by comparing their length variation, 
substitution patterns and guanine plus cytosine (G+C) content 

(Grimm & Denk, 2008). We also searched for the presence of 
the highly conserved angiosperm motifs GGCRY-(4 to 7n)-
GYGYCAAGGAA in the ITS1 spacer (Liu & Schardl, 1994; 
Rosselló & al., 2007) and GAATTGCAGAATCC in the 5.8S 
ribosomal gene (Jobes & Thien, 1997).

Phylogenetic and haplotype data analyses. — The ITS 
matrix included 56 sequences (48 corresponding to Glau-

coreseda and 8 to the outgroup), of which 24 were obtained 
by direct sequencing, 22 by cloning and 10 by substraction 
from APS, whereas the plastid trnL-F–rps16 matrix was com-
posed of 35 sequences (27 corresponding to Glaucoreseda and 
8 to the outgroup). Both matrices were manually aligned and 
analysed using the programs PAUP* v.4.0b10 (Swofford 2002) 
and TNT v.1.0 (Goloboff & al., 2003) for Maximum Parsimony 
(MP) and MrBayes v.3.0b4 (Ronquist & Huelsenbeck, 2003) 
for Bayesian Inference (BI). Parameters used for these analy-
ses (except for TNT, see below), followed those described in 
Martín-Bravo & al. (2007). Gaps were treated either as missing 
data or coded as additional characters in different analyses, 
with the exception of the highly homoplasic mononucleotide 
repeat units (poli-T and poli-A; Kelchner, 2000). Congruence 
of nuclear and plastid datasets was assessed using the Hompart 
test for matrices (100 replicates) and the Kishino-Hasegawa 
(KH) and Shimodaira-Hasegawa (SH) tests for tree topology 
(1000 replicates each), as implemented in PAUP. When the 
Hierarchical Likelihood Ratio test and the Akaike Information 
Criterion selected different models of sequence evolution, we 
implemented that model determined by Akaike, following the 
recommendations of Posada & Buckley (2004). When analys-
ing matrices with coded indels, we selected F81 as the model for 
the corresponding additional characters, following the manual 
of MrBayes (Ronquist & Huelsenbeck, 2003). TNT heuristic 
searches were replicated 10,000 times retaining a maximum 
of two most-parsimonious trees in each replicate, followed by 
a second heuristic search retaining all best trees and using the 
trees obtained in the first 10,000 replicates as the starting ones.

Statistical parsimony analyses of haplotypes were applied 
to the ITS and plastid trnL-F–rps16 matrices with the pro-
gram TCS v.1.21 (Clement & al., 2000), with a 95% parsimony 
connection limit. To assess the effect of the inclusion of sub-
stracted/cloned ribotypes in the ITS network, two different 
analyses were performed, including and excluding substracted/
cloned ribotypes (56 and 24 ITS sequences, respectively).

Estimation of divergence times. — We inferred diver-
gence times of Resedaceae and Glaucoreseda by applying 
the Penalized Likelihood approach to one nuclear (ITS) and 
one combined plastid (rbcL-matK-trnL-F) dataset. These 
analyses were based on tree topologies and branch lengths 
obtained from BI phylogenetic analyses and were performed 
with the program r8s v.1.71 (Sanderson, 2004), as described 
in Martín-Bravo & al. (2009). Recently, the first macrofossil 
records for the Resedaceae and allied taxa (Gyrostemonaceae, 
Pentadiplandraceae, Tovariaceae, Forchhammeria) have been 
reported from Palaeocene formations (62 Ma; Iglesias & al., 
2008). This fossil and the divergence ages between several 
Brassicales families estimated from molecular and fossil data 
(Wikström & al., 2001), were used as calibration points (Fig. 2). 
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Fig. . Chronograms of Bayesian Inference trees based on the Penalized Likelihood analysis of nuclear ITS (A) and plastid rbcL-matK-trnL-F (B) 

sequences. Branch lengths represent million years ago (Ma). Posterior probabilities and bootstrap values are given above and below branches, 
respectively. Vertical bars indicate supraspecific taxa from the same taxonomic group. Maximum and minimum ages of the nodes used to 
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Pli, Pliocene.
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The analyses were repeated using an older estimate for the ori-
gin of the Brassicaceae (50 Ma; Koch & al., 2001; Al-Shehbaz 
& al., 2006). The null hypothesis of constancy of substitution 
rates (molecular clock) was rejected for both datasets. The best 
smoothing parameter obtained with the Penalized Likelihood 
method was 3.2 for the ITS and 32 for the plastid dataset. Due 
to the low level of sequence divergence in Glaucoreseda, we 
used a subset of populations (18) in the Penalized Likelihood 
analyses, representing the distribution of the five species and 
the sequence diversity found in our sampling, with at least three 
accessions per species.

