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Abstract Endemic island plant species with a narrow
distribution are often, but not always, linked to low genetic
variation within populations and a lack of differentiation
among populations. Cedrus brevifolia is a narrow endemic
island tree species of Cyprus. Its range is restricted to a
single forest, divided into five neighbouring sites. This
study, using biparentally inherited nuclear microsatellites
and paternally inherited plastid (chloroplast) microsatel-
lites, assessed the genetic variation of C. brevifolia within
its sole population and the level of genetic differentiation
among formed sites. The results from both markers showed
high diversity (nuclear Ht = 0.70; plastid Hr = 0.93),
strongly suggesting that the species did not experience
severe bottleneck events or extensive genetic drift. Besides,
the maintenance of a high genetic diversity in C. brevifolia
may suggest that it originates from a widespread conge-
ner species. Significant genetic differentiation at nuclear
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(Gst = 0.052) and plastid (Gst = 0.119) markers was
found among the formed sites. Remarkably, the relatively
high genetic differentiation found at plastid markers was
comparable to values observed in two widespread congener
cedar species. The genetic differentiation probably occur-
red due to fragmentation of a previously uniform popula-
tion. This would lead to the shaping of different genetic
groups (Bayesian analysis) and to significant population
substructure. Furthermore, significant values observed for
both isolation by distance and large-scale spatial genetic
structure could indicate ineffective gene flow among sites
and the early geographical isolation of the more isolated
sites from the core population.

Keywords Cedrus brevifolia (Cyprus cedar) -

Narrow endemic - Nuclear and chloroplast (plastid)
microsatellites - Genetic diversity - Genetic differentiation -
Mediterranean

Introduction

Endemic species have been of interest to population
geneticists for a long time. Narrow endemic species have
often been recorded to have low diversity (e.g. Loveless
and Hamrick 1984; Hamrick et al. 1992; Frankham 1995;
Carri6 et al. 2010) as a consequence of consanguineous
mating (high inbreeding) and random loss of alleles due to
drift, which is more probable when the effective population
size is low (Hamrick et al. 1979, 1992; Young et al. 1996;
Carri6 et al. 2010). Therefore, the low genetic variability
of narrow endemic species is explained by a limited
effective population size as a result of founder effects
(e.g. Pinus torreyana—ILedig and Conkle 1983; Waters
and Schaal 1991) and genetic bottlenecks (e.g. Picea
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omorika—Ballian et al. 2006; Narsi et al. 2008). This
phenomenon of significant low genetic variation is more
obvious in island endemic species than in non-endemic
congener species (Frankham 1997).

However, comparisons of genetic diversity between
narrow and widespread congeneric species for a series of
genetic diversity estimators (i.e. percentage of polymor-
phic loci, mean number of alleles per locus and observed
heterozygosity) have shown that the view of rare species
lacking genetic variation is an overgeneralization
(Gitzendanner and Soltis 2000). Although narrow species
have, on average, less genetic variation than their wide-
spread congeners, there is a wide range in values, and
levels of diversity are highly correlated within a genus.
Thus, some rare species exhibit reduced genetic variation,
whereas others maintain levels of diversity equal to
or exceeding those of widespread congeners (e.g. Abies
equitrojani—Gulbaba et al. 1998; Pinus rzedowskii—
Delgado et al. 1999; Abies nebrodensis—Parducci et al.
2001; Conte et al. 2004; Nothofagus alessandrii—Torres-
Diaz et al. 2007). Such high levels of diversity may have
resulted from the species not having been strongly
affected by genetic drift and/or inbreeding processes,
because their population sizes may never have been
reduced below a certain threshold. Similarly, narrowly
distributed species do not necessarily demonstrate
high differentiation among populations (Gitzendanner and
Soltis 2000; Peakall et al. 2003). Life history traits (i.e.
breeding system, seed and pollen dispersal, longevity)
have also been regarded as good predictors of genetic
diversity within and among populations (Hamrick and
Godt 1989, 1996; Carri6 et al. 2010). Hence, wind-pol-
linated and/or wind-dispersed outcrossing species show a
higher proportion of genetic diversity within populations,
in combination with low levels of genetic differentiation
(Hamrick and Godt 1996; Hamrick et al. 1992; Nybom
2004; Carrid et al. 2010).

Cedrus brevifolia is a monoecious and wind-pollinated
narrow endemic conifer species of the Cyprus flora,
believed to be native, as its presence on the island is
mentioned as early as the first millennium Bc in Theo-
phrastus (370-287 Bc) (Hort 1980). “The Red Flora Data
Book of Cyprus” (Tsintides et al. 2007) lists Cyprus cedar
as a vulnerable species, whilst its habitat type is included in
Annex I of the Directive 92/43/EEC as a priority habitat
type. Despite the assumption that the species had a wider
distribution in the past (Zohary 1973; Thirgood 1987),
during the last three centuries its range has been confined to
one non-uniform population (Fig. 1) on the mountains of
the Paphos forest (Cyprus Forestry Department 2005).
Nowadays, this population is patchy, and divided by
the Cyprus Forest Department into five neighbouring
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geographic regimes (referred to as ‘sites’) separated by
mountain ranges. C. brevifolia ranges from the upper limits
of the meso-Mediterranean to the mid supra-Mediterranean
zone (altitude 900-1,400 m above sea level). A recent
inventory estimated that approximately 15,800 trees with a
diameter at breast height (DBH) over 12 cm and 134,700
trees with a DBH less than 12 cm are growing in this area
(Cyprus Forestry Department 2000).

