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Premise of research. Riparian plants are highly dependent on water sources; consequently, general climatic
conditions are less important to these taxa relative to woodland and shrubland species. This leads to interest-

ing research questions regarding riparian plant taxa. Research on phylogeography of Mediterranean riparian

The un

Manuscript
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tree and shrub species is scarce. In this article, we investigated the plastidial genetic diversity in Celtis australis
L. (hackberry) and Nerium oleander L. (oleander) throughout the Mediterranean Basin. Both species are dis-
tributed in gullies, rivers, and stream banks under warm temperate climates.

Methodology. Eighteen cpSSR loci and three noncoding cpDNA regions (rps16, rpl32-trnL, and trnQ-5′-
rps16) were examined to assess the levels and geographic distribution of sequence variation in 41 hackberry
and 56 oleander populations. The rpl32-trnL intergenic region was used for molecular dating analysis.

Pivotal results. The respective 2762- and 3134-bp noncoding cpDNA regions sequenced in C. australis
and N. oleander, as well as the 22 cpSSR analyzed fragments, exhibited the absence of variability in natural
populations throughout the Mediterranean Basin. In N. oleander, two regions (rps16, rpl32-trnL) exhibited
variability in three positions, and four cpSSR microsatellite motifs were polymorphic. The polymorphisms
were geographically structured, and three haplotypes were characterized, two from Saharan populations
and one from Mediterranean populations. Phylogeny and molecular dating analyses resulted in a tree with
high consistency values of posteriori probability (PP p 1) and bootstrap support (98%) from the ingroup
(N. oleander). The relaxed molecular clock model applied to the calibration of the tree estimates that the di-
versification of these haplotypes occurred in a range of 7.2–1.2 Ma.

Conclusions. The absence of plastid variability in both hackberry and oleander is explained by a low mu-
tation rate and/or recent recolonization of the Mediterranean Basin. Low temperatures during the Last Glacial
Maximum produced freezing water along riparian corridors, with the consequent drastic contraction or even
disappearance of both species in the Mediterranean Basin.

Keywords: cpDNA, genetic variability, Mediterranean Basin, phylogeography, riparian plants.
Introduction

ique aspects of the Mediterranean flora have long

i.e., amix of relict species of subtropical origin that existed prior
to the onset of the current Mediterranean climate (Thompson
2005; Blondel et al. 2010). In addition, long and persistent an-
drawn the attention of ecologists and biogeographers (Nieto-
Feliner 2014). The soil mosaic and varied climatic conditions
together with a large number of islands in the Mediterranean
and a diverse geologic history of the Mediterranean Basin have
resulted in a high degree of endemic species (Thompson 2005;
Blondel et al. 2010). Moreover, the Mediterranean flora is rep-
resented by floristic elements of different geographic origins,

1 Author for correspondence; e-mail: isabel.mateu@uv.es.
received June 2014; revised manuscript received January 2015;
lly published March 6, 2015.
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thropogenic influences (Rundel et al. 1998; Thompson 2005;
Blondel et al. 2010) have modified the Mediterranean flora
and are the primary cause of threat and even extinction of many
species. Consequently, individual plant populations have expe-
rienced repeated isolation, and populations of different origins
have undergone admixture over the history of the basin.
Biogeographical studies of the Mediterranean Basin have in-

dicated themarked influence of glaciations on the present distri-
bution of animal and plant species (Comes and Kadereit 1998;
Taberlet et al. 1998; Hewitt 2000, 2004). Inasmuch as the
southern European peninsulas were less affected by glaciations,
many authors unequivocally agree that refugia were important
1.14 on Thu, 4 Jun 2015 10:59:03 AM
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during the Last Glacial Maximum (LGM; 20,000–18,000 BP;
Comes and Kadereit 1998; Hewitt 2000; Petit et al. 2002;
Thompson 2005; Médail and Diadema 2009). In southern re-

(2015). These authors recorded 91 seed remains placed in the
Aurora stratum of TD6, which has been dated by different au-
thors in a range of 963–668 ka BP (Bermúdez de Castro et al.

Sampling

422 INTERNATIONAL JOURNAL OF PLANT SCIENCES
gions, Mediterranean species might have persisted in isolated
and scattered glacial refugia, similar to cryptic refugia, which
are distributed at latitudes or longitudes that differ from what
would nowadays be expected and can be described as climatic
islands of favorable conditions (Anderson et al. 2006;Cheddadi
et al. 2006; Petit et al. 2008). In addition to the effects of Qua-
ternary glaciations, recent studies have emphasized the impor-
tance of older geologic events, such as Tertiary plate tectonics
in Quercus suber L. and Taxus baccata L. (Magri et al. 2007;
González-Martínez et al. 2010).

Due to the economic and ecological importance of Mediter-
ranean woodlands and shrublands, most phylogeographic re-
search on Mediterranean plant species has addressed how
these unique biomes were derived (Taberlet et al. 1998; Magri
et al. 2007; Rodríguez-Sánchez et al. 2009); however, riparian
plants have been excluded, despite the interesting research
questions inherent in riparian plant taxa. Riparian plants ex-
hibit morphologic and physiologic adaptations to water sources;
consequently, general climatic conditions are less important to
these species relative towoodland and shrubland species. Ripar-
ian species are typically distributed along watercourses and
margins of lakes or ponds, resulting in increased soil moisture
with periods of flooding and inundation. These habitats are buf-
fered to reduce the effects of climatic oscillations, making them
good candidates for refugia within the refugia (Gómez and Lunt
2007; Macaya-Sanz et al. 2012).