RESULTS

ITS sequencing and ribotypes. — In Glaucoreseda, the 
ITS region was 637–638 base pairs (bp), with a variable to 
parsimony-informative sites ratio of 28/16 for the whole ITS 
region (21/12 for ITS1, 0/0 for 5.8S and 7/4 for ITS-2). Only 
one informative indel was found and coded (R. battandieri, 
1 bp long). Thirty PS were detected in 12 of 27 accessions (one 
to six PS per sequence), and distributed in all species of the 
section except R. complicata (Table 1). Twenty of the PS were 
APS (one to four per accession).

Ribosomal sequence integrity suggests that all clones are 
functional ITS copies, except for one highly divergent clone 
of R. gredensis (pop. 4), characterised by a decreased G + C 
content with respect to the rest of the clones (53.7% vs. mean 
56.4%), increased mean K2P pairwise genetic distances (4.49% 
vs. 1.42%), and reduced sequence length due to deletions in 
the ITS1 spacer and 5.8S region (456 bp. vs. 637–638bp). This 
anomalous clone also lacked the conserved ITS1 motif of Liu & 
Schardl (1994) and showed two mutations in the conserved 5.8S 
motif (Jobes & Thien, 1997). Therefore this copy is probably a 
pseudogene, and was subsequently excluded from the analyses.

The application of the three different methods (direct se-
quencing, cloning, substraction from APS) revealed a total of 
20 different Glaucoreseda ribotypes (R1–R20; Table 1), of 
which seven were detected in direct ITS sequences (R1, R2, 
R11, R12, R15, R17, R19). Sixteen different ribotypes were 
retrieved from clones, of which seven were also found by sub-
straction and three by direct sequencing (Table 1). Substrac-
tion from the ten individuals with APS yielded ten different 
ribotypes. Direct or cloned sequences matched eight of the ten 
substracted ribotypes, and the two putative parental ribotypes 
for eight of the ten individuals with APS (Table 1). For the 
remaining two individuals with APS (R. glauca pops. 4 and 5) 
the same two putative parental ribotypes were inferred by sub-
straction; however none of them were found in direct or cloned 
sequences. These two ribotypes were subsequently excluded 
from the analyses, as they could be artefacts of the substrac-
tion method. Eight ribotypes exclusively detected in cloned 
sequences were identified as putative recombinants and/or rare 
ITS copies not apparent in direct sequences. Ribotypes found in 
clones and direct sequences explained all the PS (21) found in 
the six ITS cloned sequences. The number of ribotypes per spe-
cies ranged between one (R. complicata) and seven (R. glauca). 

The number of ribotypes found in the six cloned samples varied 
between three (R. glauca pop. 5, R. gredensis pop. 4, R. virgata 
pop. 5) and five (R. glauca pop. 4).

Phylogeographic analysis of ITS ribotypes. — A single 
ribotype network was retrieved, including the 20 ribotypes 
detected (Fig. 3A). Ribotype 1 (R1) was the most common and 
widespread, spanning the central area of the range of Glau-

coreseda (Sierra Nevada, Sierra de Gredos and central-north-
ern plateau; Fig. 1B). It was found in 13 populations belonging 
to three different Iberian species (R. complicata, R. gredensis, 
R. virgata), and occupied an internal position in the network 
(Fig. 3A). It was the one with more mutational connections 
(six) and the only shared ribotype between different species. 
Ribotypes found in the Moroccan endemic R. battandieri (four, 
R2–R5) and Pyrenean populations of R. glauca (six, R6–R11) 
appear clearly segregated in the network (Fig. 3A), in congru-
ence with its placement in the ITS phylogenetic tree (Fig. 4A). 
Conspecific R. glauca populations from the Cantabrian Moun-
tains showed a single ribotype (R12), which was differentiated 
by only one mutational step from the central R1, due to a single 
substitution (Table 1). Finally, five additional species-specific 
ribotypes were detected for R. gredensis (R13–R17), and three 
for R. virgata (R18–R20), which differed by no more than three 
substitutions from R1. The inclusion of cloned and substracted 
ribotypes did not substantially affect the topology of the net-
work constructed with the seven ribotypes found within direct 
sequences (not shown). Coding of the single indel found in R. 

battandieri did not have a strong effect on the ITS network 
topology, as it introduced only one additional mutation step 
between R. battandieri and R1 (Fig. 3A).