C. brevifolia is well-differentiated from other species of
the genus based on morphological and ecophysiological
traits such as short needles and slow growth, resistance to
aphids, and the highest tolerance to drought in all cedar
species (e.g. Vidakovic 1991; Ladjal et al. 2005). In con-
trast, phylogenetic studies on cedar species have shown a
strong genetic relationship between C. brevifolia and its
widespread congener C. libani, especially with populations
from Turkey (Scaltsoyiannes 1999; Fady et al. 2000; Bou
Dagher-Kharrat et al. 2007; Qiao et al. 2007). Qiao et al.
(2007), analysing plastid DNA sequences, estimated the
time of divergence between C. libani and C. brevifolia
(molecular clock) at 7.83 + 2.79 to 6.56 £ 1.20 million
years ago. Despite this rather long divergence time and
despite its situation as an isolated endemic species,
C. brevifolia must not have experienced strong genetic
drift. This is confirmed by the study of Bou Dagher-Kharrat
et al. (2007) who, using a small C. brevifolia sample, found
ample genetic diversity within Cyprus cedar, comparable to
that of the other three cedar taxa.

This study is the first in-depth investigation of genetic
variability and population genetic structure in the endemic
and narrowly distributed C. brevifolia. Patterns of genetic
variation were examined using two DNA marker types with
different inheritance modes: biparentally inherited (nuclear
microsatellites: Chaib et al. 2006) and paternally inherited
(chloroplast microsatellites: Fady et al. 2003, who found
that chloroplast DNA—referred to as “plastid”—is pater-
nally inherited in this genus). Attempts to detect variation
at maternally inherited mitochondrial DNA failed due to
lack of polymorphism (Eliades 2008). The different modes
of inheritance of both markers made it possible to observe
different responses to evolutionary events such as bottle-
necks and genetic drift (Petit and Vendramin 2007) and
illustrated patterns of gene flow (Hamilton and Miller
2002) in the whole distribution area of Cyprus cedar. Two
major questions were tested: (1) is the surprisingly high
(for a narrow endemic island species) genetic diversity of
C. brevifolia confirmed using large sample sizes and is it
similarly expressed at markers of different modes of
inheritance? and (2) is differentiation among the different
sites occupied by the species low, as expected for a nar-
rowly distributed and predominantly outcrossing tree
species?
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Fig. 1 Map of the locations of

the 11 sampling plots within the
C. brevifolia natural population.
Between the main area of
Tripylos (plots 1A, 1D, 1E, 1F)
and the remaining plots from
this subpopulation (plots 1B,
1C) there exist cohorts of

C. brevifolia trees which are not
obvious on the map

n Forest
- Cedar Forest
|:| Land

<~  Rivers (white)

1A - SA Sampling plots

Materials and methods
Study location and plant material

Sampling was performed at all the identified sites, covering
a sufficient part of each of the five sites (Table 1). The
largest site, Tripylos, is in the centre of this area, where
cedar trees occupy a nonhomogeneous area of about
398 ha (22.10 ha pure stands and 375.90 ha mixed stands;

Fig. 1). In the other four sites cedar occupies smaller areas
and, according to the soil conditions, occurs in pure stands
(poor soil) or mixed with Pinus brutia (rich soil).
Sampling was performed throughout the entire natural
distribution of C. brevifolia. In total, 11 sampling plots
were sampled from the whole population, where the
number of plots in each site depended on the site size. Six
plots were sampled from the central site at Tripylos (plots
1A-F), two from the second largest site at Mauroi Gremoi
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(plots 2A, B) and one from each of the remaining sites
(Fig. 1; Table 1). In each case, the sampling design cov-
ered a sufficient part of each of the five sites.

From each plot, plant material (fresh needles) was
collected from 50 adult geo-referenced trees with a
DBH >12 cm, as this is the diameter used in the most
recent forest inventories for adult individuals (Cyprus
Forestry Department 2000). A DBH of 12 cm corresponds
to an age of about 40 (mixed stands) to 70 years (pure
stands) in C. atlantica (Bertrand 2004). A total of 550 trees
(50 samples per plot, Table 1) were sampled. The size and
form of each plot depended on the density and distribution
of the trees within them. Distances between plots ranged
from 358 m (plot 1A to plot 1E) to 7,549 m (plot 4A to
plot 5A).

DNA extraction and molecular markers

Total genomic DNA was extracted from 40 mg of needles,
and washed with 70% ethanol. DNA extraction was per-
formed with a DNeasy 96 plant kit following the protocol
of the manufacturer (Qiagen, Hilden, Germany). The
amount of DNA was checked using A-DNA as reference on
a 0.8% agarose gel and visualized by staining with ethi-
dium bromide. The extracted DNA was stored at —20°C
for later use.

Nuclear microsatellites

The six primer pairs developed by Chaib et al. (2006) for
C. atlantica were tested for transferability and polymor-
phism in C. brevifolia. Tests were performed on 16
C. brevifolia individuals using the forward primer labelled
with the fluorescent dyes 6-FAM (blue) or HEX (green).
The PCR (for the primer pairs which were successfully

Table 1 Geographical locations and sampling plots

amplified in C. brevifolia; see “Results”) was carried out in
a volume of 15 pl. For primer CatXIITcC6 the PCR mix
contained: 10 mM Tris-HC1 (pH 9.0), 1.5 mM MgCl,,
50 mM KCl, 05U Taq DNA polymerase (Qiagen),
0.2 mM of each dNTP (Qiagen), 0.6 uM of each forward
and reverse primers and 2 pl (about 20 ng) of genomic
DNA. For the other three primer pairs (CatlTgD4,
CatXITcEIIl and CatXITcDI12) the PCR were performed
using 7.5 pl Hot Star Master Mix (Qiagen), containing:
10 mM Tris-HCI (pH 9.0), 1.5 mM MgCl,, 50 mM KCI,
0.2 mM of each dNTP, 0.75 U Taq polymerase, plus
0.6 UM of each forward and reverse primers and 2 pl
(about 20 ng) of genomic DNA, in a total volume of 15 pl.