When riparian plant populations bordering watercourses are
isolated, genetic differentiation among them is an expected con-
sequence. Nevertheless, both wind pollination and anemoco-
rous seed dispersal may disperse beyond the floodplain. Results
on several European and North American Populus (Salicaceae)
species (Cottrell et al. 2005; Breen et al. 2009; Fussi et al. 2010;
Chenault et al. 2011; Macaya-Sanz et al. 2012), Chinese
Euptelea pleiospermum (Wei et al. 2013), and Mediterranean
populations of Frangula alnus Miller (Rhamnaceae; Hampe
et al. 2003; Petit et al. 2005) in the southern part of the spe-
cies range confirmed the isolation of populations among river
basins.

In this article, we evaluated chloroplast DNA genetic variabil-
ity in Celtis australis L. (Cannabaceae; hackberry) and Nerium
oleander L. (Apocynaceae; oleander) populations throughout
the Mediterranean Basin. Both species are distributed in warm
temperate climates, adjacent to river and stream banks, and in
gullies. Birds are the primary mode of dispersal in hackberry,
but occasionally mammals play a dispersal role (Traba et al.
2006). Hackberry grows on deep nonhydromorphic soils with
high winter moisture levels, becoming superficially dry during
summer as well as on rocky slopes. The species is a member
of mixed Mediterranean subriparian forests with Ulmus and
sometimes Populus species.

Several species of Celtis are known from the Mediterranean
Basin (Tutin 1964); however,C. australis is themost widely dis-
tributed species (Maire 1961). Despite palaeobotanical data
(Palamarev 1989; Magyari et al. 2008) indicating the presence
since the Oligocene of the C. lacunose Kirchh. group, in which
C. australis is included, the species has not been recognized
in the Iberian Peninsula until the recent work of Allué et al.
This content downloaded from 128.135.18
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2011; Carrión et al. 2012; Parés et al. 2013). Molecular data
on the genus are scarce. Lee et al. (2011) were successful in dif-
ferentiating between the two morphologically similar species
C. sinensis Persoon and C. formosana Hayata using ISSR and
ITS markers. However, de Castro andMaugeri (2006) reported
that theMediterraneanCeltis species are a rather homogeneous
group with low molecular variability.

Nerium oleander belongs to the monospecific genus Nerium.
The species is so widely cultivated that no precise region of or-
igin has been identified, although southwest Asia has been sug-
gested. The species is considered native to theMediterranean re-
gion, the Indian subcontinent, and western China. The presence
of oleander around the Mediterranean Basin has been docu-
mented since the Miocene (Palamarev 1989). Oleander grows
along temporary streams, primarily ravines, and other highly
seasonal streams where flooding is common during spring and
autumn; typically, these streams remain dry for several months
during summer. Populations areusuallydistributedbelow1000m
in continental Spain and 2000 m and above for North African
populations and the AtlasMountains (Herrera 1991). The only
previous research on the species usingmolecular markers is that
of Portis et al. (2004), which successfully distinguished com-
mercial varieties via amplified fragment length polymorphisms.

Based on the previous results on the genetic isolation among
individuals of different basins of riparian plant species, the evo-
lutionary histories of the studied species in the Mediterranean
Basin, the decreased effects of climate on riparian zones relative
to Mediterranean woodland and scrubland biomes, and the
role of southern Mediterranean peninsula refugia in genetic
diversity/diversification, we aimed to investigate hackberry
and oleander plastidial DNA genetic variability throughout
the Mediterranean Basin to answer questions about whether
genetic variability and structure are similar in both species
and whether the populations of different river basins are ge-
netically separate, as previously reported for riparian species.

Methods
A broad sampling throughout the Mediterranean Basin was
conducted to obtain a representative sample of Celtis australis
andNerium oleander populations, covering most of the species
range in the Mediterranean Basin (fig. 1). Sample population
data are provided in tables 1 and 2. A total of 39 populations
ofC. australis and 53 populations ofN. oleander, with eight in-
dividuals per population, were sampled.

DNA Extraction and Sequencing

DNAwas extracted from 0.5 g of dried leaf material, follow-
ing Khanuja et al. (1999). Twenty-two plastid simple sequence re-
peat (cpSSRs) loci, distributed in different regions along the chlo-
roplast with no overlapping among them or with the sequenced
regions, were screened using the universal primer pairs ccmp2,
ccmp3, ccmp4, ccmp6, ccmp7 (Weising and Gardner 1999),
4SSR, 5SSR, 6SSR, 7SSR, 9SSR, 12SSR, 13SSR, 14SSR, 15SSR,
1.14 on Thu, 4 Jun 2015 10:59:03 AM
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a 25-mL total reaction volume with a fluorochrome tag at the 5′ Three noncoding chloroplast regions (rps16, rpl32-trnL,

Table 1

Geographical Data of the Sampled Populations of Celtis australis

424 INTERNATIONAL JOURNAL OF PLANT SCIENCES
end of each forward primer. The amplification conditions were
the same as applied inMateu et al. (2013). All reactions were per-
formed in an Eppendorf Mastercycler-Pro thermalcycler (Ham-
burg, Germany). Sequences of both fragments and noncoding
regions had been deposited in GenBank. Accession numbers are
given in table 3.