Phylogeographic analysis of plastid haplotypes. — Plas-
tid sequence lengths in Glaucoreseda varied between 720 and 
729 bp for trnL-F and between 821 and 839 bp for rps16, with 
a ratio of variable to parsimony-informative sites of 8/4. Three 
indels of 7–11 bp were detected and coded, one of them shared 
by all populations of R. battandieri, while the remaining two 
were exclusive to R. virgata (pops. 7 and 9 each). Nine variable 
sites were observed within the 16 rbcL and 14 matK acces-
sions of Glaucoreseda used for the molecular clock analyses, 
of which none was parsimony informative.

When analysing the plastid trnL-F–rps16 sequences with 
indels coded, ten different haplotypes were identified (H1–
H10). The pattern of genealogical relationships between plastid 
haplotypes depicted by TCS (Fig. 3B) was similar to that re-
trieved from ITS sequences (Fig. 3A). The most frequent hap-
lotypes (H1, H2), distributed throughout the central area of the 
range of Glaucoreseda (Sierra Nevada, Sierra de Gredos, Serra 
da Estrela, central-northern plateau and Cantabrian Moun-
tains), are shared between different species and are positioned 
as internal nodes in the network (Fig. 3B). In addition, H1 and 
H2, which only differed by one substitution, showed the highest 
number of mutational connections (four and six, respectively; 
Fig. 3B). Haplotype 1 was found in ten populations represent-
ing all species of Glaucoreseda except R. battandieri, whereas 
H2 was only shared by R. gredensis and Cantabrian R. glauca, 
two populations each. Four species-specific haplotypes were 
found in five populations of R. virgata (H3, H4, H5) and the 
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eastern-most population of R. complicata (H6). Pyrenean popu-
lations of R. glauca possess three exclusive haplotypes (H7, H8, 
H9) which differed by one mutation from H1 or H2 (Fig. 3B). 
Finally, the three populations of R. battandieri showed a single 
haplotype (H10), which was separated by two mutations from 
H2 (Fig. 3B). When indels were not coded, the only difference 
was that H5 from R. virgata was not retrieved (not shown).

Phylogenetic analyses. — Maximum Parsimony analyses 
of the ITS matrix (aligned length 638 bp, two coded indels) 
retained twelve best trees with 54 steps (consistency index, 
CI = 0.94; retention index, RI = 0.99; rescaled consistency 
index, RC = 0.95; results not shown). The MP analysis of the 
plastid trnL-F–rps16 matrix (aligned length 1608 bp, eight 
coded indels) produced a single tree of 38 steps (CI = 1, RI = 
1, RC = 1; not shown). Phylogenetic reconstructions of nuclear 
and plastid matrices retrieved significantly different topolo-
gies (Fig. 4; KH and SH tests, P ≤ 0.036) and the Hompart test 
showed that both datasets were partially incongruent (P = 0.04 
when testing the whole matrices, P = 0.02 when excluding the 
outgroup). Therefore, we did not perform phylogenetic analyses 
for a combined ITS–trnL-F–rps16 matrix. Bayesian Inference 
analyses were performed using the K80 evolutionary model for 
the ITS-1 and the GTR + I for the ITS-2 spacer (5.8S region was 
constant and therefore was excluded from analyses), whereas 
GTR was used as the simplest model of sequence evolution for 
the plastid trnL-F–rps16 matrix. Majority rule consensus trees 
obtained from the BI analyses of the nuclear and plastid matri-
ces (Fig. 4) were mostly in agreement with the strict consensus 
trees retrieved from the MP analyses (not shown). The inclusion 
of indels as additional characters for phylogenetic analyses did 
not have a significant effect either on the nuclear and plastid 
tree topologies or on branch supports.

