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M. FERNÁNDEZ-MAZUECOS and P. VARGAS

Real Jardı́n Botánico, CSIC, Plaza de Murillo 2, 28014 Madrid, Spain
Corresponde

Fax: +349142

� 2010 Black
Abstract

The lack of a comparative approach makes it impossible to determine the main factors

influencing colonization and evolution in plants. Here we conducted the first comparative

study of a characteristic Mediterranean lineage (white-flowered Cistus) taking advantage

of its well-known phylogenetic relationships. A two-scale approach was applied to

address the hypothesis of higher levels of isolation in mountain than in lowland species.

First, a time-calibrated phylogeny using plastid sequences of Cistaceae suggested that the

origin of Cistus species postdated both the refilling of the Mediterranean Sea

(5.59–5.33 Ma) and the onset of the Mediterranean climate (3.2 Ma). Two hundred and

sixty-three additional, plastid sequences from 111 populations showed different numbers

of haplotypes in C. laurifolius (7), C. monspeliensis (2) and C. salviifolius (7). Although

haplotype sharing among disjunct populations was observed in all species, phylogeo-

graphic analyses revealed haplotype lineages exclusive to Europe or Africa only in the

mountain species (C. laurifolius). Isolation by either geographical distance or sea barriers

was not significantly supported for the lowland species (C. monspeliensis; C. ladanifer
from a previous study). The same is true for the less habitat-specific species of the lineage

(C. salviifolius). Comparative phylogeography of the Cistus species leads us to interpret a

general pattern of active colonization surpassing Mediterranean barriers. In contrast,

ecological conditions (precipitation, temperature, soils) appear to have determined the

distribution of the Cistus species of Mediterranean mountains. This study further

provides molecular evidence for multiple colonization patterns in the course of successful

adaptation of Cistus species to Mediterranean habitats.
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Introduction

Since high altitude creates an island-like isolation, moun-

tains provide an excellent geographical system to eluci-

date historical colonization patterns. Numerous studies

have indicated that the distribution patterns of European

mountain plants are largely determined by interactions

between the species characteristics and the climatic

events of the Pleistocene (Comes & Kadereit 1998;

Schönswetter et al. 2005; Ronikier et al. 2008). Indeed,

historical processes of isolation have been more easily
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reconstructed in mountain than in lowland taxa (Zhang

et al. 2001; Comes & Kadereit 2003; Arafeh & Kadereit

2006). The alternation of glacial and interglacial periods

subjected plants to fundamental distribution changes.

The disjunct distributions of mountain plants in Central

Europe are primarily explained by: (1) survival in local

refugia; (2) stepwise colonization from other areas, par-

ticularly from southern Europe; and (3) long-distance

dispersal (Taberlet et al. 1998; Comes & Kadereit 2003;

Tribsch & Schönswetter 2003; Schönswetter et al. 2005).

Phylogeography is concerned with the principles and

processes governing the geographic distributions of gene-

alogical lineages, especially those within and among

closely related species (Avise 2000, 2009). Emerging
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comparative phylogeographic studies are helpful for test-

ing non-exclusive colonization hypotheses. Some studies

have suggested that species of the same genus do not nec-

essarily display comparable colonization patterns (Des-

prés et al. 2003; Dixon et al. 2007). Similarly, species of

different plant genera sharing similar alpire ecological

conditions appear not to follow the same patterns (Taber-

let 2002). Survival and colonization processes in the high

Mediterranean mountains are expected to be complex

given the higher biological diversity of the region and the

more limited effects of the Last Glacial Maximum mass

extinction event in the southern latitudes (Hewitt 2000;

Vargas 2003; Kropf et al. 2008). It has been proposed that

plant genera with similar ecological requirements display

more dissimilar colonization patterns in the Mediterra-

nean than in the Central European mountains (Vargas

2003; Kropf et al. 2008). The question remains as to

whether historical colonization is shared by Mediterra-

nean species of the same genus with different habitat

requirements but sharing a recent common ancestor.

The genus Cistus L. (Cistaceae) consists of 21 species

distributed primarily in the Mediterranean. Most Cistus

species are widespread with a few narrow endemics,

patterns resulting from colonization processes after spe-

cies formation and post-glaciation population survival

(Guzmán et al. 2009). Long-distance colonizations have

been documented in Cistus despite its capsules and dry

seeds that display no obvious capability for extensive

dispersal. A phylogenetic hypothesis has revealed a

parallel colonization pattern of the two major lineages

of Cistus (white and purple-flowered species) across the

Mediterranean (Guzmán & Vargas 2005). The coloniza-

tion potential of the purple-flowered lineage was

further manifested by the presence of a sublineage of

five Canary Island endemics resulting from a single

introduction. On the other hand, colonization of

the white-flowered lineage has been successful as evi-

denced by the presence of C. monspeliensis in most of

the Canary Islands. In addition, at least two long-

distance colonization events of the white-flowered

C. ladanifer across the Strait of Gibraltar have been

identified by geographical distribution of haplotypes

(Guzmán & Vargas 2009b).

Although relatively active dispersal has been inferred

for Cistus lineages, a comparative phylogeographic study

of some Cistus species is needed to identify general colo-

nization patterns and the main factors influencing them.

Here we used white-flowered species of the same Cistus

lineage (Guzmán et al. 2009) to address explicit hypothe-

ses about geographical (Europe ⁄ Africa; eastern ⁄ western

Mediterranean) and ecological (altitude) colonizations.

Four particular white-flowered species are subject to this

study. Cistus laurifolius presents a fragmented distribu-

tion in the Mediterranean mountains, leading us to
hypothesize a significant altitude-associated isolation.

Less isolation is expected for two lowland species: C. la-

danifer (previously analysed by Guzmán & Vargas 2009b)

and C. monspeliensis. Finally, even less isolation is

expected for C. salviifolius, given its successful distribu-

tion in numerous habitats from sea level to timberline.