Resulting fluorescent PCR product sizes were established
using an ABI 3730 DNA analyzer (Applied Biosystems, Foster
City, CA) at the SCSIE DNA and Protein Sequencing unit of
the Universitat de València, and cpSSR fragment sizes were
determined using the Peak Scanner software package, version
1.0 (Applied Biosystems). Results were repeated at least twice
until all loci had been reliably scored in all samples. Variable
fragments were studied in eight individuals per population.
This content downloaded from 128.135.18
All use subject to JSTOR T
and trnQ-5-rps16) described in Shaw et al. (2005, 2007) were
sequenced in one individual per population. Primers described
in Shaw et al. (2005, 2007) were used to amplify each locus.
PCR amplifications were performed in a 20-mL total reaction
volume. The amplification conditions were those explained in
Shaw et al. (2005, 2007). All reactions were performed in an
Eppendorf Mastercycler-Pro thermalcycler. PCR products
were purified using the Illustra DNA and gel band purification
kit (GE Healthcare). The resulting fragments were sequenced
in direct and reverse directions using BigDye terminator cycle
sequencing (Applied Biosystems). Sequence reactions were per-
formed in the ABI 3730 analyzer, asmentioned above. Sequence
results were edited with BioEdit (available at http://www.mbio
.ncsu.edu/BioEdit) and aligned with Clustal W implemented in
No. Code Country Population Province Latitude Longitude

1 CYDR Cyprus Drousha Paphos 34756′09″N 32724′21″E
2 CYKK Cyprus Kikkos Nicosia 34758′59″N 32744′29″E

3
 DZCA
 Algeria
 Cap Aokas
1.14 on Thu, 
erms and Co
Bejaia
4 Jun 2015 10:59:03
nditions
36738′38″N
 AM
05713′55″E

4
5

ESA
ESAL
Spain
Spain
Alquézar, Sierra de Guara
Alpuente
Huesca
Valencia
42710′33″N
39752′58″N
00701′39″E
01700′42″W
6
 ESBH
 Spain
 Ademuz
 Valencia
 40703′24″N
 01718′46″W

