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Abstract Euphorbia spinosa, a perennial xerophilous shrub
naturally distributed across the Italian peninsula, was selected
for examination of the role of the Ligurian Alps and
Apennines in glacial survival. The Italian Peninsula is
considered to be one of the principal glacial refugia in
Europe, but few plant population genetic and phylogeog-
raphy studies have been undertaken in this region. The
combined analysis of chloroplast and nuclear loci (ITS,
cpSSR and ISSR) enabled us to detect extensive DNA
variation and proved to be a very powerful tool for the
reconstruction of the phylogeography. Molecular data support
the hypothesis of a long-term separation of the Northwestern
(Maritime Alps, Sardinia, Corsica, Northern Apennines) and

Southeastern (Southern Apennines and Balkan area) lineages
in glacial refugia. The existence of allopatrically fragmented
lineages is most probably the result of isolation in different
glacial refugia, possibly due to the Last Glacial Maximum
cooling and the topographic complexity of the Italian
peninsula. The most plausible hypothesis assumes the
formation of two migration paths during more recent periods:
the first one starting with southward migration and the
second one moving northwards. The Central Apennines
should be considered the confluence of migration routes
radiating from separate refugia according to this hypothesis.
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Introduction

The Mediterranean climatic conditions emerged at the end of
the Tertiary (Piacentian stage of Pliocene between 3.6 and 2.6
Myr) so the Mediterranean ecosystem can be considered
‘young’ with the majority of present-day species represented
by colonizers of varying origins (Blondel and Aronson 1999).
In particular, the Mediterranean flora is the result of a melting
pot and meeting ground for different elements, some of which
originated in situ and others that colonized the region from
adjacent or distant areas at different times (Quézel 1995).

During the Quaternary (dating from about 2.5 Myr to the
present time) the cyclic climatic changes, and the tectonic
evolution of the Eurasian and African plates were concur-
rent and linked in the Mediterranean area, with variations in
the atmospheric circulation pattern and oscillations in the
surface temperatures. All these factors led to associated
changes in the precipitation regime and a latitudinal
displacement of the climatic belts (Fernàndez et al. 2007).
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The impact of these Quaternary climatic changes on the
coasts of the Mediterranean Sea is still poorly understood,
but there is clear evidence that southwestern Europe was
subjected to particularly cool episodes during full ice ages
(van Andel 2002). During this period the bathymetry of the
sea changed in relation to climatic fluctuations (Emig and
Geistdoerfer 2004), and the resulting land bridges allowed
biotic interchanges between the Italian peninsula and the
Balkans in the east and between Corsica and Sardinia in the
west (Thompson 2005; Randi 2007).

All this had a strong influence on the genetic structure,
distribution and evolution of plant species (Comes and
Kadereit 1998), and modern European species evolved
within the frame of these climate and biosphere changes
(Comes and Kadereit 1998; Coleman et al. 2003).

A special role in diversity distribution was assumed by three
European regions (Iberian and Italian Peninsulas, and the
Balkan region), which were not covered by Pleistocene ice
masses. They were the primary refugia for numerous animal
and plant species that later re-colonized the continent. In
addition, the diversification of genetic lineages occurred among
smaller range fragments within these refugial areas and within
other small areas (Ansell et al. 2008; Grassi et al. 2009; Médail
and Diadema 2009). Many endemic taxa inhabiting refugial
areas were characterized by allopatric fragmentation. In some
cases, they were described as distinct species (e.g., Gentiana
species, Hungerer and Kadereit 1998), as subspecies or as
lineages within the same taxon (Diadema et al. 2005; Provan
and Bennett 2008; Previsić et al. 2009). Based on the
concordance of phylogeographic patterns among different
species, the existence of refugia within refugia in the Iberian
Peninsula was suggested (Gòmez and Lunt 2007) even
though the phylogeographic approaches demonstrated the
underappreciated genealogical complexity of organisms
within large refugial habitats (Weiss and Ferrand 2007).

These events provided the opportunity for hybridization
between genomes, and the evolution of recombinant forms
and species (Hewitt 2000). In fact, most diverse populations
were not located in the south but at intermediate latitudes as
a consequence of admixture of divergent lineages from
separate refugia (Petit et al. 2005).

Schmitt (2007) distinguished among three major molecu-
lar biogeographical patterns in Europe: (1) "Mediterranean"
with Mediterranean differentiation and dispersal centres, (2)
"Continental" with extra-Mediterranean centers and (3)
"Alpine" and/or "Arctic" with recent alpine and/or arctic
distribution patterns. Biogeographical studies analyzed the
phylogeographic patterns of many Alpine or Arctic plant
species in order to reveal glacial refugia, postglacial
migration routes and secondary contact in the northern part
of the Italian Peninsula (Comes and Kadereit 2003).

Unfortunately, plant material from the Apennines has not
been studied to any great extent (Ansell et al. 2008; Grassi

et al. 2009), and so the existence of multiple refugia, or
“refugia within refugia” (Gómez and Lunt 2007) in the
southern part of the Italian Peninsula has not been
examined. A phylogeographic study might clarify the role
of this area in the genetic structure of mountain plants
during the latest climatic changes.

We focused on Euphorbia spinosa L. for this study. It is a
Mediterranean shrub that was not involved in the glacial
sheet, like alpine species, but influenced by Quaternarian
climatic variations. Here we present data based on chloro-
plast microsatellite and minisatellite analysis, nuclear ribo-
somal DNA sequencing and ISSR analysis, and three major
questions are addressed: (1) What historical processes
influenced the geographical pattern of genetic variation in
E. spinosa? (2) Did secondary contact occur among
divergent lineages? (3) Did multiple refugia exist in the
Italian Peninsula similarly to other major glacial refugia (i.e.,
Iberian Peninsula)?