Reseda sect. Glaucoreseda formed a strongly-supported 
monophyletic group (≥99% BS, 100% pp) in all phylogenetic 
analyses (Fig. 4), in congruence with previous molecular 
studies (Martín-Bravo & al., 2007). The only well-supported 
monophyletic group in both ITS and plastid phylogenies was 
R. battandieri (≥95% BS, ≥99% pp; Fig. 4). Cantabrian (63% 
BS, 98% pp) and Pyrenean (97% BS, 100% pp) populations of 
R. glauca clustered in two distinct monophyletic groups in the 
ITS tree (Fig. 4A), while in the plastid tree they are unresolved 
in five different lineages (Fig. 4B). Populations of the remaining 
species (R. complicata, R. gredensis, R. virgata) appear mostly 
unresolved, although they formed a poorly-supported clade 
in the ITS tree (63% BS; Fig. 4A). The large, basal polytomy 
and poor internal resolution in plastid and nuclear phylogenies 
seems to be the result of ribotype/haplotype sharing between 
accessions and the relatively low level of sequence divergence 
detected within Glaucoreseda, both for ITS (0%–1.91%) and 
trnL-F–rps16 (0%–0.19%) sequences.

Estimation of divergence times. — Divergence times 
estimated with the Penalized Likelihood analysis for the two 
different datasets (ITS; rbcL–matK–trnL-F) were mostly con-
gruent, except for the Glaucoreseda stem node (Table 2). The 
split of Resedaceae was estimated to have occurred probably 
during the Miocene (12.06 ± 2.77 Ma, ITS; 16.10 ± 1.22 Ma, 
rbcL–matK–trnL-F; node 1, Fig. 2; Table 2). These results are in 

line with the estimates obtained in previous studies which did 
not take into account the Palaeocene (62 Ma) fossil calibration 
(10.48 ± 1.82 Ma, ITS; 12.60 ± 0.85 Ma, cpDNA; Martín-Bravo 
& al., 2009), although the inclusion of the fossil constraint 
slightly increased divergence ages. The stem node of Glau-

coreseda (node 2) was placed in the lower Pleistocene (1.62 
± 0.79 Ma, ITS; Fig. 2A) or in the Pliocene (2.98 ± 0.76 Ma, 
cpDNA; Fig. 2B). The crown node of Glaucoreseda (node 3) 
fell at the beginning of the Middle Pleistocene (0.73 ± 0.45 Ma, 
ITS; 0.60 ± 0.48 Ma, cpDNA). We also obtained time estimates, 
based on the ITS chronogram, for the split of R. battandieri 
(0.29 ± 0.40 Ma; node 4, Fig. 2A; Table 2) and the Pyrenean 
populations of R. glauca (0.26 ± 0.29 Ma; node 5, Fig. 2A; 
Table 2). These nodes were not resolved in the plastid chrono-
gram (Fig. 2B) so the correspondent split times could not be 

Fig. . Statistical parsimony networks depicting genealogical relation-
ships between the five species of Reseda sect. Glaucoreseda, based 
on ITS (A) and trnL-F–rps16 (B) sequences. Ribotype/haplotype 
numbers are enclosed in coloured circles and lines connecting them 
represent mutational changes in the correspondent ITS or trnL-F–

rps16 sequence. Circle size is proportional to the number of samples 
displaying the corresponding ribotype/haplotype. Dots represent 
inferred intermediate ribotypes/haplotypes extinct or not sampled. 
Colour key used for species identification is as in Fig. 1.
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worked out. Results obtained when using the oldest estimate 
of divergence time for Brassicaceae (Koch & al., 2001; Al-
Shehbaz & al., 2006) as calibration point were very similar 
(results not shown).

DISCUSSION

Nuclear ribosomal ITS diversity. — Ribotypes retrieved 
from clones accounted for all PS encountered in the corre-
spondent direct ITS sequences and for most ribotypes inferred 
by substraction from APS (Table 1). However, ITS copies are 
not always detected by direct sequencing or substraction if 
they are in low proportion, as revealed by the finding of eight 
exclusive ribotypes in the cloned sequences (40% of the total 
number of ribotypes found). Thus, an important proportion 
of intragenomic polymorphisms may remain unnoticed in di-
rect ITS sequences and the number of different copies may be 
underestimated by substraction (Gernandt & al., 2001; Nieto 
Feliner & al., 2004; Rosselló & al., 2007). In addition, some 
putatively recombinant ribotypes were also identified in the 
clones, although the possibility of in vitro PCR recombination 
or in vivo partial homogenisation cannot be ruled out (Rosselló 
& al., 2007). Two of ten ribotypes inferred by substraction 
(20%) were not detected by cloning or direct sequencing (Ta-
ble 1). This fact could be due to insufficient clone sampling, 
recombination, or biased concerted evolution towards one of 
the parental types (Fuertes Aguilar & Nieto Feliner, 2003). 
Therefore, inference of coexisting ribotypes from direct ITS 
sequences by substraction (Clark, 1990) could be a suitable 
approach when facing the problem of intra-individual ITS 
polymorphisms and cloning of all sequences is not possible, 
provided a putative parental ribotype is detected in the dataset. 
However, the application of this method is not free of draw-
backs as it may generate artificial ribotypes and may overlook 
the existence of ITS copies in low proportion, especially when 
ancient hybridisation or reticulation processes are likely or 
there is a high number of additivities involved.