7
 ESCL
 Spain
 Calles
 Valencia
 39743′25″N
 00758′28″W

8
 ESHU
 Spain
 Castilsabas, Sierra de Guara
 Huesca
 42711′56″N
 00718′29″W

9
 ESCA
 Spain
 Enguera-Ayora
 Valencia
 38756′48″N
 00743′30″W

10
 ESES
 Spain
 Estubeny
 Valencia
 39701′10″N
 00737′25″W

11
 ESFI
 Spain
 Figueroles
 Castellón
 40707′12″N
 00714′22″W

12
 ESGI
 Spain
 Colina de Montjuich
 Girona
 41759′14″N
 02749′42″E

13
 ESLP
 Spain
 Road Pollença-Lluc
 Mallorca
 39752′18″N
 02759′00″E

14
 ESMO
 Spain
 Villareal de San Carlos
 Cáceres
 39750′46″N
 06701′34″W

15
 ESP
 Spain
 Pitarque
 Teruel
 40738′42″N
 00735′49″W

16
 ESPO
 Spain
 Potiche
 Albacete
 38733′15″N
 02710′40″W

17
 ESPV
 Spain
 Picamoixons, Valls
 Tarragona
 41718′23″N
 01711′37″E

18
 ESRC
 Spain
 Río Cuadros, Bédmar
 Jaén
 37747′17″N
 03724′32″W

19
 ESRZ
 Spain
 Río Zarra, Zarra
 Valencia
 39706′04″N
 01703′43″W

20
 ESSN
 Spain
 Salto Novia, Navajas
 Castellón
 39752′25″N
 00729′56″W

21
 ESSR
 Spain
 Serra
 Valencia
 39741′27″N
 00725′11″W

22
 ESTA
 Spain
 Tales
 Castellón
 39757′29″N
 00718′14″W

23
 ESTO
 Spain
 Pinar de la Bastida
 Toledo
 39751′26″N
 03758′05″W

24
 ESV2
 Spain
 La Murta, Xátiva
 Valencia
 39707′43″N
 00721′40″W

25
 ESVT
 Spain
 Bco. del Tranco, Villel
 Teruel
 40715′14″N
 01713′01″W

26
 FRCA
 Spain
 Casta, Agriates
 Corsica
 42739′47″N
 09713′11″E

27
 FRCO
 France
 Corte
 Corsica
 42718′47″N
 09709′17″E

28
 FRCO2
 France
 Near Bastia
 Corsica
 42742′51″N
 09727′17″E

29
 FRGA
 France
 Vic-le-Fesq
 Gard
 43751′59″N
 04705′14″E

30
 FRPA
 France
 Montesquieu des Alberes
 Pyrénées E
 42731′06″N
 02752′40″E

31
 GRFI
 Greece
 Filiro
 Tesalonica
 40739′32″N
 22758′45″E

32
 GRRE
 Greece
 Redziki
 Tesalónica
 40739′22″N
 22759′48″E

33
 ITBS
 Italy
 Bari-Sardo
 Sardinia
 39750′38″N
 09739′22″E

34
 ITCN
 Italy
 Rossano-Corigliano
 Calabria
 39735′15″N
 16734′38″E

35
 ITS2
 Italy
 Zafferana Etnea
 Catania
 37741′10″N
 15708′08″E

36
 ITSN
 Italy
 Monreale
 Palermo
 38705′29″N
 13718′11″E

37
 MOJT
 Morocco
 Jebel Tazekka
 Taza
 34708′56″N
 03747′20″W

38
 TRAN
 Turkey
 Kesmezagaz
 Antalya
 36736′44″N
 30726′48″E

39
 TRHA
 Turkey
 Dörtyol
 Hatay
 36751′14″N
 36712′48″E
16SSR,17SSR,18SSR,19SSR,20SSR,21SSR,22SSR,and23SSR
(Chung and Staub 2003). PCR amplifications were performed in

Data on primer composition, chloroplast genome location,
motif, and cpSSR fragment size are provided in table 4.
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Table 2

Geographical Data of the Sampled Populations of Nerium oleander
No. Code Country Population Province Latitude Longitude

1 CYKO Cyprus Kozan Kyrenia 35718′55″N 33708′21″E
2 CYLK Cyprus Likipos-Kornos Larnaka 34754′01″N 33718′53″E

3
 DZCK
T

Algeria
his content downlo
All 
Cascade Kefrida
aded from 128.135.181.14 on T
use subject to JSTOR Terms and
Bejaia
hu, 4 Jun 2015 10:59:03
 Conditions
36734′14″N
 AM
05717′21″E

4
5

DZOE
DZOI
Algeria
Algeria
Oued Essendilene
Oued Isser
Djanet
Tlemcen
24757′32″N
34753′07″N
09700′30″E
01701′13″W
6
 DZOT
 Algeria
 Oued Tamrit
 Djanet
 24737′45″N
 09738′54″E