Material and methods

Plant material

E. spinosa is a small xerophilous shrub living in dry and
rocky places of coastal and hilly belts within the Mediter-
ranean region. The species occurs in areas with a
Mediterranean climate with orophilous nuance character-
ized by mild maximum temperatures, extreme minimum
temperatures and abundant precipitation in spring and
autumn (Garbolino et al. 2007). It occurs from Southern
France to Southern Italy, including Sardinia and Corsica in
the Tyrrhenian Sea and in the Western Balkans in the
Adriatic Sea. E. spinosa (2n=14) belongs to the section
Helioscopia and is morphologically similar to Euphorbia
bivonae Steudel and to E. melitensis Parl., found respec-
tively in North Africa (but also on the island of Sicily) and
in Malta (Cesca1969), included in this research as an
outgroup. In the past, E. spinosa was split into two subtaxa:
the subsp. ligustica (Fiori) Pignatti with a herbaceous
aspect, wider leaves and living in the Northern part of the
distribution range, as compared to the woody and spiny
subsp. spinosa (Pignatti 1982). However, ex situ cultivation
demonstrated that the two entities are to be considered
simply ecological variants (Cesca 1969). A geographic
sampling scheme was designed to obtain an accurate sketch
of E. spinosa distribution. In particular, 62 stands were
sampled throughout the natural species range, i.e., Italy,
France and the Balkans, including some of the principal
islands of the Mediterranean area (Table 1). In order to
study the variation on a microgeographic scale, a large
portion of the samples (n=226) was collected in the major
basin of distribution (Maritime Alps and Apennines).
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Table 1 Populations used for the analysis; code of stands; sampling of plants: fresh (ƒ) or herbarium (h) material; number of individuals used for
each analysis. cpDNA, ISSR, ITS; geographic coordinates

Population Code M cpDNA ISSR ITS Haplotype Coordinates
(Name) (Number) (N/E)

Italy and France

Capanne Marcarolo IF1 h 2 H1 44°33';08°45'

Chiaravagna IF2 h 2 H1 44°27';08°51'

Varese Ligure IF3 h 2 H1 44°23';09°23'

Portofino IF4 ƒ 8 8 2 H1 44°19';09°09'

Punta Manara IF5 h 1 H1 44°15';09°24'

Apuane IF6 ƒ 1 H1 44°08';10°10'

Tende IF7 ƒ 8 8 1 H1 44°05';07°36'

Val Roja IF8 ƒ 8 3 H1 44°03';07°34'

M. Lega Rif Muratore IF9 ƒ 10 8 3 H1 43°59';07°41'

M. Pietravecchia, Gola incisa IF10 ƒ 10 6 2 H1/H3 43°59';07°40'

M. Pietravecchia IF11 ƒ 10 6 2 H1/H3 43°58'; 07°38'

Diano Aretino IF12 h 1 H1 43°57';08°02'

Levens, France IF13 h 1 H1 43°50';07°15'

Montorse, France IF14 h 4 H0/H1 43°50'; 07°26'

Fayence, France IF15 ƒ 2 H0/H1 43°40'; 06°41'

Chianti, Pisa IF16 ƒ 3 3 1 H1 43°29';10°38'

M. Gabbro, Siena IF17 ƒ 10 8 2 H1 43°11'; 11°02'

Montecerboli, Pisa IF18 h 2 1 H1 43°10';10°52'

Colfiorito IF19 ƒ 2 1 H1 43°00';13°00'

Poggio delle Fate IF20 h 2 H1 42°59'; 10°30'

M. Sibillini – val Nerina IF21 ƒ 8 6 1 H1 42°55'; 13°02'

Elba Procchio -Marciana IF22 h 1 H1 42°47';10°13'

Elba IF23 h 2 1 H1 42°45';10°18'

Acquasanta Terme IF24 ƒ 8 6 2 H1 42°45';13°24'

Cascia, Umbria IF25 ƒ 2 H1 42°43';12°57'

M. Argentario IF26 h 4 4 3 H1 42°23';11°09'

Manziana IF27 h 2 1 H1 42°08';12°06'

Tivoli IF28 h 4 H1 42°03';12°48'

Gola Saggittario IF29 ƒ 8 6 H1 41°57';13°51'

Cori IF30 ƒ 3 1 H6 41°37'; 13°00'

M. Aurunci IF31 h 2 1 H6/H7 41°18';13°38'

M. Circeo IF32 h 3 H7 41°14';13°03'

Alta Murgia IF33 ƒ 2 H6 41°03';16°13'

Querceto di Troiana IF34 h 1 1 H7 40°46';17°11'

Stabia IF35 ƒ 3 H6 40°41';14°29'

M. Stabiani IF36 ƒ 1 1 H6 40°41'; 14°49'

Matera IF37 h 1 1 H6 40°40';16°36'

Masseria Tarantino IF38 h 1 H6 40°37';16°47'

M. Alburno IF39 h 1 1 H9 40°32';15°18'

Capri IF40 h 2 1 H6 40°33';14°13'

Parco del Cilento IF41 ƒ 10 8 4 H6 40°29';15°14'

Arneo Avetrana IF42 h 1 1 H6 40°21';17°43'

Balkans

Zenica, Bosnia B1 h 2 H6 44°12';17°53'

Otok Kornat, Dalmatia B2 h 2 H6 43° 47';15°39'

M. Golia, Serbia B3 h 1 H6 43°34'; 20°60'
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Leaves belonging to 35 stands (Table 1) were also sampled
from herbarium specimens (Florence, Italy, and Budapest,
Hungary).

Choice of molecular markers

Phylogeographic relations within E. spinosa were studied
by analyzing chloroplast microsatellites and minisatellites.
These molecular markers have been proposed as an
important tool to gain maternal information when studying
the history of species and their range of migration and
colonization (Petit et al. 2005). 18S-5.8S-26S spacers were
amplified and sequenced in order to verify intra- and inter-
genomic variability, inheritance and divergence time esti-
mation. We selected these spacers for two reasons: (1) ITS
sequences are biparentally inherited and are thus distin-
guished from the chloroplast loci, which are maternally
inherited. Some of the earlier studies demonstrated how
valuable this property is for revealing past cases of
reticulation and hybrid speciation (Soltis et al. 2008). (2)
ITS sequence variation levels are suitable for phylogenetic
inference at the generic/specific levels and for a temporally
calibrated phylogeny (Bittkau and Comes 2009; Lo Presti
and Oberprieler 2009). Furthermore, we decided to use
ISSR primers to verify events of admixture. Potential ISSR
markers were selected screening six accessions chosen
randomly from Northern and Southern groups with each of
30 selected primers.

Chloroplast and nuclear data

DNA was extracted from dried or freshly collected tissue
with the DNeasy Plant Mini Kit (QIAGEN, Milan, Italy)
following the manufacturer’s instructions. Polymerase
chain reaction (PCR) was performed as follows:

(1) for chloroplast microsatellites, the analysis was per-
formed in 10 μl containing 10 ng of the plant DNA and
specified primers (Supplementary material S1). The
analysis was performed by adding 5 ng of forward
and reverse primer, 0.2 mM of each dNTP, 0.5 U
Dynazyme II (Finnzymes, Finland) and Dynazyme
buffer. PCR amplification was carried out in a Master-
cycler Gradient thermal cycler (Eppendorf, Hamburg,
Germany) using the following thermal profile: 3 min at
94°C; 35 cycles of denaturation (30 s at 94°C),
annealing (30 s at 50°C) and extension (1 min at
72°C); then a final step for 7 min at 72°C. A total of
5 μl of the amplification mixture was added to an equal
volume of loading buffer, denatured for 5 min at 92°C,
loaded onto a 6% denaturing polyacrylamide gel and
electrophoresed in TBE electrophoresis buffer for 3 h at
80 W. The cpSSR was visualized by silver stain.