The thermal cycling for the primers CatlTgD4 and
CatXITcD12 consisted of denaturation at 95°C for 15 min;
1 cycle at 80°C for 4 min; 30 cycles at 94°C for 1 min, 7,
(annealing temperature) for 1 min (53°C and 55.5°C,
respectively) and 72°C for 1 min, followed by a final
extension step at 72°C for 30 min. The same procedure was
followed for CatXIITcC6, but with the denaturation step
lasting for 5 min, and with T, being 54°C. For CatXITcE1l
a touchdown PCR was used consisting of denaturation at
95°C for 15 min; 6 cycles at 94°C for 1 min, 60°C for
1 min (about 1°C per cycle) and 72°C for 1 min, followed
by 35 cycles at 94°C for 1 min, 54°C for 1 min and 72°C
for 1 min; the final extension step was at 72°C for 30 min.

Plastid microsatellites (haplotypes)

The seven plastid microsatellite primer pairs (Vendramin
et al. 1996) which were successfully amplified in Cedrus
species (Fady et al. 2003) were tested for amplification and
polymorphism in Cyprus cedar in 16 samples. The PCR
mix (15 pl) contained 10 mM Tris-HCI (pH 9.0), 2.5 mM
MgCl,, 50 mM KCl, 0.4 mM of each dNTPs (Qiagen), 1 U

Site Sampling plot Sample size Latitude (N) Longitude (W) Altitude (m)* Area of sampling
plot (ha)

Tripylos 1A 50 34°59'50" 32°40'43" 1384.98 (5.30) 0.37

1B 50 34°59'12" 32041'42" 1135.92 (9.03) 0.35

1C 50 34°59'01" 32°41'31" 1169.80 (13.91) 1.70

1D 50 34°59'57" 32°40/55" 1367.78 (8.53) 0.38

1E 50 35°00'11" 32°40/54" 1344.02 (8.38) 0.27

IF 50 34°58'43" 32°40/33" 1275.50 (8.82) 0.39
Mauroi Gremoi 2A 50 34°58'40" 32°42'08" 1158.02 (9.58) 0.85

2B 50 34°58'41"” 32°42'09"” 1161.80 (9.74) 1.03
Sellae tis Ellias 3A 50 34°58'25" 32°41'17" 1267.56 (9.08) 1.o4
Throni 4A 50 34°59'12" 32°43'43" 1176.98 (16.46) 4.41
Exo Milos 5A 50 35°02'02" 32°39'19” 1223.92 (9.70) 1.02

* Average tree altitude within each plot (standard deviation in parentheses)
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of Hot Star Taqg DNA polymerase (Solis BioDyne, Tartu,
Estonia), 0.5 pM of each forward and reverse primers and
2 pl (about 20 ng) of genomic DNA. The PCR programme
was as described by Vendramin et al. (1996). In order to
test the homology of the amplification products all frag-
ments of different sizes were sequenced.

For both markers, PCR was carried out in a Peltier PTC-
200 thermal cycler (MJ Research, Waltham, MA). PCR
fragments were separated on an ABI PRISM 3100 genetic
analyser, with the internal size standard GS 500 ROX
(Applied Biosystems, Darmstadt, Germany). The data were
scored using the software Genescan3.7 and Genotyper3.7
programs (Applied Biosystems).

Analysis of genetic diversity within plots
Nuclear microsatellites

Genetic variation of nuclear microsatellites for each of the
11 plots was assessed by calculating: the observed number
of alleles (n,), allelic richness (El Mousadik and Petit 1996;
Petit et al. 1998) (Agr), and genetic diversity (expected
heterozygosity, Hg). The inbreeding coefficient (Fis) was
also calculated according to Weir and Cockerham (1984),
while the statistical significance of Fjs was based on
Bonferroni-corrected P values after 10,000 permutations.
The FstAT version 2.9.3 program (Goudet 2001) was used
for these analyses. The observed heterozygosity (Hp) was
assessed by direct counts using the program Arlequin 3.01
(Excoffier and Schneider 2005).

Plastid haplotypes

Haplotypes were identified by combining size variants at
each plastid (chloroplast) locus. Genetic diversity within
plots was evaluated using the program RAREFAC (Petit
2003). The following parameters were calculated: number
of different haplotypes (A), number of private haplotypes
(Py), genetic diversity (Hg) according to Nei (1973) and
haplotypic richness (Hgy). Haplotypic richness was esti-
mated after rarefaction to uniform sample sizes, corre-
sponding to the smallest population size of the dataset
(E1 Mousadik and Petit 1996).

Analysis of genetic diversity among plots

Population structure was investigated using a Bayesian
analysis implemented in the program Bayesian Analysis
of Population Structure (BAPS) v.5.2 (Corander 2006).
The Bayesian analysis approach treats both the number of
populations and the allele frequencies in each population as
random variables (Corander et al. 2004), detecting the
hidden population substructure by clustering sampled

populations into a panmictic group. The analysis was done
for both marker types, using prior information on the plot
of origin for each sampled individual. Analysis was run ten
times for 10° iterations after a burn-in period of 10,000,
randomly mixing the order of sampling plots in the input
file. The resulting partitions were averaged based on their
posterior probabilities and illustrated on a clustering
graphical output.

The genetic relationships among plots were analysed by
means of a cluster analysis using the neighbour-joining
(NJ) algorithm (Saitou and Nei 1987) and the minimum
genetic distance of Nei (1972). The NJ algorithm was
preferred as it produces additive trees and does not assume
identical evolutionary rates along all branches (Weising
et al. 2005). Bootstrap values for the dendrogram were
generated using the Populations program (Langella 2002)
and 10,000 permutations over individuals for both marker
types.

