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Is the genetic diversity of small scattered forest tree
populations at the southern limits of their range more prone
to stochastic events? A wild cherry case study
by microsatellite-based markers
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Abstract Wild cherry (Prunus avium L.) is a widespread,
partially asexual, noble hardwood European species charac-
terized by a scattered distribution, small population sizes,
and human exploitation for its valuable wood. These
characteristics, especially at the southern limits of the species
natural distribution where additional varying stresses may
occur, render P. avium populations prone to potential

stochastic, genetic, and demographic events. In this study,
we used dominant inter simple sequence repeat (ISSR) and
codominant simple sequence repeat (SSR) markers to infer
the genetic structure of P. avium. Five populations from
northern Greece were evaluated based on 46 ISSR and 11
SSR loci. Populations presented a relatively high level of
genetic variation, with a mean genetic diversity of He=0.166
and He=0.740 regarding ISSR and SSR analysis, respective-
ly. We observed moderate population differentiation for ISSR
(GST=0.113) and SSR (FST=0.097) markers. AMOVA also
detected significant differentiation among populations for
ISSRs (ΦST=0.338) and SRRs (ΦST=0.162). According to
linkage disequilibrium analysis, estimates of effective popu-
lation size were generally sufficient for maintaining extant
genetic variability and evolutionary potential. A possible
bottleneck was detected for only one population. In general,
it appears that despite the particular characteristics of the P.
avium populations studied, genetic stochasticity events were
not apparent. The studied populations, located at the rear
edge of the species European distribution, reveal a wealth of
genetic variation that is very valuable for the genetic
conservation of local adaptive gene complexes, especially
under contemporary climatic change scenarios.
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Introduction

Plant species that are partially asexual and present small,
isolated populations of scattered individuals are more prone
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to genetic, demographic, and environmental stochasticity
(Ellstrand and Elam 1993), especially in southern areas of
their distribution (rear-edge populations; Hampe and Petit
2005) where climatic change is expected to be more
manifested. They are therefore at a risk of losing genetic
diversity and future adaptive potential as a result of events
such as decreased gene flow among populations, reduction
of recombination as an effect of partially asexual reproduc-
tion, elevated levels of inbreeding, fixation of deleterious
alleles, and higher occurrence of genetic drift. Demography
is the main factor influencing genetic histories; neverthe-
less, neutral markers may present stochasticity in a given
demographic context that is modulated by non-stochastic
forces such as selection. The influence of the above factors
in shaping extant population genetic diversity and structure
is of paramount importance in order to secure the adaptive
potential of populations and to formulate appropriate
management and conservation strategies for sustainability
(Tessier du Cros et al. 1999; Boshier and Amaral 2004;
Belletti et al. 2008).

Wild cherry (Prunus avium L.) is a perennial woody
angiosperm with a scattered distribution featuring small
scattered populations at differential densities in nearly all
regions of Europe (Beaver et al. 1995). P. avium is a strictly
allogamous diploid (2n=2x=16; Crane and Brown 1937)
reproduced asexually via suckering and sexually by insect
pollination and subsequent seed dispersal by birds and
mammals (Mohanty et al. 2001). It is an economically
important noble hardwood species with valuable timber and
edible fruits (Russell 2003). The trans-European distribution
of wild cherry, and its cultivated form sweet cherry, is the
result of a complex interplay between postglacial colonization
and anthropogenic expansion. Chloroplast DNA studies in P.
avium (even though partial and geographically incomplete)
suggest the presence of different postglacial colonization
routes (Russell 2003). Early domestication of Prunus has
been indicated in Asia Minor since 7,000 BP (Behre 1978),
and P. avium was apparently first cultivated in Greece since at
least 2,300 BP according to Theophrastos (Hedrick 1915;
Marshall 1954). It was introduced to western Europe by the
Romans (Zohary and Hopf 2000), and there is accumulating
evidence of multiple domestication events (Mariette et al.
2010). The current species distribution presents its southeastern
limits in Greece, forming small isolated populations.