(2) The spacers in the 18S-5.8S-26S complex were also
amplified in 25-μl volumes containing 10 ng of the
specified DNA and primer, ITS1 and ITS4 (White et
al. 1990). The PCR reaction was performed by using

Table 1 (continued)

Population Code M cpDNA ISSR ITS Haplotype Coordinates
(Name) (Number) (N/E)

Vrbanj, Croatia B4 h 2 H10 43°10';16°37'

Pristan B5 h 1 H7 42°40';21°09'

M.Orjen B6 ƒ 3 H8/H10 42°34';18°32'

Orjen B7 h 2 H10 42°30';18°31'

Cetinje B8 h 1 H6 42°20';18°56'

Psari i Zi, Albania B9 h 2 H6 40°42';20°58'

M. Goliku, Albania B10 h 3 H6 40°27';20°09'

Alba B11 h 8 H6 39° 56';20°10'

Corsica

Bastia C1 h 1 1 H2 42°42'; 09°26'

Lento C2 ƒ 8 1 H1/H2 42°31';09°16'

Valee du fium orbo C3 ƒ 10 6 1 H1 42°05';09°20'

Sartene C4 ƒ 3 H1/H2 41° 36'; 08°58'

Sardinia

Ortu camminu Oliena S1 h 1 H1 40°15'; 09°24'

Orgosolo Nuoro S2 h 1 H1 40°12';09°22'

Sardegna Urzulei S3 ƒ 10 6 3 H1/H4 40°05';09°30'

Miniera S giovanni, Iglesias S4 h 1 H5 39°20';08°38'

Porto Paglia S5 ƒ 6 H1 H5 39°15'; 08°25'
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the PureTaq Ready-To-Go PCR Beads Kit (Health-
care, Italy). PCR amplification was carried out in a
Mastercycler Gradient thermal cycler (Eppendorf,
Hamburg, Germany) using the following profile:
3 min at 94°C; 35 cycles of: denaturation (45 s at
94°C), annealing (30 s at 53°C) and extension (1 min
at 72°C); then a final step of 7 min at 72°C. The
success of the amplifications was confirmed by
electrophoresis on 1.5% agarose gels. To prepare for
DNA sequencing, PCR products were purified using
the QIAquick PCR Purification Kit (Qiagen Inc.).
Sequencing was performed and run in an automated
DNA Sequencer by Macrogen Inc. (Seoul, Korea).
Sequences were aligned with the Staden Package
(http://staden.sourceforge.net/). IUPAC ambiguity
codes were applied for coding polymorphic positions.
Additive polymorphic sites (APS), i.e., double peaks
in some accessions for a nucleotide site, were scored
following Aguilar and Feliner (2003). A polymor-
phism was coded when more than one peak was
present at the same position in the electropherogram.

(3) ISSR-PCRmixture (25 μl) contained 50 ng of total plant
DNA, 0.5 mM primer (Supplementary material S2) and
0.2 mM each of dNTP, 0.5U Dynazyme II (Finnzymes,
Finland) and Dynazyme buffer. Amplification was
carried out in a Mastercycler Gradient thermal cycler
(Eppendorf, Hamburg, Germany). The following ther-
mal profile was used: initial denaturation at 94°C for
3 min, then, 35 cycles of denaturation at 94°C for 30 s,
primer annealing (Supplementary material S2) for 30 s
and elongation at 72°C for 1 min. Amplification
products were resolved electrophoretically on 2.0%
agarose gels run at 100 V in TAE buffer, visualized by
staining with ethidium bromide and photographed
under ultraviolet light.

Network

The network was calculated using NETWORK 4.516
(http://www.fluxus-engineering.com/sharenet_rn.htm) to
construct a median-joining network of haplotypes setting
some options (epsilon=50; criterion: connection cost;
optional post-processing: MP calculation). Moreover, we
also used program TCS 1.21 (http://darwin.uvigo.es/). This
software calculated a 95% parsimony connection for
chloroplast haplotypes, and indels were regarded as a
fifth state.

Split decomposition analysis

The program Splitstree4 version 4.6 (http://www.splitstree.org/)
was used to analyze and represent the nrITS sequences, with
the split-decomposition method implemented under uncor-

rected P-distances and used to compute a Neighbor-Net
network (Bryant and Moulton 2004). If no incongruence
occurred in the tested sequences, the splits graph tends to
resemble a dichotomously branching phylogenetic tree,
because this describes sequence relationships adequately.
However, in data sets containing conflicting signals because
of the presence of recombinant and hence ‘mosaic’ sequen-
ces, the tree-like pattern is often replaced by a more
complicated ‘network’ that indicates a history of genetic
exchange. The network, compared to a phylogenetic tree,
potentially offers a more realistic visual presentation of
possible reticulate phylogenetic patterns by depicting the
incompatible signals in a net-like scheme. Moreover, we
estimated the Average Evolutionary Divergence over
sequence pairs within groups by Paup 4.b10 (Swofford
2001). The number of base differences per sequence from
the average of all sequence pairs within each group was
also estimated.

Admixture analysis

Pairwise genetic difference between individuals was calcu-
lated in GenAlEX (http://www.anu.edu.au/BoZo/GenAlEx/
new_version.php) by counting the number of genetic
differences between two individuals (ISSR data). This
pairwise genetic difference was used in a principal
coordinate analysis (PCA) in GenAlEX to validate and
further define naturally occurring genetic clusters. More-
over, individuals were assigned to ‘pure’ parental popula-
tions, and the proportion of hybrids was estimated from
multi-locus genotypes using the clustering method of
Anderson and Thompson (2002), implemented in the
NEWHYBRIDS program. This model expressly considers
a case of hybridization between two parental forms for
which ‘pure’ parental samples are not required.

The hybridizing population is modeled as a mixture of
unknown proportions of individuals of the different
genotype frequency classes, corresponding to parental pure
lineage NW and pure lineage SE, and various classes of
recent admixture (F1, F2 and backcrosses) from which the
sample is drawn. Using Markov chain Monte-Carlo
sampling, the method estimates the Bayesian posterior
probability that an individual in a sample belongs to each of
the different admixture classes, while simultaneously
estimating allelic frequencies for parental species. A test
was carried for all loci with uniform priors and with a run
of 5×105 iterations after a burn-in period of 5×104

iterations. This approach reduces the influence of low
frequency alleles, preventing sampling and genotyping
errors in closely related populations. Moreover, we used
the STRUCUTRE and BAPS software to assess the level of
admixture between two pure lineages of E. spinosa
(Supplementary material S5).
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Divergence time estimation

Divergence times based on ITS1 and ITS2 loci were
estimated by using the software BEAST version 1.5.3
(Drummond and Rambaut 2007), which makes it possible
to include uncertainty in the age of calibrations in the form
of prior distributions.