Discordance between nuclear and cpDNA genealogies 

and taxonomy. — Congruence tests (Hompart, KH, SH tests) 
revealed that nuclear and plastid phylogenies were incongruent. 
In addition, both reconstructions were also partially discordant 
with taxonomy since one ribotype (R1) and two haplotypes (H1, 
H2) are shared between different species (Figs. 3, 4). Moreover, 
coexisting intra-individual ITS copies were detected by clon-
ing. These facts could be related to the intervention of biologi-
cal processes like recent hybridisation and/or preservation and 
differential sorting of ancestral polymorphisms (Wendel & 
Doyle, 1998).

The incongruent, species-independent ribotype and hap-
lotypes (R1; H1, H2) are the most frequent, occupy internal 
positions within the parsimony networks and show the highest 
amount of mutational connections (Fig. 3). On the other hand, 
haplotypes at the tips of the networks are species-specific and 
were found at lower frequencies. According to the coalescent 
theory, the patterns of genealogical relationships depicted by 
the networks suggest that these incongruent ribotype and hap-
lotypes may be ancestral and probably predating species di-
vergence within Glaucoreseda (Castelloe & Templeton, 1994; 
Schaal & al., 1998; Pleines & al., 2009). Therefore, incomplete 
lineage sorting of ancestral ITS and plastid polymorphisms 
due to recent divergence appears to be more plausible than 
gene flow between distinct species to explain the incongru-
ence between the two genealogies and taxonomy. Accordingly, 
neither contact areas nor hybrids between the different species 
have been described in Glaucoreseda, unlike for other plant 
groups for which incongruence between nuclear and plastid 
markers has also been reported (Nieto Feliner & al., 2004; 
Albaladejo & al., 2005; Suárez-Santiago & al., 2007; Vargas 
& al., 2009).

Incomplete lineage sorting should be a more common phe-
nomenon in nuclear than in plastid genomes due to the larger 
effective population size of the nuclear one (Schaal & al., 1998). 
However, this process has been suggested to have influenced 
the evolution of both plastid (Comes & Abbott, 2001; Jakob 
& Blattner, 2006; Koch & Matschinger, 2007) and nuclear 

Table . Penalized Likelihood age estimates (mean, standard deviation, minimum and maximum) for the most important unconstrained nodes in 
the Resedaceae and in Reseda sect. Glaucoreseda, based on the analysis of two matrices (ITS, rbcL-matK-trnL-F).

Node

ITS rbcL-matK-trnL-F

Mean age 
(Ma)

SD 
(Ma)

Minimum age 
(Ma)

Maximum age 
(Ma)

Mean age 
(Ma)

SD 
(Ma)

Minimum age 
(Ma)

Maximum age 
(Ma)

1
Resedaceae 12.06 2.77 7.27 47.74 16.10 1.22 11.48 27.41

2
Glaucoreseda (stem node)  1.62 0.79 0.22 11.57  2.98 0.76  1.29 11.01

3
Glaucoreseda (crown node)  0.73 0.45 0.27  6.58  0.60 0.48  0.11  8.98

4
Reseda battandieri  0.29 0.40 0  6.22 Unresolved

5
Reseda glauca Pyrenees  0.26 0.29 0  6.19 Unresolved

Nodes numbered as in Fig. 2. Ma = million years ago; SD = standard deviation.
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regions, including single-copy genes (Olsen & Schaal, 1999; 
Caicedo & Schaal, 2004) and nuclear ribosomal ITS (Gern-
andt & al., 2001; Albaladejo & al., 2005). Lineage sorting has 
also been detected even with a hypervariable marker such as 
AFLPs (Kropf & al., 2006, 2008), which predominantly comes 
from the nuclear genome. Therefore, this process is increas-
ingly being reported as one of the main causes of phylogenetic 
incongruence.