The overall differentiation was computed for nuclear
microsatellites based on Rgr (Slatkin 1995) and Fgt (Weir
and Cockerham 1984), using the SPAGeDI program
version 1.2d (Hardy and Vekemans 2002). For plastid
haplotypes, overall differentiation was computed based on:
(1) differences in fragment frequencies at each locus (Gsr)
and (2) similarities among haplotypes (Ngt) using the
Permut/CpSSR  program (Petit 2005). Additionally, the
total diversity (Ht) and the genetic diversity across plots
(Hs) were calculated for both markers. The significance
of genetic differentiation was determined by 10,000
permutations.

The presence of phylogeographic structure at nuclear
microsatellites was assessed using the SPAGeDi program
version 1.2d (Hardy and Vekemans 2002) through per-
mutations of allele sizes among alleles within a single locus
(pRsT) (10,000 permutations). This analysis compares the
observed Rgr value (before randomisation) with the dis-
tribution of pRgt values obtained for all possible configu-
rations of allele size permutations—or a representative
subset of them—and indicates whether shifts in allele size
resulting from stepwise mutations contribute to popula-
tion differentiation (Hardy et al. 2003). Phylogeographic
structure at plastid haplotypes was assessed by the per-
mutation test of Ngt and Ggr values for significant differ-
entiation (Pons and Petit 1996).

Population genetic structure was also examined using
hierarchical analysis of molecular variance (AMOVA;
Excoffier et al. 1992), with the Arlequin 3.01 program
(Excoffier and Schneider 2005). Significance tests were
conducted using 10,100 permutations. AMOVA was per-
formed after grouping the plots according to their origin
from the five identified sites. In addition, AMOVA was
used to investigate the significance of the influence of the
altitudinal range of the plots on genetic diversity.
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To test the significance of isolation by distance (IBD) at
both markers, a matrix of pair-wise genetic differentiation
[Fst/(1—Fst) — 10,100 random permutations using the
Arlequin 3.01 program] was correlated with geographical
distance using the Mantel test (Mantel 1967), using a
NTSYS-PC version 2.0 (9,999 random permutations).
First, an analysis was done using all plots, then the most
remote plots (plot 4A and plot SA) were consecutively
removed, followed by the three remaining distant plots
(plots 2A and 2B, and plot 3A).

In addition, large-scale spatial genetic structure was also
investigated using kinship coefficients (F;;), which were
assessed between all pairs of trees using the statistic of
Loiselle et al. (1995). Further, the regression slope (bg) of
kinship coefficients on log-transformed distance was
computed based on the relationship between genetic simi-
larity and geographical distance between individuals. For
both analyses the statistical significance was determined
using the 99% confidence interval of Fj; defined after
10,000 permutations and was calculated using the SPA-
GeDi 1.2 program (Hardy and Vekemans 2002).

To test whether differentiation among plots resulted
from genetic drift due to recent reductions in effective
population size, a diversity excess (Cornuet and Luikart
1996; Luikart et al. 1998) analysis was performed using the
program Bottleneck version 1.2.02 (Piry et al. 1999).
Diversity excess was estimated for each plot by simulating
the coalescent process (10,000 iterations), where the two-
phase mutation model (since it takes into account muta-
tional events involving several repeats; Di Rienzo et al.
1994) was applied for nuclear microsatellites and the
stepwise mutation model for plastid microsatellites. To
determine which plot had a significant diversity excess
(Hg) the Wilcoxon signed ranks test was used, which was
the most appropriate for the data from this study since it
can be used with few polymorphic loci and any number of
individuals (Luikart et al. 1998).

Results
Characterization of marker polymorphism

Four out of the six nuclear microsatellites showed ampli-
fication (CatlTgD4, CatXITcEll, CatXITcDI2 and
CatXIITcC6) with clear and strong bands for all samples,
corresponding to 66.7% transferability from C. atlantica
to C. brevifolia. For loci CatlTgD4 (188-204 bp) and
CatXIITcC6 (280-305 bp) alleles differed by a multiple of
two nucleotides, as reported by Chaib et al. (2006) for
C. atlantica. For primer CatXITcDI12 (274-310 bp) the
dinucleotide repeat motif was observed (as in C. atlanti-
ca—Chaib et al. 2006), but with an addition of intermitted
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alleles (1 bp difference) with a total frequency of 12%.
These additional size variants were considered as new
alleles. At locus CatXITcEI1 (dinucleotide repeat motif in
C. atlantica—Chaib et al. 2006), dinucleotide patterns with
several gaps were observed with the first gap (between 179
and 191 bp) being the largest.

Three of the seven tested plastid microsatellite primer
pairs (Pt15169, Pt63718, Pt71936) were polymorphic in
Cyprus cedar, resulting in a total of 15 variants. Four
variants were found for locus Pt15169 (122-125 bp), six
for locus Pt63718 (94 bp, 96-100 bp) and five for locus
Pt71936 (142 bp, 144-147 bp). The variants combined
into 46 different haplotypes out of 120 mathematically
possible combinations. From these, 31 had frequencies less
than 1% in the analysed samples.

Sequencing' the different plastid fragments obtained
from the amplification confirmed the presence of micro-
satellite motifs (mononucleotide repeats), while their
homology was confirmed by BLAST. In addition, the
homology and microsatellite motif of the detected plastid
fragments were confirmed by comparing the sequences
with those found by Fady et al. (2008) for the same loci.

Genetic diversity within plots
Nuclear microsatellites

The total number of alleles per locus ranged from 10
(CatlTgD4) to 26 (CatXITcD12), with a total of 59 alleles
and an average of 14.75 alleles per locus. Six out of the 56
alleles were private for different plots (i.e. plots 1A, 1B,
1D, 2A and 5A) with allele frequencies ranging from 1 to
6.5%. Two out of the six alleles were present only in plot
5A, with a total frequency of 10.7%.