Owing to the absence of fossils and the scarce
information about Euphorbia genus in the Mediterranean
area, we first estimated the dates of divergence between 45
members of Euphorbiceae, including one sample of E.
spinosa (sample IF8b, ribotype RN1). Then, we carried out
a divergence time estimation between E. spinosa samples,
using secondary calibrations obtained from the first
analysis. Taxa included in the broad taxonomic sampling,
together with their accession numbers, are listed in
(Supplementary material S3). Davis et al. (2005) estimated
an age of 119–101 Ma for crown group Malpighiales, much
older than those previously inferred by Wikström et al.
(2001) (81–74 Ma). A maximum age constraint of 119
million years (Myr) was applied here to the crown group
Euphorbiaceae (including Peraceae), corresponding to the
maximum age estimate for stem-group Euphorbiaceae
(Davis et al. 2005; 2007). Dilcher and Manchester (1988)
described anatomically well-preserved fruits from clay pits
in the Claiborne Formation of Tennessee, which exhibit
morphology closely comparable to fruits of extant tribe
Hippomaneae. On the basis of biostratigraphic consider-
ations, Potter and Dilcher (1980) indicated that Claiborne
Formation clay lenses are best considered to be late-middle
Eocene in age (i.e., Bartonian stage, 40.4±0.2–37.2±
0.2 Ma, sensu Gradstein et al. 2004). Consequently, a
minimum age of 37 Myr was applied here to the node
representing the stem of Stillingia spinulosa, a member of
the tribe Hippomaneae. Finally, the node representing the
most recent common ancestor (MRCA) of the Antillean
endemic Moacroton ekmanii and the non-Antillean Croton
alabamensis was calibrated on the basis of geological
information. Graham (2003a, b) suggested that the early
and sustained emergence of most of the proto-Greater
Antilles took place at ~49 Myr. Although proto-Antillean
islands may have existed before the Middle Eocene, Van Ee
et al. (2006) suggested that none existed as continuous
subaerial islands until after the Middle Eocene. Thus, they
suggested 45 Myr as the minimum stem age of Moacroton
(i.e., the minimum age of the node separating Moacroton
from their sister Croton taxa). However, the use of island
age as a minimum age implies that endemic lineages
diverged from their non-insular sister groups before, or at,
the point of island formation. This might not be the case for
the Antilles, which are volcanic in origin. Volcanic action in
the area might have prevented colonization of the Antilles
by flora for a long time after their formation. This view

would suggest the use of the age of islands as the maximum
rather than a minimum age. The use of the formation of
islands to establish maximum age bounds has been
proposed by several authors (e.g., Ho and Phillips 2009;
Vanderpoorten et al. 2010). On the other hand, in a recent
paper Heads (2011) illustrated many examples in which
island endemics can be much older than their islands. In his
critique of the use of island age to date island-endemic taxa,
Heads explained that “the endemic taxa that are older than
their island may have survived on former nearby islands
that have been submerged or on a mainland, later going
extinct there,” and he questioned that “…the age of islands
really give maximum ages for clades that are endemic
there.” Here we investigated the effect of using the
formation of Antillean islands, either as a minimum or
maximum constraint, on the assessment of secondary
calibrations. The node representing the most recent com-
mon ancestor of M. ekmanii and C. alabamensis was
constrained (uniform distribution) between 45 and 49 Myr,
to a minimum age of 45 and 49 Myr, respectively, and to a
maximum age of 45 and 49 Myr, respectively (see
Supplementary material S4). For each one of the five
resulting settings of constraints, three Markov chain Monte
Carlo (MCMC) analyses were run for 3×107 steps and
sampled every 3,000 steps after a burn-in period of 3×106

steps. The Birth-Death prior was assumed on the branching
process as the tree prior, and the uncorrelated lognormal
(UCLN) model proposed by Drummond et al. (2006) was
used as relaxed molecular clock. In this model the
autocorrelation of substitution rate variation is allowed but
not assumed a priori. User-specified trees that satisfied the
assumed constraints were used as a starting tree. The
underlying model of molecular evolution was selected in
jModeltest (Posada 2008) according to the Akaike infor-
mation criterion (AIC), considering all possible substitution
schemes (i.e., 88 models). Topologies for comparisons were
estimated under ML optimization for each model. Log
Combiner version 1.5.3 (Drummond and Rambaut 2007)
was used to combine the three runs of each setting into a
single trace. Convergence and effective sample size (ESS)
of estimated parameters in each single and combined chain
were inspected using Tracer version 1.5 (Drummond and
Rambaut 2007; http://tree.bio.ed.ac.uk/software/tracer/).

When dating the main split within Italian E. spinosa, all
detected admixed specimens were excluded from the
analysis. The time to the most recent common ancestor
(tMRCA) between the E. spinosa and the E. bivonae-E.
melitensis clade (i.e., its sister clade) and the tMRCA
between E. bivonae and E. melitensis, obtained through the
first analysis including 45 members of Euphorbiceae, were
used as secondary calibrations. Analyses were performed
placing a coalescent prior only on the E. spinosa clade
(Gilbert et al. 2008) and leaving the remaining part of the
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tree without any assumed tree prior on the branching
process. The underlying model of molecular evolution was
selected in jModeltest as described above. In a preliminary
analysis we compared three different demographic scenar-
ios (constant population size, exponential population
growth and logistic population growth) under the UCLN
relaxed molecular clock. For each one of the three resulting
models, one Markov chain Monte-Carlo (MCMC) was run
for 5×107 steps and sampled every 5,000 steps after a burn-
in period of 5×106 steps. The evidence provided by the
data in favor of each model against the others was assessed
using approximate Bayes factor (BF) comparisons (Kass
and Raftery 1995; Suchard et al. 2001). Comparisons were
carried out with Tracer version 1.5. Under the final model,
four independent MCMCs were run for 5×107 steps and
sampled every 5,000 steps. The first 5×106 steps of each
run were discarded as burn-in. Log Combiner version 1.5.3
was used to combine the four runs into a single trace.
Convergence and effective sample size (ESS) of estimated
parameters in each single chain and in the combined trace
were inspected by using Tracer version 1.5. TreeAnnotator
version 1.5.3 (Drummond and Rambaut 2007) and FigTree
version 1.1.2 (http://tree.bio.ed.ac.uk/software/figtree) were
used to summarize the composite posterior probability
density and to produce the relative chronogram. Divergence
time estimation analyses were carried out on the freely
available Bioportal (www.bioportal.uio.no).