Initial investigations of the wild cherry genetic diversity
were based on morphological traits (Weiser 1996; Meyer-
Dingel et al. 1997), followed by analyses of isoenzyme
variation (Santi et al. 1990; Frascaria et al. 1993; Mariette et
al. 1997), AFLP markers (Tavaud et al. 2001), and the
maternally inherited chloroplast DNA (Mohanty et al. 2001).
The development of specific simple sequence repeat (SSR)
markers (Clarke and Tobutt 2003; Vaughan and Russell 2004)
allowed more detailed investigations of genetic diversity in P.

avium (Schueler et al. 2006; Aravanopoulos et al. 2008;
Guarino et al. 2009). Nevertheless, genetic information
especially at the southern limits of the species natural
distribution remains as scattered, as the species itself.

SSRs, as highly polymorphic codominant markers that
evolve faster than cytoplasmic or nuclear genes, are particu-
larly useful for resolving population structure at a finer
geographic and evolutionary scale. Another microsatellite-
based method, inter simple sequence repeats (ISSRs), permits
the detection of polymorphisms in inter-microsatellite loci
(Zietkiewicz et al. 1994). As different markers have different
properties and reflect different aspects of genetic diversity
(Karp et al. 1996), ISSRs may present an additional view of
geographic diversity at the genetic level. ISSR analysis has
been used for the assessment of genetic variation in
numerous plant species, including Castanea sativa (Mattioni
et al. 2008), Morus spp. (Kar et al. 2008), and cultivated P.
avium (Ganopoulos et al. 2011). To our knowledge, this is
the first time that ISSR analysis is applied to wild cherries.

The importance of rear-edge populations has been a
matter of intense debate focusing on the validity of the
center-periphery hypothesis that distinguishes between the
abundant populations at the core of a species distribution
and the small fragmented populations of its periphery
(Lesica and Allendorf 1992; Hampe and Petit 2005; Eckert
et al. 2008). Do rear-edge populations behave as predicted
by this hypothesis and accordingly both effective popula-
tion size and rate of gene flow should be highest at the
“abundant” center and lowest at the edges of the species
distribution range (Sagarin and Gaines 2002; Eckert et al.
2008)? Or, range-wide patterns of population genetic
diversity are usually shaped by past climate-driven range
dynamics rather than by demo-genetic stochasticity per se,
and therefore, marginal rather than central populations
commonly harbor the bulk of species genetic diversity
(Hewitt 2000, 2004; Hampe and Petit 2005)?

According to the “center-periphery” model, rear-edge
populations are of limited and questionable conservation
(Lesica and Allendorf 1992) and potentially breeding value:
they may face more rapid cycles of extinction, recoloniza-
tion, and associated founder events or strong population
bottlenecks that lead to a stochastic reduction of within-
population genetic diversity and evidently of their evolu-
tionary potential (Hoffman and Parsons 1996; Eckert et al.
2008). Their anticipated lower genetic diversity and higher
genetic differentiation are further aggravated by their
exposure to notable environmental pressure in contrast to
central populations (Eckert et al. 2008). On the other hand,
if recolonization history has been the main driver in shaping
extant genetic diversity compared to demography and local
conditions, then rear populations may constitute an invalu-
able reservoir of within-species genetic diversity (Petit et al.
2003; Hewitt 2004). Rear-edge populations may preserve
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rare alleles and gene combinations important for adaptation
to extreme environmental conditions (Lesica and Allendorf
1992; Hampe and Petit 2005) being often regarded
extremely important for the survival and evolution of the
biota (Hampe and Petit 2005). Their long-term persistence
may have shaped current biogeographical patterns through
its mitigating effect on extinctions. Rear-edge populations
have likely played key roles in the maintenance of
biodiversity throughout the Quaternary (Hampe and Petit
2005) and can therefore be considered as evolutionary key
populations of utmost importance for conservation.

The objectives of this study were: (1) to assess and compare
population genetic structure and diversity of natural P. avium
rear-edge populations present in northern Greek forests, by
employing dominant (ISSR) and codominant (SSR) molecu-
lar markers, (2) to investigate genetic divergence among
natural populations, (3) to determine how demographic
history and underlying stochasticity have determined extant
population genetic structure, effective population size, and
gene flow, and (4) to assist in establishing management and
conservation practices for P. avium natural populations.