Multilocus analysis with the rarefied sample size of 45
individuals (Table 2) showed that allelic richness (Ag)
ranged from 6.15 (plot 1F) to 10.49 (plot 1D), with a mean
value of 8.44. Gene diversity (Hg) ranged from 0.61 (plot
2A) to 0.75 (plot 1D; Table 2), with a mean value of 0.67.
The observed heterozygosity (Hp) ranged from 0.52 (plot
2A) to 0.75 (plot 1E), with the site Exo Milos having the
highest value (Ho = 0.72). The mean Fig value ranged
from —0.095 (plot 1B) to 0.154 (plot 2A); 99% of Fig
values were not significantly different from zero (Table 2).
Plot 2A was the only plot to show positive but nonsignif-
icant Fig values for each locus, but the total Fig of this plot
was significantly different from zero.

! One DNA sequence (the smallest fragment) per plastid primer pair
observed in C. brevifolia was deposited in GenBank under the
accession numbers FJ907514 (Pt15169), FI907515 (Pt63718) and
FJ907516 (Pt71936).
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Table 2 Genetic variation parameters at four microsatellite loci (multiloci) for each plot and for each site

Site Sampling plot N Na Agr Hg Ho Fis

Tripylos 1A 49.75 30 (D) 7.37 (4.40) 0.64 (0.18) 0.64 (0.19) —0.005 (0.11)*
1B 49.75 36 (1) 8.74 (4.59) 0.64 (0.16) 0.70 (0.16) —0.095 (0.09)*
1C 48.75 44 10.41 (4.64) 0.67 (0.13) 0.68 (0.15) —0.018 (0.07)*
1D 49.25 43 (1) 10.49 (4.08) 0.75 (0.08) 0.70 (0.09) 0.073 (0.10)*
1E 48.75 39 9.54 (2.30) 0.72 (0.12) 0.75 (0.16) —0.044 (0.06)*
IF 48.50 25 6.15 (3.75) 0.64 (0.12) 0.65 (0.15) —0.012 (0.06)*
Overall 294.75 56 40.68 (14.19) 0.69 (0.11) 0.69 (0.04) 0.016 (0.05)*

Mauroi Gremoi 2A 48.50 37 (D) 9.08 (4.90) 0.61 (0.20) 0.52 (0.19) 0.154 (0.03)°
2B 49.50 32 7.87 (3.29) 0.63 (0.09) 0.64 (0.10) —0.016 (0.05)*
Overall 98 43 36.13 (12.65) 0.63 (0.13) 0.58 (0.06) 0.076 (0.03)*

Sellae tis Ellias 3A 49.25 35 8.60 (4.86) 0.71 (0.14) 0.68 (0.14) 0.038 (0.06)*

Throni 4A 49.25 27 6.64 (2.78) 0.64 (0.16) 0.64 (0.12) 0.005 (0.12)*

Exo Milos S5A 47.50 32 (2) 7.95 (3.58) 0.71 (0.12) 0.72 (0.13) —0.015 (0.14)*

N Average of successfully analysed samples per plot over all loci (out of 50 sampled trees); A observed number of alleles (in branches: the
number of private alleles); Ag allelic richness per locus-rarefaction of 45 samples (standard deviation in parentheses); Hg genetic diversity
(standard deviation in parentheses); Hp observed diversity (standard deviation in parentheses); Fis inbreeding coefficient (standard deviation in

parentheses).
? Not significantly different at the 5% level.
® Significantly different at the 5% level.

At the site level, the highest Agr value (40.68) was
recorded in the largest site (Tripylos, plots 1A-1F).
Meanwhile, the highest Hg value (0.71) was recorded in the
sites Sellae tis Ellias (plot 3A) and Exo Milos (plot 5A),
and the highest Hp value (0.72) was recorded in the site
Exo Milos (plot 3A).

Plastid haplotypes

Genetic diversity parameters estimated for haplotype data
within plots are summarized in Table 3. Haplotypic rich-
ness (Hg) ranged from 5.00 (plot SA) to 22.36 (plot 3A;
Table 3), with a mean value of 11.99 (rarefied sample size
of 48). Mean haplotype diversity (Hg) was 0.84, ranging
from 0.58 (plot 4A) to 0.94 (plot 3A). In addition, the
highest number of haplotypes (24) and private haplotypes
(10-20% of the sample size) was recorded in plot 3A,
exceeding the total number of private haplotypes in the 300
samples of Tripylos. In contrast to plot 3A, the lowest
number of haplotypes (six) was recorded in plot 5A, in
which no private haplotypes were detected. At the site
level, a lower Hi value (15.98) was recorded in Tripylos
(plots 1A—1F) than in a smaller site, namely Sellae tis
Ellias (plot3A, Hi 22.36); the highest Hg value (0.94) was
also recorded in Sellae tis Ellias.

Genetic structure among plots

BAPS showed that the 11 plots were clustered into six
groups for nuclear microsatellites (Fig. 2a), with plots 1A,

Table 3 Plastid haplotype variation parameters for each plot and for
each site

Site Sampling plot N A P, N. Hy Hg
Tripylos 1A 50 13 2 9.77 1192 0.92
1B 50 13 0 740 11.88 0.88
1C 50 18 3 9.69 16.64 0.92
1D 50 12 0 856 10.88 0.90
1E 50 14 1 874 1280 0.90
1F 50 14 0 812 12.84 0.90
Overall 300 30 13 12.12 1598 0.92
Mauroi Gremoi 2A 50 10 1 6.07 884 0.85
2B 50 11 1 420 9.84 0.78
Overall 100 13 2 6.00 9.24 0.84
Sellae tis Ellias 3A 50 24 10 12.26 2236 0.94
Throni 4A 50 10 1 234 888 0.58
Exo Milos 5A 48 6 0 344 500 0.72

N sample size; A number of different haplotypes; P, number of pri-
vate haplotypes; N, effective number of haplotypes; Hr haplotypic
richness (rarefaction of 48 samples); Hg genetic diversity

1B, 1F, 4A and 5A each forming a separate group and the
remaining plots forming a common group. For plastid
microsatellites, Bayesian analysis revealed seven groups
(Fig. 2b) which corresponded to a large extent with the
natural geographic subdivision of C. brevifolia. Plots from
Tripylos (plots 1A-1F) divided into three groups, while
both plots from Mauroi Gremoi were included in a com-
mon group. Each of the remaining three plots (plots 3A, 4A
and 5A) represented a separate group. Based on this
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Fig. 2 Grouping of sampling
plots according to BAPS:

a based on nuclear
microsatellites and b based on
plastid haplotypes

Plot1A Plot1B Plot1C Plot1D Plot1E Plot1F Plot2A Plot2B Plot3A Plot4A PlotSA

analysis of both marker types, plots 1A, 4A and 5A were
each classified as a separate group.