7
 DZOT2
 Algeria
 Oued Touia
 Djanet
 24727′59″N
 09742′19″E

8
 DZOTK
 Algeria
 Oued T’Kout
 Batna
 35708′05″N
 06718′45″E

9
 DZS
 Algeria
 Sefar
 Djanet
 24739′36″N
 09744′45″E

10
 DZTI
 Algeria
 Tassili n’Ajjer
 Djanet
 24737′45″N
 09738′54″E

11
 ESA
 Spain
 Guadalest
 Alicante
 38739′49″N
 00709′39″W

12
 ESAC
 Spain
 Tavernes de Valldigna
 Valencia
 39704′42″N
 00716′55″W

13
 ESCA
 Spain
 Ceal
 Jaén
 37743′24″N
 03702′42″W

14
 ESCG
 Spain
 Serra
 Valencia
 39741′41″N
 00722′32″W

15
 ESCS
 Spain
 Sueras
 Castellón
 39756′24″N
 00721′02″W

16
 ESCS2
 Spain
 L’Alcora
 Castellón
 40706′30″N
 00712′29″W

17
 ESIB
 Spain
 Santa Eulalia
 Baleares-Ibiza
 38758′59″N
 01731′39″E

18
 ESRA
 Spain
 Calles
 Valencia
 39744′35″N
 00758′00″W

19
 ESRC
 Spain
 Bedmar
 Jaén
 37747′16″N
 03724′30″W

20
 ESRJ
 Spain
 Jalance
 Valencia
 39711′56″N
 01704′37″W

21
 ESRZ
 Spain
 Belalcázar
 Córdoba
 38740′29″N
 05702′20″W

22
 EST
 Spain
 Torvizcón
 Granada
 36754′33″N
 03712′40″W

23
 ESTO
 Spain
 Argés
 Toledo
 39748′02″N
 04704′57″W

24
 ESV2
 Spain
 La Murta, Xátiva
 Valencia
 39708′19″N
 00723′32″W

25
 FRCA
 France
 Agay
 Cote d’Azur
 43727′05″N
 06749′56″E

26
 FRCO
 France
 St. Florent
 Capicorsú
 42741′40″N
 09720′07″E

27
 GRAC
 Greece
 Acropolis
 Atenas
 37758′12″N
 23743′10″E

28
 GRHK
 Greece
 Halkidiki
 Cassandra
 40708′05″N
 23749′36″E

29
 GRKU
 Greece
 Lago Kauna
 Creta
 35719′40″N
 24716′44″E

30
 GRPA
 Greece
 Paleophora
 Creta
 35714′11″N
 23740′32″E

31
 GRPL
 Greece
 Tessaloniki
 Tesalónica
 40735′25″N
 23703′11″E

32
 ILNA
 Israel
 Najal Amud
 Tiberiades
 32739′10″N
 35703′46″E

33
 ITC1
 Italy
 Cagliari
 Sardinia
 39709′43″N
 08754′26″E

34
 ITC2
 Italy
 Trebisacce
 Calabria
 39751′33″N
 16730′25″E

35
 ITCN
 Italy
 Capo Trionto
 Calabria
 39737′11″N
 16745′05″E

36
 ITSN
 Italy
 Sta. Agata Militello
 Messina
 38704′24″N
 14740′14″E

37
 JOOJ
 Jordan
 Wadi Farasa, Petra
 Wadi Musa
 30719′15″N
 35726′42″E

38
 JOOS
 Jordan
 Wadi Siyyagh, Petra
 Wadi Musa
 30721′22″N
 35724′12″E

39
 JOPP
 Jordan
 Little Petra
 Wadi Musa
 30722′25″N
 35726′49″E

40
 LIDE
 Libya
 Dernah
 Cyrenaic
 32743′51″N
 22731′12″E

41
 LIRA
 Libya
 Ra’s Al Hilal
 Cyrenaic
 32751′58″N
 22710′44″E

42
 MOAK
 Morocco
 Akchoud
 W Rif
 35714′20″N
 05710′39″W

43
 MOAS
 Morocco
 Asni
 Marrakech
 31714′35″N
 07758′35″W

44
 MOCH
 Morocco
 Chaouen
 W Rif
 35709′24″N
 05715′01″W

45
 MOT
 Morocco
 Tanger
 Tanger
 35738′57″N
 05741′15″W

46
 MOTA
 Morocco
 Tahnaout
 Marrakech
 31721′11″N
 07757′23″W

47
 TNCB
 Tunisia
 Cap Bon
 Cap Bon
 36752′13″N
 10743′28″E

48
 TNFN
 Tunisia
 Fernana
 Aïn Drahan
 36740′12″N
 08740′49″E

49
 TRAD
 Turkey
 Kozan
 Adana
 37710′37″N
 35753′57″E

50
 TRAN
 Turkey
 Kemer
 Antalya
 36711′30″N
 32725′35″E

51
 TRHA
 Turkey
 Belen
 Hatay
 36729′18″N
 36713′00″E

52
 TRIC
 Turkey
 Ovacik
 Mersin
 36711′15″N
 33736′25″E

53
 DZIH
 Algeria
 Iherir
 Illizi
 25724′10″N
 08725′31″E
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References are given in table 3.

The evolutionary historywas inferred by both Bayesian infer-
ence and maximum-likelihood methods. MrBayes 3.2.3 soft-
ware (Ronquist et al. 2012) implementation was performed us-

Table 3

GenBank References for the Sequenced Fragments and Regions

426 INTERNATIONAL JOURNAL OF PLANT SCIENCES
Sequences and Fragments Analysis
The variants of the concatenated DNA sequences will be con-

Data of cpSSRs Showing Variability and Sequenced
sidered as different haplotypes. Parameters of variability were
analyzed with DnaSP, version 5 (Librado and Rozas 2009). In
fragments, it was verified by sequencing that different sizes cor-
responding to different numbers repeat the motif. Haplotype
distribution in N. oleander study populations was represented
on the distribution map using ArcGIS, version 9.3.1 (http://
www.esri.com). Due to the absence of detected genetic variabil-
ity inC. australis as well as the low genetic variability inN. ole-
ander (three haplotypes resolved), no population structure, ad-
mixture, or AMOVA analyses were performed. Phylogenetic
relationships among plastid haplotypes were evaluated via a
statistical parsimony analysis (fig. 2) with the connection prob-
ability set to 95% using TCS, version 1.21 (Clement et al. 2000).

Phylogeny and Molecular Dating Analysis
The rpl32-trnL intergenic region was used for that purpose. Regions in Nerium oleander

The sequences obtained were aligned with Muscle (Edgar
2004) with default parameters, resulting in a matrix with
1059 bp. There was a total of 81 sequences corresponding to
77 oleander individuals and 4 outgroup species. Models of se-
quence evolution were obtained with JMODELTEST (Darriba
et al. 2012). Model fit was assessed using the Akaike informa-
tion criterion (AIC; Akaike 1981) to find the best evolutionary
model. The AIC model was finally chosen for rpl32-trnL phy-
logeny.
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ing the Hasegawa-Kishino-Yano (HKY) model (Hasegawa
et al. 1985) for Bayesian inference. Four chains were used and
two million runs executed, making a 25% burn-in coincident
with the point where the convergence of the chain is reached.
Maximum-likelihood analysis based on the HKY model was
conducted with MEGA 6 (Tamura et al. 2013). The bootstrap
consensus tree inferred after 500 replicates was taken (Fel-
senstein 1985), and branches corresponding to partitions re-
produced in less than 50% of bootstrap replicates were col-
lapsed. The initial tree for the heuristic search was obtained
automatically by applying neighbor-joining and BioNJ algo-
rithms to a matrix of estimated pairwise distances and then
selecting the topology with superior log-likelihood value.

Molecular dating was performed through a relaxed molec-
ular clock approach (Bayesian MCMC method; Drummond
et al. 2006) implemented in BEAST v1.7.4 (Drummond et al.
2012) with the following prior parameters: HKY as evolu-
tionary model, constant size as demographic model (Kingman
1982), and one calibration point in the ingroup root. A ran-
dom starting treewas used to estimate initial root height. To cal-
ibrate the tree, information from Palamarev (1989) dating the
probable origin ofN. oleander in the Upper Miocene (interface
Tortonian–Messinian age; 7 Ma) was used.