Results

Divergence of haploclades and refugial area

We detected 6 polymorphic minisatellites and microsatel-
lites among a total of 226 individuals of E. spinosa,
representing 62 stands. All chloroplast loci analyzed in this

study displayed polymorphic alleles, with the number of
alleles observed per locus varying from two to four
(Supplementary material S1). A total of 15 size variants at
the 6 loci combined in 11 different haplotypes were
identified (Table 2). Two networks obtained using NET-
WORK 4.516 and TCS 1.21 were constructed, and these
showed the same topology (Fig. 1). The network shows a
clear divergence between two major haploclades: the
Northwestern (NW) and the Southeastern (SE).

The Northwestern haploclade (NW) includes populations
from Sardinia, Corsica, France, Liguria and Tuscany. In
particular, haplotype H1 is common in all the Alps and
Tuscany Appenines, and is also present in Corsica and
Sardinia. The presence of private haplotypes (H0 and H3)
in the Maritime Alps proposes this site as a putative genetic
conservation spot. In addition, Corsica and Sardinia show
two (H2 and H5) phylogenetically related haplotypes (H4)
representing the southernmost occurrence of hapoclade N.

The Southeastern haploclade (SE) corresponds to the
Southern Apennines and Balkans. Some haplotypes
detected in the Balkan Peninsula (primarily H6 and H7)
were also detected in some populations of southern Italy,
while H8 and H10 were endemic to Dalmatia.

Nuclear divergence and secondary contact

The analysis of the ITS1+5.8S+ITS2 included a total of 44
different samples belonging to 28 stands and covering the
entire E. spinosa distribution range. One to four plants from
each stand were randomly selected for the PCR amplifica-
tion. Moreover, 26 different ribotypes were distinguished
from our ITS1+ 5.8S+ITS2 sequences of E. spinosa
(Table 3). From these data, a splits graph representing all
the base pair substitutions at the 731 characters was
produced. The numbers of variable nucleotide positions
for ITS1 and ITS2 were seven and eight, respectively

Table 2 Characteristics of the
haplotypes distinguished within
the analyzed E. spinosa acces-
sions by the six polymorphic
cpSSR loci. Locus name refers
to the DNA primers of Table S1

Haplotype
(code)

Locus Number of
individuals

Euph1 Euph2 Euph3 Euph4 Euph5 Euph6

H0 111 103 145 173 155 170 2

H1 111 103 145 173 155 171 150

H2 111 103 145 173 155 173 5

H3 111 103 163 173 155 171 5

H4 111 103 145 173 158 171 4

H5 111 103 145 163 155 173 3

H6 123 104 163 173 158 173 44

H7 123 104 163 173 158 171 6

H8 123 104 181 173 155 172 1

H9 123 104 163 163 155 173 1

H10 123 104 181 173 155 170 6
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(Table 3). Accessions of the intermediate group (H) were
classified for the presence of addictivity at nucleotide
positions that are variable between the NW (northwestern
Italy) and SE (southeastern Italy) groups. The Neighbour-
Net network (Fig. 2) of the ribotype of E. spinosa displays
two geographic groups. In the NW group the ribotypes
from the Ligurian Alps (RN1-RN6) are the most divergent
(Average Evolutionary Divergence: 2.11), whereas the
accessions from the SE group (RS1-RS5) are less divergent
(Average Evolutionary Divergence: 0.70). These 15 puta-
tive admixed ribotypes were resolved in the Neighbour-Net
network in an intermediate position (RH1-RH15). The
Neighbor-Net graph gave an insight into the relationships
between the two principal groups (NW and SE) and
explained the origins of intermediate samples.

Admixture analysis

PCA analysis of the samples belonging to the NW, SE and
H groups performed by ISSR matrix data set allowed us to
discriminate the origin and relationship of different pop-
ulations (Fig. 3a). The first principal component (Axes 1)
explained 30% of the variations showing a clear separation
between the two groups. The second component (Axes 2)
explained 11% of the variations pointing to an intermediate
position of the H samples. In support of the admixture
hypothesis, we estimated the posterior probability that each
individual in a sampling belongs to a different admixed
class (Fig. 3b). The NW accessions represent a first pure

line with a probability>0.99% for all samples of IF7, IF9,
IF10 and IF11 populations and with the exception of IF9h
and IF11f. Similar results were observed for all SE
accessions belonging to a second pure line with a
probability >0.85% for all samples of the IF21, IF24,
IF29 and IF41 populations with the exception of IF21f,
IF21b, IF29c and 41a. On the contrary, the histogram
showed high values of admixture for the IF4, IF16, IF17,
IF23, IF26, C3 and S3 populations. In particular, IF4
individuals showed a probability >90% of being a
backcross with the NW pure line, assigning a possibly last
and marginal event of admixture. Moreover, these results
have been confirmed by STRUCUTRE and BAPS analysis
(Supplementary materials S5).

Divergence time estimation

The GTR+GAMMA model was selected as the model of
molecular evolution for the data set including 45 members
of Euphorbiceae. As predictable, different calibrations
applied to the stem age of Moacroton led to very different
tMRCAs between Macroton ekmanii and Croton alaba-
mensis. A better concordance was found for the stem age of
E. spinosa and for the tMRCA between E. bivonae and E.
melitensis. The secondary calibrations were provided in the
form of prior distributions that roughly mirrored the range
of the estimated 95% HPDs for the nodes of interest in
order to take into account the uncertainty in the age
estimations. Accordingly, the MRCA between E. bivonae

Fig. 1 Network, distribution of chloroplast DNA haplotypes and
range of E. spinosa in the Mediterranean basin. Each line in the
network corresponds to a single mutational change, and boxes

represent the clades. Haplotype frequencies are represented by the
area of the circles. Empty circles show missing haplotypes
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and E. melitensis was constrained to a lognormal distribu-
tion with mean (in real space)=1.5, log(stdev)=0.5 and
offset=0.0, and the node representing the stem age of E.
spinosa to a gamma distribution with shape parameter=4.5,
scale parameter=1.0 and offset=2.0 (see Supplementary
materials S4, S6-S8). The TrN+I model of molecular
evolution was used.

Comparing different demographic scenarios via Bayes
factors we applied the widely used cutoff 2lnBF12 >10 as
an indication of substantial support for model (1) over
model (2) (Kass and Raftery 1995). Comparisons did not
provide evidence in favor of one demographic model over
the others (see Supplementary material S9). Since no
substantial support was found in favor of complex models,
to avoid over-parameterization, in the final analysis we
chose to apply the simplest constant population size
scenario in which one population parameter needs to be
estimated (see Supplementary material S10).