For both markers the amount of genetic differentiation
(Nei’s minimum genetic distance; Nei 1972) observed
between plot 4A (Throni) and plot SA (Exo Milos) was
higher than among the other plots. Clustering of plots
based on the NJ dendrograms using Nei’s minimum
genetic distances for both markers did not reflect the
geographic subdivisions or the location of plots in the
field. Based on this distance plot 1B and plot SA were
grouped together with the highest bootstrap value (91%)
for nuclear microsatellites; for plastid haplotypes the
highest bootstrap value (73%) was found between plot 2A
and plot 2B (Fig. 3). For both markers, however, low
bootstrap values (less than 50%) were obtained for the
other clades of the NJ trees.

The genetic differentiation among plots for nuclear
microsatellites was 0.052 for the infinite allele model (Fst)
and 0.055 for the stepwise mutation model (Rgr). Allele
size information analysis revealed that Rgr was not sig-
nificantly different from pRgt (P value —0.774 across all
loci and plots). Nonsignificant differences (P > 0.05) were
also found for haplotype differentiation measures, namely
Gst (0.119) and Ngt (0.105). For nuclear markers the total
diversity (Ht) was 0.70 and for plastid markers 0.93, while
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the genetic diversity across plots (Hg) was 0.67 and 0.86
for nuclear and plastid markers, respectively.

The hierarchical partitioning of the genetic variation
(AMOVA, Table 4) demonstrated that most variation for
both markers was distributed within plots (nuclear micro-
satellites 94.83%, plastid haplotypes 88.56%). AMOVA
showed a significant differentiation among the groups
(®Pct), which were formed according to the plot regime. In
contrast, nonsignificant genetic differentiation was recor-
ded among the three altitude groups (Pcrt). However,
genetic differentiation among plots within each group
(®sc) and within-plot differentiation (Pgt) were significant
for both groups (plot regime and altitude; Table 4).

The Mantel test showed positive linear and significant
coefficient of correlation () among geographic and genetic
distances for both markers only when the plots from the
whole distribution area (sites) of Cyprus cedar were
included in the analysis (r = 0.690 for nuclear microsat-
ellites and r = 0.652 for plastid haplotypes, P < 0.01). In
contrast, when the most isolated plots were removed from
the analysis, the Mantel test did not show any significant
correlations.

The large-scale spatial genetic structure using the kinship
coefficients (F;;) showed a continuously negative slope over
space in the autocorrelogram (Fig. 4). For this analysis ten
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Fig. 3 NI tree of genetic markers with matrix of genetic distance using Nei’s minimum genetic distances based on a nuclear microsatellites and
b plastid haplotypes. Numbers indicate percentage bootstrap support values from 10,000 replications

distance classes were selected in order to display an equal
number of pairs of individuals in each class. In the first
distance class (0—150 m) both genomes showed significant
mean kinship coefficients with the plastid genome showing
a higher value (F; = 0.080) and a steeper decrease in the
kinship coefficient in this class than the nuclear genome
(F;j = 0.042). The plastid genome showed a significant F;
(up to 1,639 m) over a longer distance than the nuclear
genome (up to about 500 m). Significant values were also
observed for the regression slope (bg) analysis, where the
value of bg for the plastid genome (—0.0214*) was twice
that of the nuclear genome (—0.0102*).

Finally, the bottleneck analysis according to the Wil-
coxon signed ranks test for both markers indicated that
none of the studied plots had significant diversity excess.

Discussion
Insights into the species’ evolutionary history
Considering that endemic C. brevifolia has been restricted

to a narrow range on the highlands of Paphos forest, its
level of genetic diversity is particularly interesting and

contrary to other reports in the literature. The total genetic
diversity (Ht) of Cyprus cedar was found to be high
(nuclear microsatellites 0.70, plastid haplotypes 0.93)
compared to genetic diversity levels for nuclear microsat-
ellites observed by Nybom (2004) in other endemic and
narrowly distributed species (0.42 for endemic, 0.56 for
narrowly distributed species). The detected nuclear diver-
sity was in the same range as for the widespread congener
C. atlantica (0.75, Chaib et al. 2006) for the same markers.
With respect to plastid haplotype diversity (at the same
plastid—chloroplast—Iloci) C. brevifolia showed the same
range of diversity as its widespread congener C. atlantica
(0.95 in Morocco; Terrab et al. 2006) and even higher
values than its widespread congener C. libani (0.84 in
Lebanon, 0.89 in Turkey, 0.86 overall; Fady et al. 2008).
These results are in agreement with a phylogenetic study
by Bou Dagher-Kharrat et al. (2007) who, using AFLPs,
found that Cyprus cedar showed relatively higher genetic
diversity than populations of the other congener cedar taxa.
Remarkably, C. brevifolia showed a higher level of genetic
diversity than some widespread conifer species of the
Mediterranean basin, namely Pinus pinaster and Pinus
halepensis (Bucci et al. 1998; Vendramin et al. 1998).
Additionally, Cyprus cedar clearly exceeds the level of
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Table 4 Hierarchical AMOVA for both marker types, according to the grouping of sampling plots