Results

Following multiple sequence alignment, 2762 bp were re-
solved for the three noncoding cpDNA regions (rps16, rpl32-
trnL, and trnQ-5′-rps16) in Celtis australis. Results showed
the absence of sequence variability within and among the three
regions. Two (5SSR and 23SSR) out of the 22 screened primer
pairs did not amplify fragments. PCR product sequencing of the
remaining primer pairs did not show the microsatellite motif in
10 pairs (ccmp3, ccmp4, 4SSR, 12SSR, 15SSR, 16SSR, 18SSR,
19SSR, 21SSR, and 22SSR), while the motif was confirmed in
10 others (ccmp2, ccmp6, ccmp7, 6SSR, 7SSR, 9SSR, 13SSR,
14SSR, 17SSR, and 20SSR). The amplified fragments contain-
ing the microsatellite motif did not exhibit variability among
the 328 individuals studied.

The multiple sequence alignment resolved 3134 bp for the
three noncoding cpDNA regions (rps16, rpl32-trnL, and trnQ-
5′-rps16) inNerium oleander. Two regions (rps16, rpl32-trnL)
exhibited variability in three positions; however, polymorphisms

Table 4
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of the Chloroplast in the Two Species Studied

Fragment Celtis australis Nerium oleander

ccmp2 KJ001189 KJ411985
ccmp3 KJ001190 KJ409556; KJ409557

ccmp4
 KJ001191
 KP330458

ccmp6
ccmp7
KJ001192
KJ001193
KM924827
KP013123
4SSR
 KJ001194
 KP013124

6SSR
 KJ001195
 KJ411986

7SSR
 KJ001196
 KJ411984

9SSR
 KJ001197
 KJ413934

13SSR
 KJ001198
 KJ413935

14SSR
 KJ001199
 KJ413936; KJ413937

16SSR
 KP330459
 KJ413938

17SSR
 KJ001200
 KJ433676

18SSR
 KP330460
 KJ433675

19SSR
 KP330461
 KJ438814

20SSR
 KP330462
 KJ438815

21SSR
 KP330463
 KJ438813

rpl32-trnL(V1)
 KJ000489
 KP330464; KP347983

rpS16(B)
 KJ000488
 KP347986; KP347987; KP347988

trnQ-5′-rps16(T)
 KJ000490
 KP347984; KP347985
BioEdit, with su
 sequent visual
 inspection to correct errors. Se-

quences of both fragments and regions were sent to GenBank.
Primer Location Motif Allele sizes (bp

ccmp2 5′ to trnS (A) 161–162
ccmp3 trnG intron (T) 79–80

7SSR
 psbC-trnS
 (T)C(T)
 352–356

14SSR
B

rps19-rpl2
rps16
(T)8 (T)9
. . .
206–207
805–806
V
 rpl32-trnL
 . . .
 1118

T
 trnQ-5′rps16
 . . .
 1211
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were detected, with one base affected at each position; one
transversion (G/T) and three 1-bp indels, two associated with

riori probability of 1 and bootstrap support of 98% for the in-
group (N. oleander).

Allele Size Composition of the Three Haplotypes Identified in
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AorTmononucleotide repeats (SSRs) over10bp in length.Vari-
ability of the sequences studied was combined into three hap-
lotypes (H1, H2, and H3). Analysis of sequences with DnaSP
indicated that variable sites were not parsimony informative.
Two (5SSR and 23SSR) out of the 22 primer pairs screened
for the fragments study did not amplify; 11 out of the 22 primer
pairs screened did not show the microsatellite motif (ccmp6,
ccmp7, 4SSR, 12SSR, 13SSR, 15SSR, 16SSR, 17SSR, 18SSR,
21SSR, and 22SSR), while the motif was confirmed in nine
(ccmp2, ccmp3, ccmp4, 6SSR, 7SSR, 9SSR, 14SSR, 19SSR,
and 20SSR), four of them being polymorphic (ccmp2, ccmp3,
7SSR, and 14SSR) with two size variants resolved for each
primer (table 4), yielding a total of eight variants in 448 individ-
uals studied. Variation patterns were consistent with the three
haplotypes defined by cpDNA. PCR product sequencing con-
firmed the presence of microsatellite motifs in the amplified
regions (table 4) and congruence between SSR repetition num-
ber and frequency. Among the three haplotypes, one allele was
shared by H1 and H3 (356 in 7SSR), one allele was unique to
H2 (352 7SSR), and three alleles were exclusive to H2 and
H3 (ccmp2 162, ccmp3 79, and 14SSR 207).

All Mediterranean Basin populations shared the H1 haplo-
type, while the Saharan populations possessed H2 and H3.
Large differences in haplotype frequencies (H1p88.7%,H2p
8.5%, H3 p 2.8%) shown in table 5 are due to the fact that
the vast majority of the populations under study are located
around the Mediterranean. Relationships between N. oleander
haplotypes following TCS analysis resulted in a triangular net-
work without a basal haplotype; therefore, genealogical rela-
tionships could not be deduced.