The inspection of final BEAST outputs with Tracer
version 1.5 revealed a good level of mixing and conver-

gence to a stationary distribution and a good ESS for all
estimated parameters (i.e., ESS largely greater than 200) in
both single and combined traces. The combined trace under
the UCLN model had a composite posterior probability
density with a mean of −687.233 [95% HPD (−845.026, -
584.047)]. Even though analyses suggested that there is
branch rate heterogeneity [coefficient of variation=4.940,
95% HPD (2.563, 8.178)], the substitution rates across
ancestor-descendant lineages indicated that there is no
evidence of autocorrelation of rates in the phylogeny
[covariance=0.0120, 95% HPD (−0.110, 0.14)]. Testing of
autocorrelation in BEAST can present problems (Rannala
and Yang 2007); nonetheless, the lack of autocorrelation
inferred here appears robust because of the inclusion of
zero in the 95% HPD interval. These results confirm that
the choice of an uncorrelated relaxed clock is most
probably appropriate here.

Finally, the estimated mean time to the most recent
common ancestor (tMRCA) for the main split within E.
spinosa clade (Fig. 4) was 81.004 Kyr [median=10.966

Table 3 Positions of a complete
ITS alignment that distinguish
accessions of E. spinosa of the
Northern (RN) intermediate
(RH) and Southern (RS)
ribotypes. Ribotypes are
characterized by 15 nucleotide
substitution positions and
additive nucleotide positions.
We define pure line RN and RS
by using three unambiguous
nucleotide substitutions (83,
147, 175 position)

Ribotype GeneBank 0 0 0 1 1 1 2 4 4 4 4 5 5 5 6

code no. 6 7 8 1 4 7 3 6 8 9 9 3 6 7 1

0 5 3 6 7 5 6 1 4 1 3 1 4 2 2

RS5 EU650600 A C T C T T A C T Y T C A G T

RS4 EU650601 A C T C T T A C C C T C A G T

RS3 EU650602 A C T C T T A C C Y T C A G T

RS2 EU650603 A C T C T T A C C T C C A G T

RS1 EU650604 A C T C T T A C C T T C A G T

RH15 EU650605 A C T C Y T A C T T T T A G T

RH14 EU650606 A C Y C Y T A C T T T T A G T

RH13 EU650607 A C C C Y Y A C T T T C A G T

RH12 EU650608 C C C C Y Y A C T T T C A G T

RH11 EU650609 A C Y C Y Y A C C T T C A G T

RH10 EU650610 A C Y C T Y A C C T T C A G T

RH9 EU650611 A C Y C Y Y A C C T T C A G T

RH8 EU650612 A C T C T Y A C C T T C A G T

RH7 EU650613 A C Y C C Y A Y C T T C A G T

RH6 EU650614 A Y C C Y C A C C T T C A G T

RH5 EU650615 A C T C Y T A C Y T T C A G T

RH4 EU650616 A C T C Y Y A C C T T C A G T

RH3 EU650617 A Y Y C C C A C C T T C A G T

RH2 EU650618 A C C C C Y A C T T T C A G T

RH1 EU650619 A C C C C Y A T C T T C A G G

RN6 EU650620 A C C Y C C C T C T T C A G T

RN5 EU650621 A C C C C C A C C T T C A G T

RN4 EU650622 A C C C C C A C T T T C A G T

RN3 EU650623 A C C Y C C A C C T T C A C T

RN2 EU650624 A C C C C C A C C T T C G G T

RN1 EU650625 A C C C C C A T C T T C A G T
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Kyr; 95% HPD (0.581, 297.900)]. It is worth underlining
that the estimated values of the means and median lay
within or very close to the suggested boundaries of the
Wurm glaciation (115 to 11 Kyr; Ivy-Ochs et al. 2008).

Discussion

Phylogeography, divergence and glacial refugia

Our results show that the recent phylogeographical pattern
of E. spinosa is characterized by the existence of two main
lineages: NW, Northwestern, and SE, Southeastern. The
existence of two separate lineages and the estimated
divergence time between them (mean =81.004 Kyr and
median =10.966 Kyr) suggest that the species was
subdivided into at least two separate glacial refugia during
the Quaternary glaciations. These allopatric fragmented
lineages are probably due to the Wurmian cooling and
topographic complexity of the Italian peninsula. During the
Wurmian cooling in Central Italy glaciers reached their last
glacial maximum about 23 Kyr ago, and they began to
retreat slowly around 21 Kyr ago (Giraudi 2004). Rock
glacier data belonging to that period indicate the presence
of discontinuous permafrost at the altitude of about 1,650 m
(Giraudi and Frezzotti 1997) not directly affecting the

distribution range of the species. However, the mean annual
temperatures were lower than the present by 7.3−8.3°C
(Giraudi and Frezzotti 1997) causing changes in vegetation
(Magri and Sadori 1999; Magri 1999). In addition, glacial
phases influenced the sea level by lowering and raising it.
The sea level dropped to about 100–120 m below the
present level during the Last Glacial Maximum (Tzedakis
2007). In those conditions, a land bridge rose between the
Central Apennines and Dalmatia (Taberlet et al. 1998),
while the distance between Corsica and the Tyrrhenian
coasts was significantly reduced. The change in sea level
and climate fluctuations probably interfered in the migra-
tion cycles of E. spinosa, and this possibly explains the
presence of endemic haplotypes in Corsica, Sardinia,
Dalmatia and the Maritime Alps. In view of the distribution
of endemic haplotypes, we assume that these areas were the
main refugia for the species (Médail and Diadema 2009).
The existence of E. spinosa refugia in the above areas is
congruent with the conclusions of other phylogeographic
studies. For instance, Sardinia has been identified as a white
oak and white poplar refugium (Petit et al. 2005; Brundu et
al. 2008), the Balkans and South Italy have been indicated
as the major glacial refugia for several biota (Taberlet et al.
1998), and the Maritime Alps have been interpreted as a
refugium for Gentiana ligustica, Arabis alpina and Saxi-
fraga callosa (Diadema et al. 2005; Ansell et al. 2008;

Fig. 2 Splits graph for ITS sequences from 26 ribotypes of E. spinosa. Branch lengths were estimated using the standard implementation of split
decomposition (SplitsTree 4.0 beta 06). Ribotype abbreviations are given in Table 3
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Grassi et al. 2009). On the other hand, this phylogeographic
pattern is not completely comparable with the genetic
diversity observed for S. callosa and A. alpina within the
Apuan Alps (Ansell et al. 2008; Grassi et al. 2009). Indeed,

AFLP and haplotype markers supported the proposal that
these two alpine species survived in a refugia within the
Apuan Alps, whereas, for E. spinosa, there is no evidence
of glacial refugia in the Apuan Alps.