The Moroccan R. battandieri was the only monophyletic 
species both in the ITS and plastid phylogenies (Fig. 4). In the 
ITS tree, Cantabrian and Pyrenean populations of R. glauca 
clustered in two distinct clades (Fig. 4A), which were not re-
trieved in the plastid phylogeny (Fig. 4B). The remaining spe-
cies appear mostly unresolved in phylogenetic trees due to a 
low level of sequence divergence, which may suggest synchro-
nous processes of allopatric speciation (Martín-Bravo & al., 
2007). However, the lack of monophyletic groups enclosing 
morphologically well-defined taxa is not always an evidence 
of non-monophyly (Fuertes Aguilar & Nieto Feliner, 2003; 
Suárez-Santiago & al., 2007). Morphological divergence is 
sometimes not related to the degree of genetic differentiation, 
as exemplified by the well-known phenomenon of adaptive ra-
diation (Schaal & al., 1998). In the case of Glaucoreseda, whose 
species are morphologically well-differentiated (Abdallah & 
de Wit, 1978; Valdés Bermejo, 1993), it appears that the shar-
ing of haplotypes and the relatively high genetic similarity, 
most likely reflects recent common ancestry rather than gene 
flow. It is possible that sequence variation did not have enough 
time to completely sort into distinct species lineages, probably 
resulting in the lack of phylogenetic resolution (Kropf & al., 
2006, 2008).

Pleistocene evolution of Reseda sect. Glaucoreseda in 

the Iberian Peninsula. — Our results suggest that speciation 
within Glaucoreseda in the Iberian Peninsula could be related 
to range shifts induced by Pleistocene climatic oscillations. 
Firstly, divergence time estimates calculated with the Penalized 
Likelihood approach (crown node: 0.73 ± 0.45 Ma, ITS; 0.60 
± 0.48 Ma, cpDNA; Fig. 2; Table 2) are consistent with a late 
Pleistocene diversification of Glaucoreseda lineages. On the 
other hand, the split of Glaucoreseda lineage from its sister-
group Oligomeris (stem node: 1.62 ± 0.79 Ma, ITS; 2.98 ± 0.76 
Ma, cpDNA; Fig. 2; Table 2) appears to have been related to 
the start of the global cooling (Lower Pleistocene; c. 1.8 Ma) 
but also to the onset of the Mediterranean climate (3.2 Ma; 
Suc, 1984), considering the standard errors of divergence time 
estimations.

In addition, incomplete lineage sorting of ancestral ITS 
and plastid polymorphisms could be explained by relatively 
recent range fragmentation of an ancestral widespread spe-
cies. Ancestral cpDNA polymorphisms predating speciation 
events have been suggested to persist from 0.4 to 4 Ma (Comes 
& Abbott, 2001; Jakob & Blattner, 2006). This hypothesis is 
consistent with the geographical distribution of the incongru-
ent, putatively ancestral ribotype and haplotypes (R1; H1, H2) 
across a wide range of the Iberian Peninsula (Fig. 1B). Ances-
tral haplotypes are expected to be more frequent in or near the 
area of their geographical origin (Templeton, 1998). Therefore, 

this pattern may indicate that an ancestral, cold-adapted species 
could have been more or less continuously distributed in low-
lands, as postulated for other European mountain plants (Zhang 
& al., 2001; Comes & Kadereit, 2003; Kropf & al., 2003, 2006, 
2008). During glacial periods, vast medium-altitude areas in 
the central Iberian Peninsula were covered by cold steppe/
tundra vegetation, providing suitable habitats for mountain 
plants (Ray & Adams, 2001). The Pyrenees were the only ex-
tensively glaciated range, although patches of permanent ice 
sheet were also found in other high mountains of the Iberian 
Peninsula (Hughes & al., 2006). Interglacial warming prob-
ably forced populations to retreat to disjunct, high elevated 
mountain ranges or plateaus (Kropf & al., 2008). Allopatric 
divergence of the resulting isolated populations may have oc-
curred subsequently, leading to current Glaucoreseda endem-
ics. Therefore, vicariance driven by Pleistocene glaciations 
seems to be the most plausible scenario for the diversification 
of Glaucoreseda in the Iberian Peninsula, as for some other 
European mountain plant groups (Zhang & al., 2001, 2004; 
Kropf & al., 2006, 2008). Low genetic differentiation both 
for ITS and plastid sequences, and lack of complete concerted 
evolution may be also the result of recent vicariance due to 
interglacial isolation. Likewise, incomplete lineage sorting has 
been suggested to be especially likely in recently diverged or 
rapidly radiating species groups (Pleines & al., 2009).