Marker Source of Regime analysis Altitude analysis
variation - — - —
d.f. Variance Percentage  Fixation d.f. Variance Percentage  Fixation
components  variation indices® components variation indices”
Nuclear Among groups® 4 0.037 2.65 Pt 0.027%%* 2 0.000 —0.006 Do —0.005™ 4%
microsatellites  Among plots 6 0.045 3.26 Py 0.033%%* 8  0.076 5.51 D 0.055%%*
within patches
Within plots 1,081 1.303 94.09 dgr 0.059*** 1,081 1.303 94.96 Dgr 0.050%**
Total 1,091 1.384 1,091 1.372
Plastid Among groups® 4 0.205 9.91 Dt 0.099%** 2 —0.0143 —0.71 P —0.007™ 5%
haplotypes Among plots 6 0.085 4.10 Dgc 0.045%#* 8 0230 11.51 Dge 0.114%%%
within patches
Within plots 537 1.777 85.99 bgr 0.140%** 537 1.784 89.20 Dgr 0.108***
Total 547 2.067 537 1.999

##% P < 0.001; ** P <0.01; * P <0.05
n.s. Not significant.

# Identified groups originating from the regimes (geographical sites): group I plots 1A-1F, group 2 plots 2A and 2B, group 3 plot 3A, group 4

plot 4A, group 5 plot 5A.

® Identified groups originating from the plot altitude: group I (1,100-1,199 m) plots 1B, 1C, 2A, 2B and 4A, group 2 (1,200-1,299 m) plots 1F,

3A and 5A, group 3 (1,300-1,400 m) plots 1A, 1D and 1E.

¢ @7 proportion of differentiation due to differences between groups; @g¢c proportion of differentiation due to different plots within groups;

@7 proportion of differentiation among plots among groups.

Fig. 4 Average kinship

Kinship coefficient of C. brevifolia

coefficient (F;;) between pairs of 0,08
individuals plotted against the A
distance at the population level 0,06 1 '\

for both genomes; filled symbols
indicate significant deviation
from zero

Fij

—#—Nuclear DNA = 4= «Haplotype DNA | ‘

genetic diversity found in the widespread Pinus pinea
(Vendramin et al. 2008), as well as in the narrowly dis-
tributed endemic Picea omorika (Narsi et al. 2008). This
ample genetic diversity within a narrow endemic species
suggests that Cyprus cedar is not characterized by a
founder effect. Such an assumption could be accepted if the
population is of recent origin, which is not the case for
C. brevifolia (Theophrastus in Hort 1980; Qiao et al. 2007).
The high genetic diversity of Cyprus cedar has possibly
resulted from the absence of genetic drift (discussed
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distance (m)

below). C. brevifolia is thus another example of a narrow
endemic island species with high diversity levels.

This ample genetic diversity in Cyprus cedar could be
interpreted according to the argument that maintaining high
genetic diversity in a narrow endemic species is due to its
origin from a widespread congener species (Smith and
Pham 1996). This is probably true for C. brevifolia, since
earlier phylogenetic studies on cedar species found a
genetic relationship between C. brevifolia and several
C. libani sources from Turkey (Scaltsoyiannes 1999;
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Fady et al. 2000; Bou Dagher-Kharrat et al. 2007). Also,
the comparatively high transferability (66.7%) of nuclear
microsatellite primers from C. atlantica to C. brevifolia,
compared to other studies on conifer species (Gonzélez-
Martinez et al. 2004; Vendramin and Hansen 2005), as well
as the observation of the same polymorphic microsatellite
loci in C. brevifolia and in other cedar species (Fady et al.
2003, 2008; Terrab et al. 2006), implies that cedar species
(taxa) have derived from a common phylogenetic group
(Scaltsoyiannes 1999; Fady et al. 2000, 2003; Qiao et al.
2007).

Another explanation for this high genetic diversity could
be admixture of several C. libani sources from Turkey, a
hypothesis also presented by Bou Dagher-Kharrat et al.
(2007). This admixture most likely happened during the
Cyprus cedar migration into the island during the Iberian
connection in the Messinian (7-5 Mya). During this period
the sea level dropped by 3,048 m as a result of the frying
up of the Mediterranean sea (Hsli 1972). Thus, islets
appeared within the Mediterranean basin (Hsii 1972),
possibly contributing to flora and fauna migration from
neighbouring mainland areas (i.e. Syria, Turkey) to Cyprus.
The migration of animal species (e.g. elephant, hippopot-
amus) to the island could also have resulted in seed
migration during different chronological periods. This
admixture hypothesis could be reinforced by the genetic
relationship between C. brevifolia from Cyprus and
C. libani sources from Turkey, recorded in previous studies
(Scaltsoyiannes 1999; Fady et al. 2000; Bou Dagher-
Kharrat et al. 2007). The assumption that admixture is of
anthropological origin should be viewed with caution,
since the molecular clock (Qiao et al. 2007) places the
divergence of C. brevifolia from counterpart species much
earlier than the earliest confirmed site of human activity in
Cyprus (10,000 Bc; Mithen 2005). Further, when Theo-
phrastus visited the island and described the species
(370-287 BC), Cyprus cedar was already restricted to the
mountainous area of the Paphos forest, as is the case today
for the natural habitat of the species. Nevertheless, an
analysis of C. libani populations covering the species
distributional range and the C. brevifolia population for the
same markers might support this hypothesis. Also, the
assumption that C. brevifolia had a wider distribution
on the island in the past should be further investigated (i.e.
pollen and wood fossils).