Two comparisons were accordingly used to contrast the

phylogeographic patterns of (i) the mountain C. laurifo-

lius with the lowland C. ladanifer and C. monspeliensis;

and (ii) three altitude limited species (C. laurifolius, C. la-

danifer and C. monspeliensis) with the most widespread

species of Cistus, C. salviifolius.

To explore the hypothesis of a higher degree of

genetic isolation in mountains, we applied a two-scale

approach based on the analysis of sequences of the

plastid genome (cpDNA), which is structurally stable,

haploid, non-recombinant, and maternally inherited in

Cistus (Guzmán & Vargas 2009b). First, a relaxed molec-

ular clock analysis of Cistaceae was performed to esti-

mate divergence times of Cistus species and relate them

to biogeographic features of the Mediterranean region.

Then, combined analyses of species distributions, haplo-

type polymorphisms, and haplotype clade relationships

were carried out in Cistus laurifolius, C. monspeliensis,

and C. salviifolius populations (1) to reconstruct the phy-

logeographic relationships and historical colonization

patterns of each species; (2) to contrast the colonization

histories of the three species, plus C. ladanifer, at the

temporal and spatial scales; and (3) to investigate the

net contribution of geographical and ecological barriers

in the species distributions across the Mediterranean.
Materials and methods

Study species

The four species chosen to perform a comparative phy-

logeographic analysis are widespread and belong to the

white-flowered lineage of Cistus, i.e. they share a recent

common ancestor (Guzmán & Vargas 2005).

Cistus laurifolius L. is a mountain shrub typically found

in the understory and successional scrub of oak and pine

woodlands. A dense scrub is formed on acidic substrates

of Mediterranean mountains from 800 to 1900 m

(supramediterranean vegetation belt) (Martı́n & Guinea

1949; Demoly & Montserrat 1993). Disjunct distribution

of this species in the western and eastern Mediterranean

basin, and a relict population in central Italy, has been

interpreted as the result of the contraction of a wider

pre-glacial area (Dansereau 1939; Pignatti 1982).

Cistus ladanifer L. is a shrub occurring on acidic soils

of the western Mediterranean from sea-level to 1000 m

(mesomediterranean vegetation belt) (see Guzman &

Vargas 2009 for details of this species).
� 2010 Blackwell Publishing Ltd
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Cistus monspeliensis L. is a lowland shrub displaying a

rather continuous distribution in the Mediterranean

basin, even though it becomes scarcer eastwards. It also

occurs in the Canary Islands. Dense C. monspeliensis

formations are found on poor soils from sea-level to

600–800 m (thermomediterranean vegetation belt) on

both calcareous and acidic substrates. This species

forms dense scrub when holm oak, cork oak and pine

woodlands are degraded (Juhren 1966).

Cistus salviifolius L. is a subshrub occurring on sandy

soils of a wide range of habitats (Demoly & Montserrat

1993). Unlike the two preceding species, this species does

not form dense scrub, and has a patchy distribution in a

wide altitudinal range from sea level to 1800 m. Cistus

salviifolius has a circum-Mediterranean distribution, from

Portugal and Morocco to Palestine and the eastern coast

of the Black Sea and also occurs in the south of the

Eurosiberian floristic region. It has also been recorded

in Macaronesia (Madeira), where it is probably an

introduced species (Short 1994).

Artificial crossings between four species (C. parviflorus,

C. laurifolius, C. libanotis, C. ladanifer) of the white-flow-

ered lineage revealed maternal inheritance of plastid

haplotypes (Guzmán & Vargas 2009b). Accordingly, we

interpret that phylogeographic reconstruction of plastid

haplotypes reflects plant colonization by seeds.
Sampling strategy and DNA sequencing

In order to estimate divergence times among Cistus lin-

eages and plastid sequences of the study species, we

obtained GenBank sequences of the trnL–trnF spacer

(501 bp) and the matK gene (5¢ end of 486 bp) from 20

Cistus species and 10 additional Cistaceae (Fumana,

Helianthemum, Tuberaria, Halimium) (Guzmán et al. 2009;

Guzmán & Vargas 2009a). We employed sequences

of Hopea wightiana (Dipterocarpaceae) as outgroup

(Gamage et al. 2003, 2006).

For the inference of intraspecific patterns of cpDNA

variation, a total of 111 populations of C. laurifolius,

C. monspeliensis and C. salviifolius were sampled to cover

their entire distribution in the Mediterranean basin

(Table S1, Supporting Information). Forty-seven popu-

lations of C. ladanifer sampled and sequenced by Guz-

mán & Vargas (2009b) were also included in the

comparative analyses (see below). Thirty-three individu-

als of C. laurifolius, 26 of C. monspeliensis and 52 of

C. salviifolius were collected in the field and dried in

silica gel, except for some individuals obtained from

herbarium collections (see Table S1, Supporting Infor-

mation). First, a pilot study using three to six samples

of each species from distant geographical areas was

performed to find the most variable sequences among

17 plastid DNA regions previously used in phylogenetic
� 2010 Blackwell Publishing Ltd
and phylogeographic analyses (Table S2, Supporting

Information).

Procedures used for amplification and sequencing of

DNA regions followed Guzmán & Vargas (2005, 2009b),

except for minor details. Total genomic DNA was

extracted using DNeasy Plant Mini Kit (QIAGEN Inc.,

California). DNA regions were amplified in an Eppen-

dorf Mastercycler Epgradient S (Westbury, NY) or a MJ

Research PTC-200 (Massachusetts) thermal cycler, with

standard primers (Table S2, Supporting Information).