Materials and methods

Study site and sampling design

Five natural populations, covering most of the northern Greek
range of P. avium, were sampled: three from the Region of
Macedonia (Vorras, Cholomontas, Katafito) and two from the
Region of Thrace (Hayntou, Nymphaea; Fig. 1). Levels of
sample size per population were influenced by census
population numbers, the noncontinuous distribution of wild
cherry in nature, and the need to avoid sampling clonal or
filial structures. According to field observations, populations
consisted of a minimum of 80–400 trees present as isolated
individuals or in small groups in mountainous terrain.

We collected young leaves from individual trees spaced
at least 150 m apart in order to avoid sampling-related
individuals. The sample size of each population ranged
from 15 to 20 individuals (mean, 18.6); 93 individuals were
sampled in total (Table 1). Collected leaves of each
individual were stored at −80°C prior to DNA extraction.

DNA extraction and microsatellite-based analysis

Total genomic DNA was isolated using the procedure
described by Doyle and Doyle (1987). The DNA amount
was quantified by a UV spectrophotometer (Eppendorf
Biophotometer, Hamburg, Germany). Samples were then
diluted to a 20-ng/μL working concentration.

For ISSR analysis, amplification was performed in a total
volume of 25 μl including 30 ng of total cellular DNA,

200 mM of each dNTPs, 2 mM MgCl2, 40 pmol of primers,
2.5 μl of 10× Taq DNA polymerase buffer, and 1 U
DyNAzyme II DNA polymerase (Finnzymes, Espoo,
Finland). PCR amplifications were performed in a PTC 200
(MJ Research) as follows: an initial step of 5 min at 94°C,
followed by 35 cycles, each one including 30 s at 94°C for
denaturation, 90 s at 45–60°C (depending on the used primer)
for annealing and 90 s at 72°C for elongation. A 5-min step at
72°C was programmed as a final extension. Amplification
products were separated by electrophoresis on 1.5% agarose
gel and stained with ethidium bromide. A 100-bp or 1-Kb
DNA ladder (Invitrogen, USA) was used as a size marker. The
selected ISSR primers (University of British Columbia,
Canada; Table 2) were used for PCR amplification. Data
points correspond to the presence/absence of each distin-
guishable band across all samples for the same primer, in
both replicate sets of amplifications. Gels and images were
analyzed using the UVIDoc software (UVItec, Cambridge,
UK) to quantify signal intensity. To ensure reproducibility,
three control samples previously amplified using the same
primers were included in each gel. Reproducibility was also
tested by reamplification of a subset of 10% of the samples
chosen at random. Two researchers performed DNA bands
scoring independently; all ΙSSR reproducible fragments were
recorded irrespective of their intensity.

For SSR analysis, PCR reactions were conducted in an
8-μL final volume using primers at 0.3 μM, 20 ng of total
genomic DNA and 2× Qiagen Multiple PCR master mix
buffer (Qiagen, Crawley, UK). Forward primers were 5′
labeled with IR700/IR800 dyes. Temperature profiles
including annealing temperatures were those from Clarke
and Tobutt (2003), Downey and Iezzoni (2000), Testolin et
al. (2000), and Vaughan and Russell (2004). PCR reactions
were electrophoresed in 25 cm long denaturing 6%
polyacrylamide (SequaGel XR, Polymed) gels in 1× TBE
buffer. PCR products were electrophoresed and visualized
on 6.5% polyacrylamide gels using a LI-COR 4,300 DNA
analyzer. Results were analyzed using LI-COR SAGAGT

software. Furthermore, the MICRO-CHECKER software
was used to test the genotyping of microsatellite (SSR) data
and to identify various genotyping and typographic errors
(Van Oosterhout et al. 2004). The MICRO-CHECKER
analysis suggested there were no indications for scoring
error due to stuttering or due to large allele dropout.