Fig. 3 Graphic representation
produced on the basis of the
ISSR data matrix for E. spinosa.
a Plot of grey square individuals
by first- and second-principal
(30% and 11%) components
showing an intermediate
position between the samples of
the black square=Northwestern
group and white square=South-
eastern group. b Estimation,
by using the software NEWHY-
BRIDS (Anderson and
Thompson 2002) of the
posterior probability that each
individual belongs to each of the
six genotypic classes that
originate after two generations
of admixture. The six classes
are: two pure lines (black=pure
line 1, northwestern group and
white=pure line 2, southeastern
group), first generation hybrids
(F1), second generation hybrids
(F2), backcrosses to NW
(BC_1); backcrosses to SE
(BC_2). The length of each bar
reflects the Bayesian posterior
probabilities that the 90
analyzed individuals belong to
line pure or hybrids. Population
abbreviations are explained in
Table 1
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Remarks on divergence time estimation

(1) In our analysis we have investigated the effect of using
island age as a minimum or maximum age to date island-
endemic taxa on the estimation of secondary calibra-
tions. Albeit different calibrations have led to differences
in time estimates, the magnitude of these differences was
quite moderate for the nodes of interest that
showed highly overlapping 95% HPD intervals (see
Supplementary material S6-S7). Using prior distribution
as calibration instead of relying on a single value makes
it possible to take into account the uncertainty in age
estimations. Thus, in this paper we have expressed the
uncertainty in the estimations of secondary calibrations
in the form of prior distributions placed on secondary
calibrated nodes. The prior distributions applied rough-
ly mirrored the range of 95% HPD intervals obtained
from the phylogenetic analyses for the nodes of interest.
However, this solution could be viewed as an oversim-
plification, especially in consideration of the slightly
bimodal-like distribution of results obtained for the
stem age of E. spinosa (see Supplementary material

S6). To assess this point we repeated the analyses, first
specifying the prior distributions on secondary calibrat-
ed nodes only on the basis of the results obtained from
using the island age as maximum constraint [stem E.
spinosa group: gamma distribution with shape param-
eter=4.0, scale parameter=1.0 and offset=1.7; MRCA
between E. bivonae and E. melitensis: lognormal
distribution with mean (in real space)=1.4, log(SD)=
0.5 and offset=0.0] and, subsequently, only on the
basis of the results obtained from the remaining
constraints [stem E. spinosa group: gamma distribu-
tion with shape parameter=5.0, scale parameter=1.0
and offset=2.2; MRCA between E. bivonae and E.
melitensis: lognormal distribution with mean (in real
space)=1.7, log(SD)=0.6 and offset=0.0; analyses
not shown]. In the first case the estimated mean time
to the MRCA for the main split within E. spinosa
clade was 69.938 Kyr [median=10.850 Kyr; 95%
HPD (0.809, 256.400)], while in the second it was
89.312 Kyr [median=12.556 Kyr; 95% HPD (0.646,
337.500)]. These results clearly show that our first
approximation was appropriate.

Fig. 4 Divergence time estimation of major E. spinosa lineages based
on the Bayesian analysis of ITS data set, under the uncorrelated
lognormal (UCLN) relaxed clock. Node ages are mean ages. Node bar
illustrates the 95% highest posterior density (HPD) interval estimated
for the time to the most recent common ancestor (tMRCA) between E.
spinosa lineages. NW=Northernwestern group, pure line 1; SE=
southerneastern group, pure line 2. a A constant population size
coalescent tree prior was assumed on the E. spinosa clade only, which
is partially collapsed in figure (white box). Arrows indicate con-

strained nodes (secondary calibrations; see text for details). Myr=
million years. b Detail of the E. spinosa clade (white box in a.
Approximate trend of temperature in last 300 thousands of years
(Kyr) of Pleistocene is indicated by colors at the bottom of the
figure, according with Petit et al. (1999). Colors are coded from cold
(dark grey) to increasingly warm temperature (light grey). H=
Holocene; ▲=mean value of the posterior distribution *=median
value of the posterior distribution. (Treebase code: http://purl.org/
phylo/treebase/phylows/study/TB2:S11337)
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(2) In the present study we applied external calibration
points extrapolated from fossils and geological events
to date the main split within E. spinosa. The use of
external calibration points far in time and obtained
from a phylogenetic context to calibrate an analysis on
population-level data could be regarded as a poten-
tially problematic issue. As pointed out by in several
papers (Ho et al. 2005; 2007; 2008; Penny 2005) it
could yield misleading results due to the time
dependency of molecular rate estimation. We agree
with this concern and recognize that this source of bias
exists, but we also believe that its effects can be (at
least) partially balanced in our study by the use of
secondary calibrations. The use of calibration points
that are as close as possible to the date being estimated
is decisive to estimate the timing of recent events in a
valid manner. However, for many population-level
studies, fixing the age of a genealogical divergence
event on the basis of paleontological, archaeological,
or biogeographic data, or including heterochronous
sequences of known age, such as radiocarbon-dated
sequences, is not a feasible option. Also importing an
accurately estimated molecular rate, obtained from
independent data at the same genealogical time scales
of interest, rather than from the longer phylogenetic
time scales, is not always possible. Thus, where
intraspecific calibrations are not available, the use of
secondary calibrations is probably the best remaining
option. Two other elements of our analysis can further
contribute to reduce the bias introduced by the use of
external calibration points: the coalescence tree prior
applied on the E. spinosa clade and the UCLN
molecular clock was used. While the pertinence of
the UCLN molecular clock to a particular case can be
tested directly, the time scale at which molecular
evolution is thought to act is a choice that falls entirely
on researchers. The consequence of this choice is not
negligible. To explore the matter, we reanalyzed the
data set used in coalescent analysis assuming a
speciation context (i.e., assuming the Birth-Death
prior as prior for the entire tree; analysis not shown).
In this case the main split within E. spinosa, was
found to be ~4 Mya [mean=4.046 Mya, median=
3.775 Mya; 95% HPD (1.421, 7.161)]. Notably the
use of two different tree priors (i.e., coalescent and
speciation, respectively) led to very different results
with the two 95% HPD intervals not overlapping
completely. We also used the software TreeStat v1.2
(http://tree.bio.ed.ac.uk/software/treestat/) to calculate
the mean rate averaged over the E. spinosa clade in
both the above scenarios. The mean rate was 1.059×
10-8 s/s/year [median=2.195×10-9, 95% HPD (9.335×
10-11 - 4.984×10-8)] with the speciation prior, whereas

with the coalescent prior was 2.680×10-6 s/s/year
[median=1.546×10-6, 95% HPD (1.557×10-9-
8.818×10-6)]. While the first 95% HPD interval fitted
well with the range proposed by Kay et al. (2006) in
their survey on nrITS substitution rates across angio-
sperms (i.e., in a speciation framework), the second,
even if partially overlapping, was shifted towards
faster rates. Factors such as the uncertainty in
calibration points, sequencing errors (Ho et al. 2005)
and the adoption of a fully Bayesian approach to
estimate substitution model parameters (Ho et al.
2007) can affect the estimation much more under a
coalescent prior than under speciation prior. Nonethe-
less, the magnitude of the difference between the two
mean rates is too high to be attributable only to
missing or confounding signals in the data, suggesting
that it is probably a direct outcome of the rate at which
molecular evolution is thought to operate. A signifi-
cant consequence of the tree prior choice is the
possibility to take into account or completely miss
the time dependency of the molecular rate, and
therefore to date a divergence event in a population
correctly or mistakenly.