After 1–2 min pretreatment at 94–95 �C, PCR conditions

were: 30–40 cycles of 45 s—1 min at 94–96 �C, 1–2 min

at 48–59 �C (Table S2, Supporting Information) and 1–

2 min at 72 �C. In certain reactions, a volume of 1 lL of

bovine serum albumine (BSA) at 1 mg mL)1 was

included in each 25 mL reaction to improve the efficiency

of the amplification. Amplified products were cleaned

using spin filter columns (UltraClean PCR Clean-Up Kit,

MO BIO Laboratories Inc., CA, USA) or treated with

ExoSAP-IT (USB Corporation, OH, USA) following

the manufacturers’ protocols. Sequencing of cleaned

products followed Guzmán & Vargas (2005), and result-

ing sequence data were assembled and edited using the

SeqEd software (Applied Biosystems, CA, USA).

After identifying DNA regions with sequence varia-

tion (trnS-trnG, trnCGCA-trnDGUC and trnHGUG-trnKUUU

for C. laurifolius; trnS-trnG and psbK-trnS for C. monspeli-

ensis; and trnS-trnG and trnHGUG-trnKUUU for C. salviifo-

lius), we extended the sequencing to every population

(one individual per population). Sequences from two

additional individuals were obtained from certain pop-

ulations (population 38 and population 50 of C. salviifo-

lius) to check for potential artefacts or haplotype

diversity in particular geographical areas. One internal

primer (5¢-CCCATGTCAACCAATAACCA-3¢) was

designed to facilitate the amplification of a short region

in the trnHGUG-trnKUUU spacer because of fragment

length. It was in this short region where sequence varia-

tion was found for two species (C. laurifolius, C. salviifo-

lius). The same DNA regions were also sequenced from

the other nine species of the white-flowered lineage

(Guzmán & Vargas 2005), plus two purple-flowered

species as the outgroup, to reconstruct phylogenetic

relationships of the cpDNA haplotypes (see below).
Estimation of divergence times

All trnL-trnF and matK sequences were aligned using

ClustalX 2.0.10 (Larkin et al. 2007), and further adjust-

ments were made by visual inspection. To determine

the simplest model of sequence evolution that best fits

the sequence data (GTR+G for both data sets), the AIC

criterion was implemented in each data set using

jModeltest 0.1.1 (Posada 2008; Guindon & Gascuel
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2003). Consequently both matrices were combined for

further analyses.

The combined matrix was analysed using a relaxed

Bayesian approach as implemented in BEAST v.1.4.8

(Drummond & Rambaut 2007; Drummond et al. 2006).

This software simultaneously estimates tree topology

and node ages, and uncertainty is incorporated to both

aspects of the analysis. A relaxed molecular clock was

used, and the substitution rate variation was modelled

using an uncorrelated lognormal distribution. A Birth-

Death speciation process (Gernhard 2008) was

employed as tree prior, assuming constant rates of spe-

ciation and extinction per lineage. Two MCMC analyses

were run for 10 million generations, sampling every

1000th generation. Analysis with Tracer 1.4 (Rambaut &

Drummond 2007) confirmed convergence among chains

and adequate sample size. Both chains were combined

using LogCombiner 1.4.8 after discarding the first 10%

of sampled generations as burn-in, and trees were sum-

marized in a maximum clade credibility tree obtained

in TreeAnotator 1.4.8. This tree was finally visualized

using FigTree 1.1.2.

Topological constraints were imposed in those nodes

where a particular resolution was needed for subsequent

calibrations. Thus, constriction of three monophyletic

groups (Cistaceae; Helianthemum-Tuberaria-Halimium-

Cistus; and Tuberaria-Halimium-Cistus) was based on

previous phylogenetic results (Guzmán & Vargas

2009a). For temporal calibration of the tree, we

employed fossil data and molecular estimates. The

divergence age between Dipterocarpaceae and Cistaceae

obtained by Wikström et al. (2001) and the macrofossil

Cistinocarpum roemeri Conw (a Cistaceae reproductive

structure from the German Middle Oligocene; Palibin

1909) were used to constrain the basal node at a mini-

mum age of 28 Ma and a maximum age of 39 Ma.

Helianthemum pollen found in Upper Miocene forma-

tions in France (Naud & Suc 1975) and Tuberaria pollen

from German Pliocene formations (Menke 1976) led to

establishing minimum ages of 11 Ma and 5.3 Ma

respectively for the divergence of these genera. All

calibrations were implemented using uniform priors.
Haplotype data analyses

For the intraspecific analyses, all sequences obtained

from each species were combined in a matrix and man-

ually aligned given the low number of gaps. Sequences

of the species most closely related to C. laurifolius,

C. monspeliensis and C. salviifolius according to previous

results (Guzmán & Vargas 2005; Guzmán et al. 2009)

were included as the outgroup.

Genealogical relationships among haplotypes were

inferred using two different coalescence algorithms for
construction of haplotype networks: statistical parsi-

mony and reduced median network (Posada & Crandall

2001). The statistical parsimony algorithm (Templeton

et al. 1992), implemented in TCS 1.21 (Clement et al.

2000), was used to infer relationships based on nucleo-

tide substitutions. A haplotype analysis was conducted

for each species plus one or more outgroup samples

depending on previously described phylogenetic rela-

tionships (Guzmán et al. 2009). The maximum number

of differences resulting from single substitutions among

haplotypes was calculated with 95% confidence limits,

treating gaps as missing data. The reduced median net-

work (RMN) method, implemented in Network 4.5.0.2

(http://www.fluxus-engineering.com), allowed for the

analysis of both nucleotide substitutions and indels.