Data analysis

Microsatellite-based (ISSR and SSR) variation and genetic
diversity within populations

The percentage of polymorphic loci (P), effective numbers
of alleles (ne), gene diversity (expected heterozygosity, He),
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and Shannon’s diversity index (I) were calculated using
PopGene32 (Yeh et al. 1999), for both markers. ISSRs are
dominant markers, and each band represents the phenotype
at a single biallelic locus. Only bands that could be
unambiguously scored were used in the analysis. ISSR

amplified bands were scored for band presence (1) or
absence (0), and a binary qualitative data matrix was
formed. For SSR data, we used the hierarchical rarefaction
method available in HP-RARE (Kalinowski 2005) to
calculate, in addition to the above parameters, allelic

Table 1 Geographic locality of Prunus avium natural populations in this study

Population code Geographic localities Latitude Longitude Altitude (m) Estimated census population size Sample size

VOR Vorras, Imathia 21° 95′ 40° 93′ 1,200 80 15

HOL Cholomontas, Chalkidiki 23° 52′ 40° 42′ 800 100 18

KAT Katafito, Drama 23° 69′ 41° 35′ 1,000 900 20

HAI Hayntou, Xanthi 24° 66 41° 30′ 1,200 200 20

NIM Nimphaea, Rodopi 25° 45′ 41° 22′ 700 400 20

Cholomontas HayntouKatafito NymphaeaVorras

Fig. 1 Distribution of cluster memberships at individual and
population levels in the five P. avium populations, obtained using the
STRUCTURE method (Pritchard et al. 2000). Number of clusters, K=
5. Each vertical bar in the histograms (lower panels) represents the

proportion of cluster memberships in each individual. The pie charts
superimposed on the maps (upper panels) show the average
proportions of cluster memberships among the individuals sampled
in each population
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richness (AR), private allelic richness (pAR; alleles which
are unique to a particular population), and the inbreeding
coefficient (FIS). As null alleles were suspected in some
loci, allelic frequency estimation and comparison between
observed and Hardy–Weinberg expected heterozygote fre-
quencies were computed by the maximum likelihood
method described in Kalinowski and Taper (2006). Follow-
ing null allele detection, FIS was also estimated after
removing three loci (EMPAS006, EMPAS014, and
PCEGA34) where null allele frequency exceeded 6%
(Dakin and Avise 2004; Chapuis and Estoup 2007).
Conformance to Hardy–Weinberg equilibrium was deter-
mined by assessing the significance of the FIS values by
means of Fisher’s exact tests implemented in GENEPOP
with specified Markov chain parameters of 5,000 dememo-
rization steps, followed by 1,000 batches of 5,000 iterations
per batch. The sequential Bonferroni correction was applied
to obtain critical confidence limits for multiple compar-
isons, with an initial probability p=0.05.

Genetic divergence between populations

Gene differentiation coefficients (GST) for ISSR markers
were calculated using PopGene32 (Yeh et al. 1999). For
SSRs, the program FSTAT was used to calculate FST (Weir
and Cockerham 1984) and RST (Slatkin 1995) across all
populations, while pairwise population differentiation was
evaluated using FSTAT (Goudet 1995) and RSTCALC
(Goodman 1997), respectively. A total of 1,000 random-
izations were used to determine the statistical significance
of the estimates; means and significant values over loci,
populations, and subdivisions were obtained by jackknif-
ing. The GENEPOP (Raymond and Rousset 1995) software
(http://genepop.curtin.edu.au/) was used to test for linkage
disequilibrium between all pairs of loci after Bonferroni
correction.

The hierarchical distribution of genetic variation among
and within populations for both markers was also character-
ized by an analysis of molecular variance (AMOVA; Excoffier
et al. 1992; Michalakis and Excoffier 1996). We conducted a
hierarchical AMOVA using the GENALEX 6 software
(Peakall and Smouse 2006). The tests were implemented
using estimates of ΦST based on distances calculated from
allelic data. Tests of significance were performed using 9,999
permutations within the total dataset.