Interestingly, while the high-mountain species of Glau-

coreseda (R. complicata, R. glauca, R. gredensis) are peren-
nial, the medium-altitude species R. battandieri and R. virgata 
display short life-cycles. This could be interpreted as an ad-
aptation to lower altitudes, where precipitation is often more 
unpredictable than in high altitude habitats (Silvertown & 
Charlesworth, 2001).

The fact that incongruence between genealogy and tax-
onomy is probably explained by incomplete lineage sorting and 
not by gene flow leads to the idea that no secondary contacts 
between Glaucoreseda isolated populations have occurred after 
the interglacial range fragmentation. Similar cases are docu-
mented of old population differentiation in alpine plants without 
subsequent interferences (Puscas & al., 2008). It is possible that 
adaptation to different kinds of substrates in Glaucoreseda 
(granites in the case of R. gredensis, michaschists in R. com-

plicata, limestones in R. glauca, sandy acid soils or serpentines 
in R. virgata) implied a strong selective pressure that promoted 
rapid morphological differentiation and the development of 
reproductive barriers, precluding gene flow between the diver-
gent disjunct populations (Schluter, 1996; Hendry & al., 2007). 
Edaphic adaptation has been reported as an important cause 
driving evolution and ultimately speciation in several plant 
groups (e.g., Zhang & al., 2001; Verboom & al., 2004), includ-
ing alpine species (Alvarez & al., 2009). Therefore, ecological 
specialisation could have acted in concert with geographical 
isolation to foster rapid speciation in Glaucoreseda in the Ibe-
rian Peninsula (Dixon & al., 2007), as has been suggested for 
other Resedaceae endemics (Martín-Bravo & al., 2007).

Interestingly, Pyrenean populations of R. glauca appeared 
separated from conspecific populations from the Cantabrian 
Mountains in both network reconstructions (Fig. 3). The floras 
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of both ranges are closely related, as reflected in the high 
number of shared endemics (Villar & Laínz, 1990), including 
intraspecific differentiation between Cantabrian and Pyrenean 
lineages (Kropf & al., 2003). Distinctiveness of Pyrenean 
populations of R. glauca has already been suggested based 
on isozyme studies (González Aguilera & al., 1980; González 
Aguilera & Fernández Peralta, 1984). In R. glauca, the genetic 
divergence of Pyrenean populations could be interpreted as 
evidence of isolation, which according to the ITS-dated phy-
logeny may have not predated the Middle Pleistocene (0.26 ± 
0.29 Ma, Table 2). It is possible that some populations survived 
the Pleistocene glacial periods in isolated peripheral refugia in 
the Pyrenees (Segarra-Moragues & al., 2007a; Dubreuil & al., 
2008). Two facts may indicate that these refugia could have 
been located in the western, lower-altitude Pyrenees (Zhang & 
al., 2001), from which a westward recolonisation of the chain 
could have taken place. Firstly, a pattern of genetic diversity 
decreasing from the west to the east of the Pyrenees is in-
ferred from ITS ribotypes (Table 1). Thus, the western-most 
population (pop. 4) was the one with the highest amount of 
different ITS ribotypes found by cloning (five, R6–R10). The 
number of ribotypes was decreasing to the east (three in pop. 5; 
two in pop. 6), with only one ribotype (R11) observed for the 
eastern-most accession (pop. 7). Glacial refugia have usually 
been considered as harbours of higher levels of genetic diversity 
due to long-term persistence, whereas the recolonisation of new 
territories usually implies a loss of genetic variation as a result 
of successive founder effects (i.e., Hewitt, 2000). Secondly, 
the tip position of the eastern-most population (pop. 7) in the 
ITS network (R11, Fig. 3A) is also congruent with an eastward 
migration from the western Pyrenees (Templeton, 1998). In 
agreement, this population showed a haplotype (H9) which was 
already found in the Central Pyrenees (pop. 6).