However, indels are generally considered to be less reli-

able characters than substitutions, and homology is

especially uncertain in poly-A ⁄ T microsatellites (Kelch-

ner 2000). Therefore, each type of sequence mutation

was given a different weight in the analysis: 10 for sub-

stitutions, 5 for several-nucleotide indels and 1 for dif-

ferences in number of repeats within microsatellites (see

Besnard et al. 2007; Naciri & Gaudeul 2007). The analy-

sis was rerun using different weighting (4 ⁄ 2 ⁄ 1 and

3 ⁄ 2 ⁄ 1) to assess potential effects in the resulting haplo-

type network. As required by the reduced median net-

work algorithm, all characters were coded as binary

data. Several-nucleotide indels, most likely resulting

from a single event, were coded following the ‘simple

indel coding’ approach (Simmons & Ochoterena 2000),

while each mononucleotide repeat in microsatellites

was coded independently as a character, following Nac-

iri & Gaudeul (2007). The reduction threshold was set

to its default value (r = 2) in all the analyses. A maxi-

mum parsimony (MP) calculation was finally performed

to eliminate nonparsimonious links and median vectors

(putative haplotypes) from the resulting network, as

recommended in the Network 4.5.0.2 manual.

Phylogenetic relationships were assessed using Maxi-

mum Parsimony (MP) and Bayesian Inference (BI).

Analyses were conducted combining sequences of the

four DNA regions (trnS-trnG, trnCGCA-trnDGUC, psbK-

trnS and a fragment of trnHGUG-trnKUUU) representing

substitution-based haplotypes of the three study species

plus representatives of the other nine white-flowered

and two purple-flowered Cistus species. MP analyses

were performed using PAUP* 4.0b10 (Swofford 2002),

with the following parameters for the heuristic search:

1000 random addition replicates holding 100 trees per

replicate, tree-bisection-reconnection (TBR) branch

swapping and the options Multrees and Steepest Des-

cent in effect. Robustness of clades was estimated using

1 000 000 bootstrap replicates (fast stepwise-addition,

Mort et al. 2000). BI was implemented using two identi-
� 2010 Blackwell Publishing Ltd
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cal searches with 10 million generations each (chain

temperature = 0.2; sample frequency = 100). The sim-

plest model of sequence evolution that best fits the

sequence data (GTR+G) was determined under the

Akaike information criterion (AIC) in jModeltest 0.1.1.

Probabilities converged on the same stable value after

c. 20 000 generations in both runs. A 50% majority

rule consensus tree was calculated to obtain the final

Bayesian estimate of phylogeny (see Guzmán & Vargas

2005 for details).
H3 H4H4

Fig. 1 Topological constraints of phylogeographic hypotheses

tested using Bayes factors. H1: single colonization of Africa

from Europe; H2: single colonization of Europe from Africa;

H3: single eastward colonization; H4: single westward coloni-

zation. Grey bars indicate monophyly constraints associated to

single colonization events. White bars indicate monophyly of

the populations of each species. Out, outgroup; Eu, Europe-

Turkey; Af, Africa; W, western Mediterranean; E, eastern Med-

iterranean.
Genetic differentiation analysis

The nearest-neighbour statistic (Snn) was calculated to

assess genetic differentiation in Cistus due to isolation by

sea barriers and geographical distance. This statistic is a

measure of how often the ‘nearest neighbours’ (in

sequence space) of sequences are from the same locality

in geographic space (Hudson 2000). Snn is expected to

approach one when two partitions (localities) of a dataset

form highly differentiated populations, and one-half

when they are part of a single panmictic population.

Thus, higher values of Snn associated to biogeographic

barriers would be expected in mountain than in lowland

and wide-range species according to our hypothesis. To

detect genetic differentiation associated to sea barriers,

we used the plastid datasets of C. laurifolius and C. salv-

iifolius. In addition, haplotypes of C. ladanifer obtained by

Guzmán & Vargas (2009b) were equally analysed. The

C. monspeliensis dataset was not analysed due to lack of

nucleotide variation (see below). Each of the three data-

sets was divided into two partitions (European-Turkish

vs. North African samples) separated by the Mediterra-

nean Sea. Island populations were excluded.

To assess genetic differentiation associated with isola-

tion by geographical distance, the C. laurifolius and

C. salviifolius datasets were partitioned into Iberian vs.

Balkan-Anatolian samples, separated by no less than

1,600 km. Populations from other areas were excluded

from the analysis. In all cases, Snn was calculated using

DnaSP v5 (Librado & Rozas 2009) in datasets both with

and without indel coding. Permutation tests with 1000

replicates were performed to evaluate significance of

the obtained values.
Bayesian hypothesis testing

Bayes factors (BF) allow testing of alternative hypothe-

ses in a Bayesian framework (Kass & Raftery 1995).

They quantify the support for one hypothesis versus

another given the data. Using this approach, imple-

mented in BEAST 1.4.8 (Drummond & Rambaut 2007;

Drummond et al. 2006) and Tracer 1.4 (Rambaut &

Drummond 2007), we tested alternative phylogeographic
� 2010 Blackwell Publishing Ltd
hypotheses using the sequence datasets of C. laurifolius,

C. ladanifer and C. salviifolius.

In each dataset, several hypotheses (tree topologies,

Fig. 1) were tested against an unconstrained analysis,

all of them involving single colonization events across a

sea barrier or a long geographical distance. Thus, differ-

ent monophyly constraints were set in each BEAST

analysis under the assumption that a single colonization

event of an area involves monophyly of its extant indi-

viduals. Monophyly of the populations of each species

was also constrained based on phylogenetic results (see

below). The two hypotheses involving single coloniza-

tion events across the Mediterranean sea barrier were

contrasted from Europe to Africa (H1) and vice versa

(H2). Single colonization events between the western

and eastern Mediterranean are analysed in hypotheses

H3 (eastward colonization) and H4 (westward coloniza-

tion). Under our main hypothesis, single colonization

events across barriers would be more easily rejected in

lowland or wide-range species than in the mountain

species.