Unbiased genetic distances among populations were
estimated according to (Nei 1978) by using PopGene32
(Yeh et al. 1999). The relationships among populations
were initially investigated by an unweighted pair group
method using arithmetic means (UPGMA) dendrograms
based on Nei’s (1978) genetic distances which were
constructed for both ISSR and SSR markers. The reliability
of the trees was tested using bootstrap estimates (FelsensteinT
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1985). High bootstrap scores (>90%) suggest strong support
for a particular cluster. The DISPAN computer program was
used for the UPGMA tree constructions and bootstrap
analysis (Ota 1993). Principal coordinate analysis (PCoA)
was also used to visualize the genetic structure based on the
ISSR data set. The analysis was executed in GENALEX
(Peakall and Smouse 2006). The nature of the SSR data set
permitted a more elaborate ordination analysis, in particular,
the factorial correspondence analysis (FCA) using the
GENETIX 4.05 software (Belkhir 1999). A model-based
Bayesian clustering method was applied to ISSR and SSR
data to infer genetic structure and define the number of
clusters (gene pools) in the dataset using the software
STRUCTURE version 2.3.2 (Pritchard et al. 2000). We ran
the program using the admixture model and the correlated
allele frequencies option, which are considered most appro-
priate for detecting structure among populations that are
likely to be similar due to migration or shared ancestry
(Falush et al. 2003). The STRUCTURE software 2.2 uses a
Markov chain–Monte Carlo procedure to infer unstructured
subpopulations, without considering prior classification
within the sample. The proportional membership of each
cluster was estimated based on its genotype. The same
Bayesian analysis was applied to ISSRs where each class of
genotypes was treated as being a haploid allele.

Assessment of effective population size, genetic drift, gene
flow, and population bottlenecks

We quantified drift by estimating effective sizes of the
studied populations (NE) by employing two different
methodologies: a point estimation method, based on
linkage disequilibrium (Hill 1981), was applied to deter-
mine the effective size of each population using the
calculation suggested by Bartley et al. (1992) and imple-
mented by the NEEstimator software (Peel et al. 2004). The
second method uses more than one-locus genetic data to
estimate the population effective size and is expected to
give reliable evaluations also for small populations with a
limited number of microsatellite loci (Vitalis and Couvet
2001). The estimation was based on a Wright–Fisher island
model, which assumes that all migrants originate from a
random sample of all populations. The ESTIM 1.2.
software (Vitalis and Couvet 2001) was used. Results of
both methods were compared. Historical gene flow (Nm)
among populations was estimated indirectly based on the
GST (ISSR) and RST (SSR) statistics. In addition, we
estimated gene flow using Slatkin’s (1985) private allele
method, which is based on the average frequency of unique
alleles found in local populations.

Genetic effects of demography in populations were
examined based on SSR markers following two
approaches. Initially, recent population bottlenecks were

investigated using the empirical approach of Luikart and
Cornuet (1998), which compares gene diversity with the
expected equilibrium gene diversity calculated from the
observed number of alleles under mutation-drift equilibri-
um. If a significant number of loci show excessive gene
diversity, then the population is likely to have undergone a
recent bottleneck. The probability distribution was estimat-
ed using a Wilcoxon test with 10,000 simulations. A two-
phase model (TPM) was advocated as an appropriate
mutation model after an allele permutation test was applied
to assess whether stepwise mutation had contributed to
population differentiation (RST>FST, Hardy et al. 2003).
The second approach involved testing a mode shift away
from an L-shaped distribution of allelic frequencies (Luikart
and Cornuet 1998). Both analyses were conducted using
BOTTLENECK ver. 1.2.02 (Cornuet and Luikart 1996;
Piry et al. 1999).

Results

Genetic diversity within populations

A total of 46 ISSR bands were obtained from the five
selected primers that corresponded to an average of 9.2
bands per primer. The size of the ISSR bands ranged from
400 to 3,100 bp (Table 2). The percentage of polymorphic
loci (P) at the population level ranged from 50% (popula-
tion Vorras) to 69.57% (population Hayntou), with an
average value of 59.13%. The effective number of alleles
per locus (ne) ranged from 1.238 (population Vorras) to
1.306 (population Hayntou) with an average value of 1.270
(Table 3). The value of Shannon’s I showed similar trends
and ranged from 0.225 to 0.295 in populations Vorras and
Hayntou, respectively (mean I=0.258). Nei’s (1978) gene
diversity (He) at the population level ranged from 0.145
(population Vorras) to 0.189 (population Hayntou) with an
average value of 0.166. Results showed that the genetic
diversity of P. avium from the Hayntou population was the
richest among the five populations. The Vorras population
presented the poorest genetic diversity. The genetic diver-
sity of the total sample was relatively high (P=100%, ne=
1.329, I=0.338, He=0.209; Table 3).