(3) A further observation arises from the two points
highlighted above. In our study we found that the effect
of considering or neglecting the time dependency of the
molecular rate had a greater impact on the final results
than the decision regarding the use of Antillean islands
age as a minimum or maximum constraint. While the
latter had an impact on the final estimates that was less
than one order of magnitude, the impact of the former
was higher than two orders of magnitude (considering
the changes in the mean andmedian values of estimates).
Since their impact can probably vary on a case-by-case
basis, our study is not sufficient to draw general
conclusions about the relative importance of different
assumptions in divergence time estimation analysis.
However, our results should suffice to warn against the
risk of ignoring the time dependency of the molecular
rate when secondary calibrations are used to calibrate
plant population studies.

Recolonization, secondary contacts and admixture

Pollination and seed dispersal determine the spatial
pattern of gene flow in plant populations. Studies of
gene flow have shown that long-distance pollen flow is
relatively common and incisive among populations,
while seed dispersal is inversely related to the distance,
thus allowing the recolonization of empty habitats
(Trapnell and Hamrick 2005). Our cpDNA analysis
strongly suggests the presence of two main recolonization
routes from the two main refugia in the Maritime Alps and
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the Southern Apennines: the first one with a southward
migration (NW) and the second one moving northwards
(SE). After climatic amelioration, a slow contact between
NW and SE populations was probably re-established at a
low level of gene flow and without extensive introgres-
sion. According to this hypothesis, Central Italy should be
considered the confluence of migration routes radiating
from separate refugia.

In addition, our study revealed admixture events between
divergent ITS lineages (NW and SE). As frequently observed
in other phylogeographic studies with nrDNA, recombinant
sequences have been recorded, probably because of admixture
between plant lineages (Soltis et al. 2008). We hypothesize
that concerted evolution has not yet fully homogenized ITS
sequences and that this is evidence of recent admixture.
Moreover, the admixture between divergent ITS lineages in
the intermediate samples combined with the high number of
different ribotypes (Fig. 2) in the admixture area suggests the
occurrence of cycles of range contraction, isolation and
expansion leading to recurring admixture events. Many of
the zones of secondary contact are common genetic contact
zones among lineages, subspecies or species. In North
America and Europe, the continents most affected by
periodic glacial and climate changes, there are cases in
which taxa have hybridized after range expansion and
secondary contact (Hewitt 2000). When these differentiated
lineages came into contact, they formed admixture zones that
were clustered in geographic areas referred to as suture zones
(Remington 1968).

However, more recent admixed or backcross generations
might be more problematic to detect since their ITS sequence
might be more similar to that of one of their two parents.
Therefore, the ISSR data were used to support the ITS marker
analysis. This analysis gave supportive evidence for admix-
ture events in the regions of Liguria, Tuscany, Corsica and
Sardinia. In particular, in the S3 (Sardinia) and IF4 (Liguria)
populations a significant number of backcross genotypes to
the NW pure line were observed, thus suggesting a possible
current introgression. On the basis of the combined analyses,
we suggest that there were two main pollen dispersal routes
from Southern Italy, the first moving northwards via Tuscany
into Eastern Liguria (Portofino, IF4) and a probable second
one migrating southwest of these regions, into Sardinia
throughout Corsica, the Tuscan Archipelago and the Argen-
tario promontory. Flies and wasps, typical pollinators of the
Mediterranean Euphorbia species (Traveset and Saez 1997),
might give important support to the pollen dispersal
interpretation.

Incongruence between nuclear and chloroplast information

The above results show the importance of investigating
markers with different inheritance. Chloroplast and nuclear

data sets were not completely congruent, and they would
have shown distorted histories if inferred separately. On the
other hand, when comparing the data sets a more complete
picture emerges (Marsico et al. 2009). Indeed, the
conflicting topologies of trees for the intermediate group
may be explained by assuming admixture events between
representatives of the NW and SE lineages as an outcome
of secondary contacts that took place after the Last Glacial
Maximum.

Incongruence between phylogenetic topologies has
already provided evidence for reticulate evolution in other
species (Franzke et al. 2004). The relative dispersal
dynamics of chloroplast and nuclear genes in the coloniza-
tion phase are fundamentally different (Simpson 1974).
During range expansion and colonization, gene flow occurs
exclusively through seeds, and therefore is largely similar
for chloroplast and nuclear genomes. The exchange of
chloroplast inherited genes is hindered following contact of
effectively continuous populations. The distribution of the
chloroplast genome remains essentially frozen to the
situation at the time of the first contact. However, pollen
flow can promote range expansion when all migrating
genes are adaptive to local environments, even if they are
not equal in adaptation among different genotypes (Hu and
He 2006).

The amount of detected unhomogenized ITS sequences
may still allow some of the ancient hybridization events
that lead to the present genome to be traced back. In
admixed populations that arose during secondary contacts,
concerted evolution may have led to the conversion of one
nrDNA parental type into the other parental type. In this
work incongruence between the chloroplast and the nuclear
phylogeny suggest that ITS evolution is predominantly
driven in favor of the nuclear ribosomal SE parent lineage.
Indeed, populations of Southern Italy and some of the
populations of Central Italy were found to be completely
homogenized. On the other hand, populations of Central
Italy are in a continued admixture situation, as suggested by
an incomplete concerted ITS evolution and by the high
average posterior probabilities of assignment to clusters.
However, the southward movement of the admixture zone
suggests higher competitively of SE lineage, but different
factors can drive admixture zone movement, such as a
selective advantage of one phenotype in a given environ-
ment, asymmetric migration, asymmetric hybridization,
hybrid fitness or climate change. Ultimately, admixture
zone movement can result in the invasion of one lineage of
the distributional range of another. Admixture zone move-
ment is also of key importance in the debate about
adaptation via “shifting balance” (Wright 1982) because it
could allow a new adaptive peak to spread to other
populations. One way to check this event is to obtain data
over several years.
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