Markov Chain Monte Carlo (MCMC) analyses were

run for 30 million generations, sampling every 1000th

generation. The outgroup (sister species) was included

in all the analyses, and a Yule tree prior was imple-

mented. In all cases, the root node was constrained to a

maximum age defined by the calculated divergence

times between the study species and its sister taxon

(see below). Substitution models were determined using

jModeltest 0.1.1 under the AIC criterion. We used a

strict molecular clock in order to minimize the number

of parameters to be estimated following Dixon et al.
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(2009). Stationarity was determined using Tracer. A sec-

ond run was performed to confirm convergence among

chains, and both runs were combined for hypothesis

testing after discarding the first 10% of sampled genera-

tions as burn-in.

Marginal likelihoods, their standard error (estimated

using 1000 bootstrap replicates) and BFs were calcu-

lated in Tracer to measure the support for each hypoth-

esis (Newton & Raftery 1994; Suchard et al. 2001). As

proposed by Kass & Raftery (1995), we considered

2 · lnBF(H vs. H’)> 10 as decisive support for hypothe-

sis H vs. hypothesis H¢. Likewise, 2 · lnBF(H vs. H¢)<
)10 was considered as decisive evidence against

hypothesis H vs. hypothesis H¢.
Results

Divergence times

Values of standard deviation of the uncorrelated log-

normal relaxed clock (0.693) and coefficient of variation

(0.754) for rate heterogeneity within our trnL-trnF and

matK data indicate that a relaxed molecular clock is

adequate for the analysis. According to the parameter

analysis in Tracer, number of MCMC iterations was suf-

ficient, with values of effective sample size (ESS) above

500 in all cases and plots showing equilibrium after dis-

carding burn-in. The maximum clade credibility tree

with 95% highest posterior density intervals (HPD) for

the divergence time estimates of relevant nodes (also

listed in Table 1) is shown in Fig. 2. The chronogram is

congruent with the divergence of the purple- and

white-flowered Cistus lineages around the Pliocene

(1.69–7.52 Ma). Pleistocene divergence of C. laurifolius,

C. monspeliensis and C. salviifolius lineages is clearly

inferred, with speciation times postdating the Messinian

Salinity Crisis (5.59–5.33 Ma; Krijgsman et al. 1999):

0.08–1.68 Ma for the split of C. salviifolius and C. ladanif-
Table 1 Mean posterior estimated ages and 95% highest pos-

terior density (HPD) intervals for the constrained (A–C) and

unconstrained relevant nodes (E–G) based on relaxed molecu-

lar-clock analysis of Cistaceae trnL-trnF and matK sequences in

BEAST. Nodes are named as in Fig. 2

Node Estimated age (Ma) 95% HPD interval

A 32.79 28.00–38.27

B 25.80 11.02–25.97

C 9.55 5.30–14.80

D 4.25 1.69–7.52

E 0.73 0.08–1.68

F 1.07 0.22–2.18

G 1.13 0.24–2.41
er; 0.22–2.18 Ma for that of C. laurifolius, C. parviflorus

and C. psilosepalus; and 0.24–2.41 Ma for that of C. mons-

peliensis and C. populifolius.
Haplotype analysis of Cistus laurifolius

Length of the DNA regions after sequencing the 33

populations was 653 bp for trnS-trnG, 695 bp for

trnCGCA-trnDGUC and 85 bp for the amplified stretch of

the trnHGUG-trnKUUU spacer. The other 14 plastid

regions sequenced for the pilot study yielded no varia-

tion or we failed to obtain PCR amplifications. Molecu-

lar variation was distributed as shown in Table 2.

Statistical parsimony analysis of the combined matrix

allowed recognition of four substitution-based haplo-

types, distributed in Morocco (two haplotypes), Spain

(two haplotypes), Southern France (one haplotype), cen-

tral Italy (one haplotype) and Turkey (one haplotype).

Haplotypes A and B are exclusive to African popula-

tions, whereas C and D to European (plus Turkish)

populations. No haplotype is shared between the two

sides of the Strait of Gibraltar. In contrast, haplotype D

is widely distributed from northern Iberia to the eastern

Mediterranean. The network constructed by TCS

(Fig. 3b) shows three C. laurifolius haplotype clades con-

nected to an ancestral, missing haplotype (extinct or not

found). This haplotype is connected to the sister species

C. psilosepalus through five additional mutation steps.

One haplotype clade corresponds to European-Turkish

populations (subsp. laurifolius), whereas the other two

clades to African populations (subsp. atlanticus). Two

different haplotypes coexist in the Moroccan Rif (A and

B) and the Spanish Sistema Central (C and D). When

microsatellites and other indels were considered in the

analysis, we obtained seven haplotypes (Table 2): four

in Africa and three in European and Turkish popula-

tions (Fig. 3a). The new haplotypes are closely related

to the substitution-based ones (A1, B1, C1, D), and are

found in the Middle Atlas (A2 and B2) and the SE Iberia

(C2). In fact, the RMN algorithm constructed a network

(Fig. 3c) showing a topology congruent with that based

on nucleotide substitutions. The same network was

obtained with different character weighting. The central

loop is considered to be related to homoplasy affecting

haplotypes A1, A2 and C2 based on one microsatellite of

the trnS-trnG spacer.
Haplotype analysis of Cistus monspeliensis

Sixteen of the 17 plastid regions sequenced for the pilot

study showed no variation across the Mediterranean.