For SSR data, a total of 140 alleles were observed across
the 11 loci studied. The number of alleles per locus ranged
from 8 (EMPAS014) to 15 (EMPAS002; EMPAS011;
PCEGA34), with a mean value of A=12.7. The frequency
of null alleles (fn) was generally low (mean value fn≤0.05)
and was more pronounced (0.10≤ fn≤0.12) in two loci only
(EMPAS014, PCEGA34), while the expected heterozygos-
ity (He) ranged from 0.560 (EMPAS014) to 0.798
(EMPAS006). Null alleles, which may result from an
accumulation of mutations in the primer binding sites, were
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detected. Three loci (EMPAS006, EMPAS014, and
PCEGA34) where null allele frequency exceeded 6% were
excluded during FIS calculations (Chapuis and Estoup 2007).
The inbreeding coefficient (FIS without null alleles) ranged
from −0.007 (EMPAS010) to 0.291 (EMPAS014). At four
loci (EMPAS006, EMPAS010, EMPAS014, and PCEGA34)
the FIS value deviated significantly from zero (Table 2). The
number of alleles per locus independent of sample size AR
(the allelic richness) ranged from 6.455 (Nimphaea) to 6.939
(Cholomontas). Private alleles were also noticed, and on the
average, private allelic richness (pAR) amounted to about
10% of total AR. The average heterozygosity was highest in
Katafito (0.765) and lowest in Hayntou (0.720). At the
population level, SSR indicated high levels of genetic
variation in Katafito and Nimphaea and relatively high levels
in the three remaining populations of Cholomontas, Hayntou,
and Vorras (Table 3). Two out of the five populations showed
significant positive FIS values, indicating a heterozygote
deficit in P. avium populations, especially manifested in the
Katafito population (FIS=0.117, Table 3).

Genetic divergence between populations

Genetic differentiation is an important index in order to
evaluate the population genetic structure of a species. For

ISSR markers, the inter-population coefficient (GST) of 0.113
indicated genetic differentiation among populations. With
regard to linkage disequilibrium, there was one population
(Hayntou) that presented a high number of loci combinations
(>20 out of a total of 65) with significant values (p<0.05).
After Bonferroni correction, there was significant (at p<
0.05) linkage disequilibrium between 23 pairs of loci in the
Hayntou population and between 15 pairs in the Katafito
population. The lowest number of significant combinations
was detected in the Vorras population, where only five locus
pairs had significant (p<0.05) linkage disequilibrium values.

According to AMOVA of the ISSR data set, there were
highly significant (p<0.001) genetic differences among the
five P. avium populations. Thirty-six percent of the total
genetic diversity was attributed to among-population
differentiation. Thus, AMOVA (ΦST=0.338) also supports
the results of Nei’s (1978) gene diversity statistics and
Shannon’s I, indicating genetic differentiation among
populations (Table 4). To elucidate further gene differenti-
ation among populations, Nei’s (1978) unbiased genetic
distances were evaluated (Table S1). Nei’s distances ranged
from 0.028 to 0.232 based on the ISSR analysis (below the
diagonal) with an average 0.109. The largest genetic
difference (0.232) occurred between Vorras and Hayntou
populations and the least (0.028) between Katafito and

Table 3 Genetic diversity at population and species levels in five natural Prunus avium populations

Populations ISSR SSR
ne I He P (%) GST ne He AR pAR FIS FIS after null

allele correction
FST RST

Vorras 1.238 0.225 0.145 50.00 4.120 0.734 6.833 0.860 0.004 −0,016
Cholomontas 1.304 0.285 0.185 63.04 3.952 0.730 6.939 1.050 0.083* 0.072