Results of molecular dating analyses are shown in a tree
(fig. 3) with two sister groups within N. oleander representing
biogeographically separated populations. All but one of the
Saharan populations form a clade (red branch) supported by
a posteriori probability of 0.97 (fig. 3), while the other clade
(blue branch) includes all the studied individuals from theMed-
iterranean Basin, plus those fromDZOT2. The relaxedmolecu-
lar clock applied to the tree calibration indicates that the hap-
lotype diversification occurred between 7.2 and 1.2 Ma. The
coalescence analysis shows maximum credibility with a poste-
This content downloaded from 128.135.18
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Discussion

Celtis australis and Nerium oleander were congruent in the
absence of genetic variability for all the Mediterranean Basin
populations despite the large number of markers. Similar re-
sults had been reported in other Mediterranean plant species.
Fernández-Mazuecos and Vargas (2010, 2011) reported the
absence of genetic variation in Mediterranean Basin popula-
tions of Cistus monspeliensis L. (Cistaceae), while the species
showed high levels of polymorphisms in the Canary Islands.
Guzmán and Vargas (2009) reported low levels of plastidial
DNA variability for Iberian and North African Cistus ladanifer
L. populations; however, cpSSRs were variable and geographi-
cally informative (Quintela-Sabarís et al. 2011). Rodríguez-
Sánchez et al. (2009) detected two haplotypes inLaurus azorica
(Seub) Franco and four haplotypes inLaurus nobilisL. through-
out the Mediterranean Basin. Low levels of chloroplast DNA
variation were also reported for Fraxinus ornus L. (Oleaceae),
a species distributed in the northern Mediterranean Basin and
on somemainMediterranean islands. The species exhibited low
haplotype numbers (FRAXIGEN 2005; Heuertz et al. 2006),
with only two occupying most of the species’ range. Vendramin
et al. (2008) reported low genetic variation in Pinus pinea L.
(Pinaceae) throughout the species’ geographic range. Several
other riparian plants studied to date, e.g., Populus, Salix, and
Fraxinus, showed similar results, with more or less geographi-
cally structured genetic variability associated with Pleistocene
climatic oscillations (Palmé et al. 2003; Petit et al. 2005; Fussi
et al. 2010; Macaya-Sanz et al. 2012).
Comparisons of diversity within and among plant species

can be affected by the selected cpDNA regions or fragments
as well as by sample size. Our broad sampling area, the num-
ber of C. australis populations sampled, and the variety of
fragments analyzed makes it unlikely that the lack of variabil-
ity observed would be due to a methodological artifact. Plas-
tid markers are maternally inherited and exhibit increased geo-
graphic structuring relative to biparentally inherited nuclear
markers and are therefore among the markers of choice in phy-
logeographic research (Navascués and Emerson 2005; Garoia
et al. 2007; Fussi et al. 2010; Macaya-Sanz et al. 2012). Despite
reported homoplasy in SSRs (e.g., Chen et al. 2002; Curtu et al.
2004), Provan et al. (1999) considered the levels low enough to
be informative at the population level, and Quintela-Sabarís
et al. (2011) considered homoplasy a problem only in those
species with high mutation rates. Barthe et al. (2012) ana-
lyzed SSR fragment size and sequence variation in different

Table 5
werenotdetected in the trnQ-5′-rps16 region.Fourvariable sites

Fig. 2 Haplotype network resulting from the analysis of four
polymorphic plastid microsatellites in Nerium oleander. Small filled
circles p mean mutation changes between haplotypes.
Nerium oleander and Haplotype Frequencies in Percentage

Haplotype ccmp2 ccmp3 7SSR 14SSR Frequency (%)

H1 161 80 356 206 88.68
H2 162 79 352 207 8.49

H3
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Fig. 3 Maximum clade credibility chronogram of Nerium oleander obtained from the rplS32-trnL plastid sequence. The first number on the
nodes represents the posteriori probability (PP) from 0 to 1; the second number is the bootstrap value in a maximum likelihood analysis. Only
values with 15 PP and 150% bootstrap support are placed in the tree.
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plant groups, concluding that they add important information
for phylogenetic or phylogeographic reconstruction and the com-
bination of sequences and SSR variation provides higher reso-

ranges from 3.2 # 1025 to 7.9 # 1025; therefore, higher lev-
els of variability should be expected in oleander following its
more than 7-Myr presence in the Mediterranean Basin. How-
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lution.
Smith and Donoghue (2008) indicated that molecular evo-

lution rates were much lower in trees and shrubs than in her-
baceous species. In addition, Aguinagalde et al. (2005) demon-
strated that temperature tolerance was an important factor in
determining genetic variability, with lower diversity in ther-
mophilous species relative to cold-tolerant species.

C. australis

Due to the absence of polymorphisms among the 41 C.
australis populations, we used individuals of four other spe-
cies of Celtis (C. occidentalis, C. tetrandra, C. sinensis, and
C. aculeata) to determine whether there exists variability in
these markers. trnQ-5′-rps16 was the only region that exhib-
ited variability among species, which occurred as mononucle-
otide transversions (A/G and G/T), and the presence/absence
of different-sized nucleotide gaps, confirming a low mutation
rate in Celtis species.

Our results are congruent with previous results of de Castro
and Maugeri (2006), who studied ITS and trnL (UAA) se-
quences in a complex of five Mediterranean Celtis species in
terms of the low rates of variability as well as the lack of chlo-
roplast DNA variation within and among C. australis popula-
tions. De Castro andMaugeri (2006) reported two hypotheses,
not mutually exclusive, that might explain the low levels of var-
iability observed in C. australis and N. oleander: (1) very low
cpDNAmutation rates, typically associated with the longer life
span of perennial tree species (Smith and Donoghue 2008), and
(2) a recent spread of the species in the Mediterranean Basin,
supported by the results of Carrión et al. (2012), who reported
the species’ disappearance during the LGM. This recent spread-
ing coupled with the lowmutation rates inCeltis species can ex-
plain such extraordinary low genetic variability over a broad
geographic area.