If we consider the distribution of the ancestral ribotype and 
haplotypes in the central area of the Iberian Peninsula, a periph-
eral colonisation trend may be inferred for different mountain 
ranges in Glaucoreseda species. Populations of R. complicata 
(pop. 3) and R. gredensis (pop. 5) located in the peripheral areas 
of the species range (Fig. 1B), are positioned as tip nodes in 
the plastid (H6) and ITS (R17) networks, respectively (Fig. 3), 
and their ribotypes/haplotypes are exclusive. This is consistent 
with recent colonisation events (Castelloe & Templeton, 1994; 
Templeton, 1998). The western-most population of R. gredensis 
(pop. 5, Portugal) showed only one ribotype (R17), in contrast 
with populations in the core of the Central Range for which 
two to four ribotypes were found in clones and/or inferred by 
substraction (Fig. 1B; Table 1). Accordingly, a general trend of 
genetic diversity decreasing towards peripheral populations has 
been put forward in several studies (Durka, 1999; Lammi & al., 
1999). Therefore, in addition to the already proposed westward 
colonisation of the Pyrenees by R. glauca, an eastward coloni-
sation of Sierra Nevada could be suggested for R. complicata, 
whereas a westward migration of R. gredensis in the Central 
Range may have occurred. This peripheral colonization pattern 
would be in agreement with Pleistocene vegetation history in-
ferred from palaeoclimatic and palaeoecological data (Kaiser, 
1969; Lang, 1994). Thus, montane areas in central-northern 

and eastern Iberian Peninsula were probably suitable for glacial 
survival of Glaucoreseda species, as they were covered by 
cold steppe/tundra vegetation, whereas peripheral parts were 
dominated by conifers and by deciduous forests near the coast 
(Costa-Tenorio & al., 1990; Kropf & al., 2006).

The evolutionary vicariance scenario proposed here is con-
gruent with the previous cytogenetic hypothesis suggested by 
González Aguilera & al. (1980), in which an ancestral diploid 
species could have undergone polyploidisation prior to frag-
mentation and subsequent speciation driven by Pleistocene 
climatic oscillations. Given that all Glaucoreseda species are 
tetraploids with the same chromosome number (n = 14; 2n = 28; 
Fig. 1A), it appears more likely that the polyploidisation event 
took place prior to the range fragmentation and speciation. 
Although factors promoting polyploidisation are still a matter 
of discussion (Ramsey & Schemske, 1998; Comai, 2005), it has 
frequently been associated with glaciations and colonisation of 
cold habitats in altitude and latitude (Stebbins, 1984; Parisod 
& Besnard, 2007). The derived chromosome basic number in 
Resedaceae (x = 7; González Aguilera & Fernández Peralta, 
1984; Martín-Bravo & al., 2007) and the chromosome number 
stability (n = 14; 2n = 28) also support the relatively recent 
origin of Glaucoreseda.

Dispersal across the Strait of Gibraltar. — While inter-
glacial vicariance appears as the main process involved in the 
origin of Glaucoreseda species in the Iberian Peninsula, dis-
persal may have been involved in the origin of the Moroccan 
endemic R. battandieri. Our time estimates for the diversifi-
cation of Glaucoreseda (0.73 ± 0.45 Ma, ITS; 0.60 ± 0.48 Ma, 
cpDNA), and for the origin of R. battandieri (0.29 ± 0.40 Ma, 
ITS) are after the opening of the Strait of Gibraltar during the 
Pliocene (ca. 5.3 Ma; Krijgsman, 2002). In addition, R. battand-

ieri sequences (R2–R5; H10) are positioned as tip nodes with 
respect to Iberian ancestral ribotype and haplotypes (R1, H1, 
H2; Fig. 3). We therefore postulate a dispersal from the Ibe-
rian Peninsula to Morocco to account for this monophyletic 
North African lineage. After the colonisation event, the Strait 
of Gibraltar probably acted as a barrier to gene flow, as de-
scribed for other Ibero–North African plant lineages (reviewed 
in Rodríguez-Sánchez & al., 2008). Despite the apparent lack of 
specific mechanisms for dispersal in Resedaceae, evidence of 
long-distance colonisation success in the family has also been 
reported for the Canarian endemic species of Reseda (Martín-
Bravo & al., 2007), as well as in Oligomeris, the sister-group 
of Glaucoreseda (Martín-Bravo & al., 2009).

CONCLUSIONS

Range shifts induced by Quaternary climatic oscillations 
may have had an important effect in speciation of European 
mountain plant groups such as Reseda sect. Glaucoreseda. 
Estimates of divergence times indicate a late Pleistocene di-
versification of Glaucoreseda. Hybridisation and incomplete 
lineage sorting may have been involved in the phylogenetic 
incongruence between nuclear and plastid phylogenies in Glau-

coreseda. However, genealogical relationships of haplotypes 
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