Katafito 1.254 0.241 0.155 54.35 4.520 0.765 6.500 0.320 0.117* 0.117*

Hayntou 1.306 0.295 0.189 69.57 4.315 0.720 7.519 0.500 0.093 0.053

Nimphaea 1.249 0.241 0.154 58.70 4.360 0.752 6.455 0.380 0.102 0.142

Mean 1.270 0.258 0.166 59.13 0.740 6.849 0.622 0.079 0.073

Species level 1.329 0.338 0.209 100 0.113 0.824 0.097 0.123

P percentage of polymorphic loci, He gene diversity (expected heterozygosity), I Shannon’s index, FST gene differentiation coefficient (SSR), GST

gene differentiation coefficient (ISSR), FIS inbreeding coefficient, ne effective number of alleles; AR allelic richness, pAR private allelic richness,
RST unbiased gene differentiation coefficient

*P<0.05, significant deviations from zero

Table 4 Analysis of molecular variance results for five natural Prunus avium populations based on ISSR and SSR markers

Source of variation df SSD Variance component Total variance (%) Φ statistics P value

ISSR Among populations 4 185.983 2.267 34

Within populations 88 391.372 4.447 66 ΦST=0.338 <0.001

Total 92 577.355 6.714 100

SSR Among populations 4 170.754 1,800 16

Within populations 88 818.622 9,303 84 ΦST=0.162 <0.001

Total 93 989.376 11,102 100
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Hayntou populations. Relatedness among populations was
illustrated by a dendrogram using the UPGMA algorithm
based on Nei’s (1978) distance. An ISSR data-based
dendrogram grouped the five populations into two main
clusters (Fig. 2). The Vorras population formed a separate
cluster showing less similarity to the other four populations
studied. The latter cluster was further divided into two sub-
clusters consisting of Cholomontas, Hayntou, and Katafito
(first subgroup) and Nimphaea (second subgroup). Further-
more, PCoA results illustrated three major clusters, which
was congruent to the UPGMA dendrogram (Fig. 2)
especially regarding the clear separation of Vorras and the
formation of a large cluster corresponding to the remaining
populations. The first two principal coordinates accounted
for 56.36% of the total variation (Fig. 3).

FST parameters varied among SSR loci, ranging from
0.028 (UDP98−412) to 0.126 (PCEGA34; Table 2). Global
genetic differentiation across all populations for SSR markers
was estimated as FST and RST (0.097 and 0.123, respectively).
All pairwise FST (0.760–0128) and RST (0.823–0.147) values
were highly significant (p<0.001; Table S2). Gene differen-
tiation coefficients (FST, RST) suggested significant population
differentiation in P. avium at the species level (moderately
high FST values, Table 3). The AMOVA of the SSR data set
produced congruent results (significant Φ statistics, Table 4).
AMOVA also revealed a high percentage of variation due to
population subdivision (88%). Nei’s (1978) unbiased genetic
distances ranged from 0.383 (Katafito vs. Nimphaea) to 0.674
(Cholomontas vs. Nimphaea; Table S1). After UPGMA, the P.
avium populations were clustered into two groups (Fig. 2).
The FCA of the SSR data set presented a clear separation of
the populations (Fig. 4). Overall, a high amount of the total
genetic variation (79%) was explained in three-dimensional

multivariate space. In Axis 1 individual populations were
separated. More interesting was the partition at Axis 2 that
revealed the formation of two groups: the first (Hayntou,
Katafito, Nimphaea) corresponds to the north-eastern Greek P.
avium populations and the second (Cholomontas, Vorras) to
the north-central Greek populations.

STRUCTURE analysis with SSR markers was performed
without prior information on the geographic origin of samples,
and the highest likelihood of the data was obtained for K=5.
The data set was partitioned into clusters or gene pools
corresponding roughly to geography (Fig. 1): individuals
from Cholomontas, Hayntou, Katafito, Nimphaea, and Vorras
tended to be classified in separate clusters. Low levels of
admixture were observed in four populations. A moderate
level of admixture was detected in the Katafito population.
The same Bayesian analysis was applied on ISSR data,
resulting in very similar clustering of genotypes (results not
shown). Some concordance of population clustering to
geography was also evident in previous analyses, particularly
in the FCA (Fig. 4), although not at such a refined level.