Edibility of the fruits, eaten even byHomo antecessor (Allué
et al. 2015), and the various uses in the manufacture of agricul-
tural and household utensils (Simchoni and Kislev 2011) makes
plausible a progressive human-mediated expansion from the
easternMediterranean to the westernMediterranean following
Neolithic Mediterranean maritime routes (Broodbank 2006;
Blondel et al. 2010; Jesse et al. 2011), similar to the Mediterra-
nean Basin migration of other utilitarian plants, including olive
(Olea europaea: Oleaceae; Besnard et al. 2002) and Pinus pinea
(Vendramin et al. 2008).

N. oleander

The presence of the Nerium genus throughout the Mediter-
ranean Basin has been widely documented since the Oligocene
(Quézel and Médail 2003) and Miocene (Palamarev 1989) to
the Quaternary (Carrión et al. 2012), consistently associated
with riparian species in warm habitats. Persistence time in a
region is an important factor affecting a species’ or popula-
tion’s genetic variability (Hewitt 2000). Provan et al. (1999)
estimated that the mutation rate of plastid microsatellites
This content downloaded from 128.135.18
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ever, Mediterranean N. oleander showed absence of variabil-
ity, while the few Saharan populations studied showed two
haplotypes.
Hewitt (2004) provided several lines of evidence for in-

creased genetic diversity and basal haplotype locations associ-
ated with diversification centers, and glacial refugia harbored
populations with increased genetic diversity (Hewitt 1996,
2000; Médail and Quézel 1997). cpDNA diversity was ex-
tremely low in oleander, and a triangle haplotype network
was depicted where any haplotype might be basal. The fact
that the few Saharan populations show variability while there
is none in the Mediterranean allows us to hypothesize that N.
oleander has persisted in the Sahara longer than in the Med-
iterranean region.
The onset of recurrent desert conditions in the Saharawas ini-

tiated at least 7 Myr ago (Schuster et al. 2006) and has contin-
ued with climatic fluctuations in which humid and arid periods
have alternated, the former facilitating the formation of biolog-
ical corridors connecting theMediterranean and Saharan popu-
lations (Larrasoana et al. 2013). Migliore et al. (2012) provided
evidence supporting our hypothesis inMyrtus (Myrtaceae) spe-
cies, with populations throughout theMediterranean Basin and
the Sahara. Results of the tree calibration indicate a diversifica-
tion time range of 7.2–1.2 Ma between Saharan and Mediter-
ranean haplotypes, supporting the hypothesis of oleander dis-
appearance in the Mediterranean Basin in the LGM. Despite
a single calibration point for tree calibration being inadequate
due to probabilistic uncertainty involved, it is useful for our pur-
poses because fossils, both pollen (Jiménez-Moreno et al. 2010)
and leaves (Palamarev 1989), are the only data available to date
this node, and our interest is in dating two lineages within spe-
cies with homogeneous replacement rates.
Loss of genetic diversity can be a consequence of several fac-

tors, including evolutionary rates, mating systems (Vendramin
et al. 2008), or past bottlenecks in the species’ history. Smith
and Donoghue (2008) demonstrated that rates of molecular
evolution are lower in woody plants than in related herba-
ceous plants and support low polymorphisms, but not enough
to explain the lack of genetic variability after 20 Myr in the
Mediterranean. A recent recolonization is a plausible hypothe-
sis for the absence of oleander genetic variability. Postglacial
recolonization from refugia, including immigration routes and
introgression between taxa, was demonstrated in Populus alba
L., Populus tremula L., and Populus nigra L. during glacial pe-
riods (Cottrell et al. 2005; Fussi et al. 2010, 2012;Macaya-Sanz
et al. 2012). Low temperatures during glaciations resulting in
freezing water in riparian corridors might explain the disap-
pearance of oleander in the Mediterranean Basin, with a single
or few refugia remaining from which the species recolonized
following the LGM, and support the homogeneity of popula-
tions over the sampled area.
The homogeneity of Mediterranean populations can be ex-

plained by a rapid expansion in that area. Rapid colonization
of new geographic areas can produce reduced genetic variabil-
ity (Hewitt 2000), which would support our hypothesis. The
recolonization of the Mediterranean Basin could derive either
1.14 on Thu, 4 Jun 2015 10:59:03 AM
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from any refuge or refugia in the area or from southernmost
populations, such as those fromTassili n’Ajjer. Recurrent Green
Sahara periods connected the African tropics to African and

of nuclear DNA could provide more conclusive data on genetic
variability since its rate of variability is much greater than that
of the plastidial DNA, which is beyond the scope of this work.

ure
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Eurasian midlatitudes (Migliore et al. 2013; Hely and Lezine
2014), making possible such recolonization.

Our data show the lack of variability in plastidial DNA in the
Mediterranean populations of both species studied but not in
those Saharan populations studied in N. oleander. It would be
desirable to have material from areas different than the studied
area ofC. australis,whose resultswouldbe comparedwithMed-
iterranean materials, similarly to what was done withN. olean-
der. That has not been possible in this work, despite repeated at-
tempts to have Asian or Indian material. Moreover, the study
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