The choice of the trnS-trnG spacer (624 bp) for the 26

samples was based on the finding of a 4-bp indel, while

the sequencing of psbK-trnS (431 bp) was extended to
� 2010 Blackwell Publishing Ltd
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every sample because of the high variation found in the

Canary Islands (M. Fernández-Mazuecos & P. Vargas,

unpublished results). The combined analysis of the two

regions with no indel coding yielded a single haplotype

(A) distributed across the Mediterranean basin, from

the Iberian Peninsula and Maghreb to Greece and

Cyprus. In the TCS analysis, this haplotype was

connected to the outgroup through the C. parviflorus

haplotype by nine steps (result not shown). When in-

dels were used in the RMN analysis (Table 2), the rare

haplotype A1 found in a single Iberian population

(Cornalvo reservoir, Badajoz, Spain) was shown to be

ancestral (Fig. 4b), while A2 remained widespread in

the Mediterranean basin (Fig. 4a). The same network

was obtained with different character weighting.
� 2010 Blackwell Publishing Ltd
Haplotype analysis of Cistus salviifolius

Length of the DNA region after sequencing the 52 pop-

ulations was 550 bp for the trnS-trnG spacer and 103 bp

for the amplified stretch of the trnHGUG-trnKUUU

spacer. The other 15 plastid regions sequenced for the

pilot study yielded no variation, except for a nucleotide

substitution found in a single Turkish population (50)

of the trnKUUU-trnKUUU spacer.

We found only two substitution-based haplotypes

(A, B), which are widely distributed and separated by

a single substitution. Haplotype A was found in most

(47) of the populations across the Mediterranean. Pop-

ulations of southern Spain, eastern Morocco, Tunisia,

Sicily, Italian Peninsula and Turkey (Bursa population)



Table 2 Haplotypes found in 33 C. laurifolius, 26 C. monspeliensis and 52 C. salviifolius populations. Variable sites of the sequenced

plastid regions (trnS-trnG, trnCGCA-trnDGUC, psbK-trnS and a fragment of trnHGUG-trnKUUU) are shown. Mononucleotide repeats (mi-

crosatellites) are represented in brackets. Several-nucleotide indels are shown as presence ⁄ absence (1 ⁄ 0) data in square brackets. An

‘N’ in square brackets represents an inapplicable character following the simple indel coding metodology (Simmons & Ochoterena

2000)

Haplotype Number of populations

DNA region

trnS-trnG (553 pb)

trnCGCA-

trnDGUC

(695 pb) trnHGUG-trnKUUU (85 pb)

58 (130) 394 22 218 [29–34]1 [31–34]2 [33–34]3 44 70

Cistus laurifolius

A1 2 A (T) G T C [1] [1] [0] A (T)

A2 1 A (T) G T C [0] [N] [N] A (T)

B1 2 C (-) G G C [1] [1] [1] G (T)

B2 1 C (-) G G C [1] [0] [N] G (T)

C1 7 C (-) G G A [1] [1] [1] A (T)

C2 3 C (T) G G A [1] [1] [1] A (T)

D 17 C (-) T G A [1] [1] [1] A (-)

trnS-trnG (624 pb)

[451–454] 4

Cistus monspeliensis

A1 1 [0]

A2 25 [1]

trnS-trnG (549 pb) trnHGUG-trnKUUU (103 pb)

(13–14) (39) 69 [27–31]5

Cistus salviifolius

A1 3 (T-) (-) T [1]

A2 22 (–) (-) T [1]

A3 21 (T-) (-) T [0]

B1 3 (T-) (-) G [1]

B2 1 (–) (-) G [1]

B3 1 (TT) (T) G [1]

B4 1 (T-) (-) G [0]

1ATATAT; 2ATAT; 3AT; 4AAAT; 5TATAT.
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harboured haplotype B. Given the lack of geographical

structure of haplotypes and the presence of more than

one haplotype in the same area, three individuals of

the Turkish and Italian populations were sampled.

However, all of them shared the same haplotype (B).

The TCS network connected the sister species C. lada-

nifer to haplotype A through five mutational steps

(Fig. 5b). When coding indels, we found seven haplo-

types (Table 2), two of which (A2, A3) are widely dis-

tributed in western and eastern Mediterranean

populations: A2 in Morocco, western Iberia, Balkan

Peninsula, Crete and Cyprus and A3 in Iberia, South

France, Corsica, Sardinia, Italian Peninsula, Balkan

Peninsula and Turkey (Fig. 5a). Haplotype B1 is also
widely distributed (three populations of Morocco,

Tunisia and Sicily). Haplotype A1 was found nearby

the Strait of Gibraltar (Andalusia and northern Mor-

occo), while B2 and B3 in single populations (Andalusia

and Turkey). The RMN analysis built a network with no

loops using character weighting of 10 ⁄ 5 ⁄ 1 and 4 ⁄ 2 ⁄ 1 and

showed the C. salviifolius clade connected to C. ladanifer

through haplotype A1 by nine mutational steps (Fig. 5c).

The two most widely distributed haplotypes (A2 and A3)

are connected to A1 by a single mutation step. A group

formed by the B subhaplotypes (B1, B2, B3, B4) connected

populations distributed across the Mediterranean.

Using a lower substitution weight (3 ⁄ 2 ⁄ 1), an additional

connection between haplotypes B4 and A3 was found
� 2010 Blackwell Publishing Ltd
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1 39 0 M. FERNÁNDEZ-MAZUECOS and P. VARGAS
because they share a 5-nucleotide deletion in the

trnHGUG-trnKUUU spacer.
Phylogenetic relationships of haplotypes

Combination of trnS-trnG, trnCGCA-trnDGUC, trnHGUG-

trnKUUU and psbK-trnS sequences of 14 Cistus species

(including those of the seven substitution-based haplo-

types of the three study species) resulted in an aligned

length of 1990 bp. Seventy-three of the 118 variable sites

from the matrix were phylogenetically informative. MP

analysis generated 198 trees of 140 steps with a consis-

tency index (CI) of 0.88 and a retention index (RI) of 0.85.