The demographic implications of the Cyprus cedar
population do not appear to suggest genetic erosion of the
species. Pleistocene climate variations are known to have
modified effective population sizes throughout Europe,
since during these variations population bottlenecks resul-
ted in genetic drift (Petit et al. 2003, 2008). C. brevifolia,
although a narrow endemic, may have been some-
what preserved from genetic bottlenecks. Bottlenecks are

assumed to have occurred during displacement and con-
finement of populations in Pleistocene glaciations or by
raised water levels during intervening warm periods (van
Staaden et al. 1996). The effective population size (N,) of
Cyprus cedar in its present natural sites can thus be
assumed to have never dropped below the critical threshold
of 500 individuals, a sample size considered by Sherwin
and Moritz (2000) as necessary to explain a heterozygosity
decrease of 0.1% per generation. Additionally, even if in
one of the isolated sites N, dropped below a critical size,
this size would have been maintained for only a few gen-
erations. Meanwhile, the present population size of this
species is large enough to counteract the effects of genetic
drift. Finally, the nonsignificant inbreeding coefficient
values that were generally observed are another indication
that Cyprus cedar is not affected by demographic bottle-
necks, as its population is at a Hardy-Weinberg equilib-
rium, and not significantly affected by inbreeding.

Insights into the demographic history
of the C. brevifolia population

The plots of the current Cyprus cedar population were
apparently divided into different genetic groups (Bayesian
analysis), suggesting a substructure in the C. brevifolia
population. However, the low but significant divergence
among the plots for the nuclear microsatellite (Gst =
0.052) is in contrast to the general assumption that endemic
species are characterized by high population divergence
(e.g. Loveless and Hamrick 1984; Hamrick et al. 1992;
Carri6 et al. 2010), even for nuclear microsatellites
(Gst = 0.26; Nybom 2004). In contrast, the plastid marker
in C. brevifolia is characterized by significantly higher
genetic differentiation (Ggr = 0.119) than other cedars,
comparable with values observed in its widespread
congeners C. libani (Gst = 0.067; Fady et al. 2008) and
C. atlantica (Gst = 0.107; Terrab et al. 2006), at the same
plastid loci. AMOVA also indicated a higher percentage of
differentiation for plastid haplotypes than for nuclear
microsatellites. This discrepancy between the two genomes
could be due to differences in effective population size
(Hu and Ennos 1997; Hamilton and Miller 2002), since the
effective population size of the plastid genome is half that
of the nuclear genome. Thus, in non-equilibrium popula-
tions and when IBD occurs, plastid markers drift at a faster
rate than nuclear markers (Hu and Ennos 1997). Mean-
while, the absence of significant phylogeographic structure,
the low bootstrap values for clades in the dendrograms and
the low genetic differentiation in the nuclear genome imply
relatedness among the plots. This close relationship among
plots could either reflect the fragmentation of an earlier,
uniformly distributed population, or ample levels of gene
flow between sites. Nevertheless, the significant IBD, as
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well as the significant differentiation among plots within
groups (AMOVA), probably suggest the current existence
of barriers to gene flow owing to local conditions that
cannot exactly be measured. Besides, the continuously
negative slope of the autocorrelogram and the negative
significant regression slope imply a structure across space
(e.g. Diniz-Filho and Telles 2002; Heuertz et al. 2003). The
fact that the paternal plastid genome showed a clearer
geographical structure (Bayesian analysis) and a significant
kinship coefficient (Fj;) over longer distances than the
nuclear genome appears to be an indication of reduced
levels of pollen flow. Thus, the inconsistent levels of
genetic differentiation between genomes could also be
influenced by the different gene flow patterns (pollen and
seed dispersal rates) resulting from secondary seed dis-
persal by animals (biotic means). The wider area of Paphos
forest is also the natural habitat of the endemic mouflons
(Ovis aries orientalis) which act as seed vectors.

The interpretation of fragmentation of a previously
uniform population appears to be more plausible. The
fragmentation might have been recent and caused by
human activities (such as over-grazing before conservation
laws were passed in the 20th century) or more ancient
forces, caused by altitudinal and range movements ampli-
fied by the local topography during Pleistocene glaciations
and interglaciations, as was typical for Euro-Mediterranean
ecosystems (Petit et al. 2003). This altitudinal movement of
C. brevifolia is possibly the reason for the nonsignificant
differentiation between groups according to elevation
(AMOVA). Additionally, the hypothesis of fragmentation
would also be in accordance with the significant IBD when
the most isolated sites are included in the analysis. This
IBD may have resulted from different population histories,
as these sites were probably separated earlier from the
uniform population than the other sites. Particularly for
the sites of Throni (plot 4A) and Mauroi Gremoi (plot 2A,
the plot with a significant inbreeding coefficient), frag-
mentation could have negatively affected the maintenance
of genetic variation, since genetic drift appears to have
been promoted as a result of reduction in gene flow at
fragmented sites.

On the contrary, the high genetic diversity of small and
isolated sites (Sellae tis Ellias, plot 3A; Exo Milos, plot
5A) is in line with the argument of Young et al. (1996) that
not all fragmentation events lead to reduced genetic
diversity in relic populations. Based on this, the relic sites
can be assumed to have had unusually high diversity before
fragmentation, most likely due to middle-frequency private
alleles and/or haplotypes within the site. Similarly, the
maintenance of high genetic diversity has been found to be
linked to the occurrence of such private alleles by Taggart
et al. (1990) and Prober and Brown (1994). Additionally,
the high genetic diversity in these small sites most likely
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implies that not time has since
fragmentation.

In conclusion, despite the general view on endemic
species (Loveless and Hamrick 1984; Hamrick et al. 1992;
but see Carri6 et al. 2010) and similarly to observations by
Gitzendanner and Soltis (2000), C. brevifolia is both
genetically diverse and genetically structured. Therefore, it
constitutes an example of a narrow endemic island species
with significant genetic structure. Its origin, potential
contact with mainland species and population size may
have been the most important components affecting the
high genetic diversity observed. Additionally, this study
provides further proof that the mild eastern Mediterranean
climate of the late glacial maximum made it possible for
mountainous conifers to conserve their high genetic
diversity by maintaining large enough population sizes
(Mai 1989; Fady 2005; Fady and Conord 2010).

enough elapsed
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