The strict consensus tree (Fig. 6) recognizes C. laurifolius

(BS 91%) and C. salviifolius (BS 100%) populations as

monophyletic. The BI phylogeny depicted a congruent

topology, with posterior probabilities (PP) of 1 for the

haplotype sequences of these two species. Phylogenetic

relationships among haplotypes of the study species are

congruent with those retrieved in network analyses. Afri-

can (A, B) and European-Turkish (C, D) haplotypes of

C. laurifolius form sister groups (BS 63%; 0.98 and 0.97

PP).
Genetic differentiation analysis

Values of Snn (Table 3) show a strong and significant

genetic differentiation (1.00) across the Mediterranean

Sea barrier for C. laurifolius. A lower but still highly

significant differentiation was found in C. ladanifer (0.85,

0.86), whereas no highly significant differentiation was

retrieved for C. salviifolius. When assessing isolation by

geographical distance in C. laurifolius and C. salviifolius,

no significant genetic differentiation was found in either

of the datasets between Iberian and Balkan-Anatolian

samples.
Bayesian hypothesis testing

Marginal likelihood and 2 · lnBF values for the tested

phylogeographic hypotheses are shown in Table 4.

All hypotheses involving single colonization events

across the Mediterranean Sea (H1, H2) and geographi-

cal distance (H3, H4) barriers are strongly rejected for

both C. ladanifer and C. salviifolius (2 · lnBF < )20 in

all cases). In C. laurifolius, only a single westward

colonization (H4) is strongly rejected (2 · lnBF < )30),
� 2010 Blackwell Publishing Ltd
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which supports a single colonization of Turkey from

the western Mediterranean and a single colonization

across the Strait of Gibraltar. Direction of the latter

event is not clearly revealed by our data.
Table 3 Nearest-neighbour statistic (Snn) values calculated partition

order to evaluate genetic differentiation associated to isolation by se

across the same barriers inferred from Snn values, Bayesian hypoth

included for comparison

Snn

Only substitutions

Isolation by sea barriers (European-Turkish vs. North African populat

C. laurifolius 1.00000 (P = 0.0000***)

C. ladanifer 0.85051 (P = 0.0000***)

C. salviifolius 0.65745 (P = 0.5410 ns)

Isolation by geographical distance (Iberian vs. Balkan-Anatolian popu

C. laurifolius 0.73913 (P = 0.0540 ns)

C. salviifolius 0,60741 (P = 1.0000 ns)

ns, not significant; *, 0.01 < P < 0.05; **, 0.001 < P< 0.01; ***, P < 0.001

� 2010 Blackwell Publishing Ltd
Discussion

Pleistocene origin of Cistus species

A recent origin of the four Cistus species is suggested

by the haplotype identity (C. monspeliensis) and the low

nucleotide variation (C. laurifolius, C. salviifolius, C. lada-

nifer) of highly variable DNA regions (Shaw et al. 2005,

2007). Phylogenetic analyses and molecular dating esti-

mates were consistent with those of previous studies

obtained using different methods (Guzmán & Vargas

2009b; Guzmán et al. 2009): the diversification of the

white-flowered Cistus lineages post-dated the refilling

of the Mediterranean basin (5.59–5.33 Ma) and the onset

of the Mediterranean climate (3.2 Ma) (Fig. 2).

Although interspecific hybridization in Cistus has been

widely described (Dansereau 1939; Demoly & Montser-

rat 1993), the monophyly or identity of plastid (Fig. 6)

and nuclear (Guzmán et al. 2009) sequences of white-

flowered species leads us to rule out reticulation as a

factor significantly influencing the overall patterns of

DNA variation. Thus, the common ancestry assumption

needed in phylogeography was fulfilled by the popula-

tions of all three newly analysed species, as also

reported for C. ladanifer (Guzmán & Vargas 2009b).

Furthermore, the shared phylogenetic, temporal and

geographical framework provides an appropriate model

for comparative analyses of species with contrasting

ecological requirements.
Isolation by sea barriers and geographical distance

Different levels of isolation, due to geographical dis-

tance or sea barriers, were observed for Cistus. Neither

haplotype nor haplotype lineage sharing were observed
ing the C. laurifolius, C. ladanifer and C. salviifolius datasets in

a barriers and geographical distance. Number of colonizations

esis testing (Table 4) and network analyses (Fig. 3–5) are also

Substitutions + indels No. of colonizations

ions)

1.00000 (P = 0.0000***) 1

0.86411 (P = 0.0000***) 2

0.73282 (P = 0.0120*) 3–4

lations)

0.73913 (P = 0.1850 ns) 1

0.69597 (P = 0.7410 ns) 3

.



Table 4 Marginal likelihoods (with standard error) and test statistic 2 · lnBF for the unconstrained analyses (H0) and the tested

phylogeographic hypotheses (H1–H4) in C. laurifolius, C. ladanifer and C. salviifolius. H1: single colonization of Africa from Europe;

H2: single colonization of Europe from Africa; H3: single eastward colonization; H4: single westward colonization (see Fig. 1). The

compared hypotheses (H and H’) are arranged in rows and columns, respectively. 2 · lnBFH vs. H’ > 10 is considered as decisive

support for H, while 2 · lnBFH vs. H’ < )10 is considered as decisive support for H’ (Kass & Raftery 1995). NA = non-applicable

Hypothesis (H) Marginal likelihood ± SE

2xlnBF

Hypothesis (H’)

H0 H1 H2 H3 H4

Cistus laurifolius

H0 )1925.017 ± 0.047 — 0.328 )0.652 )0.378 36.58

H1 )1925.181 ± 0.046 )0.328 — )0.98 )0.706 36.252

H2 )1924.691 ± 0.04 0.652 0.98 — 0.276 37.234

H3 )1924.828 ± 0.047 0.378 0.706 )0.276 — 36.958

H4 )1943.307 ± 0.047 )36.58 )36.252 )37.234 )36.958 —

Cistus ladanifer

H0 )2873.25 ± 0.075 — 65.81 64.372 NA NA

H1 )2906.15 ± 0.085 )65.81 — )1.44 NA NA

H2 )2905.43 ± 0.084 )64.372 1.44 — NA NA

Cistus salviifolius

H0 )828.352 ± 0.052 — 22.116 22.056 22.19 21.922

H1 )839.41 ± 0.056 )22.116 — )0.058 0.074 )0.194

H2 )839.381 ± 0.055 )22.056 0.058 — 0.134 )0.134

H3 )839.447 ± 0.055 )22.19 )0.074 )0.134 — )0.268

H4 )839.313 ± 0.058 )21.922 0.194 0.134 0.268 —
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between the European and African populations of

C. laurifolius, suggesting no transmaritime connection.

Genetic differentiation values and phylogeographic

hypothesis testing provided further evidence for the

isolation of C. laurifolius populations by the Mediterra-

nean barrier (Tables 3, 4). In contrast, at least two colo-

nizations over the Mediterranean Sea have been

documented for C. ladanifer (Guzmán & Vargas 2009b),

which are responsible for the comparatively lower

genetic differentiation encountered when re-analysing

the haplotype distribution of this species (Table 3).

Active colonization was found in C. salviifolius, as sug-

gested by its even lower genetic differentiation and the

presence of the same haplotypes and haplotyope lin-

eages in Europe and Africa, which resulted from at

least three intercontinental colonizations. Bayesian

hypothesis testing supported that C. ladanifer and

C. salviifolius, but not C. laurifolius, followed the

predominant pattern of multiple colonizations across the

Strait of Gibraltar (14 km), as previously proposed in a

study of 18 plant groups (Rodrı́guez-Sánchez et al. 2008).

Isolation by longer geographical distances, such as

that between the extremes of the Mediterranean, was

only tested for C. salviifolius and C. laurifolius because

C. ladanifer is exclusively distributed in the western

Mediterranean. Our results suggested that full isolation

was not accomplished, since a significant genetic differ-

entiation was not found in Cistus populations separated
by over 1600 km between the Iberian and Balkan Penin-

sulas (Table 3). There was little isolation by geographi-

cal distance in C. salviifolius, since there were no

exclusive haplotype lineages between the Iberian and

Balkan-Anatolian populations and the possibility of a

single migration event was clearly rejected by our hypoth-

esis testing (see also Farley & McNeilly 2000). In contrast,

our phylogeographic reconstruction and hypothesis test-

ing of C. laurifolius indicated a single, eastward migration

event. Western Europe may have been the source area for

a recent dispersal of this species, as indicated by the

higher diversity of haplotypes and haplotype lineages

within this area. Indeed, a recent (Pleistocene) European

route of colonization is consistent with a single haplo-

type connection between Iberia and Anatolia through

France and Italy (but see Dansereau 1939; Pignatti

1982). The fact that C. monspeliensis did not display plas-

tid DNA variation per se indicated its rapid dispersal

across the Mediterranean after species formation in the

Pleistocene. Recent colonization between the Mediterra-

nean extremes has also been documented for lowland

species such as Pinus pinea (Vendramin et al. 2008) and

Olea europaea (Besnard et al. 2009).
Elevation requirements as a determinant factor

The reproductive structures (naked capsules, smooth

seeds), which are shared by every Cistus species, do not
� 2010 Blackwell Publishing Ltd
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explain their different levels of colonization across the

Mediterranean basin. Ecological requirements, rather

than dispersal characteristics, are thought to be crucial

factors in the distribution of Cistus species (Guzmán &

Vargas 2009b). As predicted by our ecological hypothe-

sis, the phylogeographic patterns of species with lowland

distributions (C. ladanifer) or no specific altitude require-

ments (C. salviifolius) were less geographically structured

than that of the mountain species (C. laurifolius). Mediter-

ranean mountains exhibiting island-like characteristics

may have been an important determinant of the genetic

isolation detected in C. laurifolius populations.

The results of haplotype distribution were consistent

with limited geographical distribution of C. laurifolius

not only in Mediterranean mountains but also within

the Iberian Peninsula and within northern Africa (Fig. 3).

This relatively long-term isolation pattern is reflected in

the morphological differences between European-

Turkish (subsp. laurifolius) and African (subsp. atlanticus)

populations (Dansereau 1939). Therefore, the geographi-

cal structure of the genetic variation of Cistus indicates

that various abiotic factors (water bodies, geographical

distance, temperature, precipitation) were at play,

favouring differentiation between European and African

populations. In addition, strict edaphic conditions

(acidic soils) and low germination rates (Tárrega et al.

2001; Ramos et al. 2006) may have also contributed to

the relatively high isolation levels of C. laurifolius.

In summary, long geographical distances and the

presence of water bodies across the Mediterranean

basin have constituted permeable barriers for the distri-

bution of Cistus since species formation in the Pleisto-

cene. We argue that the ecological conditions in the

acidic soils of medium-altitude mountains limited the

colonization history of C. laurifolius through the Euro-

pean mountains. Additionally, barriers such as the

Strait of Gibraltar may have played important roles in

the differentiation of C. laurifolius populations. In

contrast, the lowland (C. monspeliensis, C. ladanifer) and

the widely distributed (C. salviifolius) species considered

here displayed less isolation. Further insights into the

net contributions of abiotic and biotic factors are

required. This could be achieved by examining addi-

tional characteristics previously studied only in certain

Cistus species, such as self-compatibility (Bosch 1992),

pollinator effectiveness (Herrera 1987; Talavera et al.

1993), adaptation to vegetation disturbances, and

competitiveness in new areas (Tárrega et al. 1997;

Luis-Calabuig et al. 2000; Tárrega et al. 2001).
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