Assessment of effective population size, genetic drift, gene
flow, and population bottlenecks

The populations with the highest effective population sizes
calculated with NE Estimator were Nimphaea and Katafito
(NE ranging from 82.3 to 84.1; Table 5). The population
with the smallest effective size was Vorras (NE=44.3. 95%
confidence interval (CI), 27.7–98.5). The linkage disequi-
librium method (Hill 1981) also provided low to moderate
NE estimates (mean across populations NE=64.54), but
considerably wider confidence intervals (95% CI ranging
from 27.7 to 269.9). Estimated effective population sizes
based on the ESTIM software for all P. avium populations
ranged from NE=49.93 (Cholomontas; 95% CI=19.05–∞)
to infinity (Nimphaea; 95% CI=49.93–∞). Notably, the
lower 95% CIs were about 40 for all north-eastern
populations (Table 5).

Fig. 3 Scatter plot of the first and second principal coordinates based
on the molecular variation of ISSR markers for five natural P. avium
populations
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Fig. 2 UPGMA dendrogram, derived from Nei’s (1978) unbiased
genetic distances, showing the relationships among the five examined
populations of wild cherry using ISSR (a) and SSR (b) datasets.
Branch lengths are proportional to genetic distances. The bootstrap
values (1,000 replicates) are given as a percentage at nodes
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The indirect estimates of historical gene flow (Nm),
inferred from GST (ISSR) and RST (SSR) were 1.962 and
1.782, respectively. The respective Nm calculated from the
private allele method (Slatkin 1985) was 1.190. Apparently,
all these estimates consistently exhibit a low level of
historical gene flow between the studied P. avium popula-
tions. This result was further reinforced by an assignment
analysis (using the GENECLASS2 software; results not
shown), which detected only a single first-generation
migrant between the Hayntou and Katafito populations,
suggesting almost no contemporary gene flow taking place
among natural populations of the species.

Population bottlenecks were investigated with the TPM
model after an allele size permutation test (Hardy et al. 2003)
indicated that mutations do not appear to contribute to
genetic differentiation at this scale (data not shown). When
the TPM model was employed, the Wilcoxon signed-rank
tests used for detecting bottlenecks in the populations
indicated a rather weak bottleneck (p<0.05) in the Nimphaea
population only (Table 5).

Discussion

Genetic diversity within populations

Microsatellite-based markers in population genetics are
highly powerful for the detection of differentiation due to
their high levels of polymorphism. Using ISSR and SSR
markers, we estimated population genetic diversity and

investigated genetic structure in five natural P. avium
populations. The mean genetic diversity within populations
(He=0.740) was high and in agreement with the elevated
microsatellite heterozygosity found in most tree species
(Sanou et al. 2005). In fact, it was higher than
corresponding values from other studies in managed and
unmanaged P. avium populations that originated from the
central and northern extant wild cherry distribution range
(France, Central Europe, UK; Mariette et al. 2010; Stoeckel
et al. 2006; Vaughan et al. 2007). Average allelic richness
across loci was also high (AR=6.849), but lower than the
mean values reported from SSR P. avium studies (Stoeckel
et al. 2006; Vaughan et al. 2007; Mariette et al. 2010). The
same trend was found after comparing average He and AR
values from our study to that of Vaughan et al. (2007) who
used populations from the northern part of the species
contemporary range in UK. An evaluation of the same ten
common SSR loci showed that He and AR were 0.744 and
6.590 in our study and 0.692 and 7.524 in the Vaughan et
al. (2007) study. Private allelic richness could not be
compared with earlier P. avium studies as it has not been
reported before for wild cherry. Allelic richness is poten-
tially more informative than expected heterozygosity in
assessing genetic erosion in natural populations (Spencer et
al. 2000), being more sensitive to the effects of demo-
graphic bottlenecks and their immediate consequences.
High levels of variation among populations were also
observed based on Shannon’s diversity index (I=0.338 for
ISSR markers). The above estimate was higher than those
previously obtained in Prunus mahaleb and Prunus

Table 5 Estimation of effective population size, tests for mutation-drift equilibrium, probabilities from Wilcoxon signed-rank tests for heterozygosity
excess and mode shift using BOTTLENECK for five natural Prunus avium populations (values in parentheses indicate 95% confidence intervals)

Population NE Estimator NE ESTIM TPM Mode shift

Cholomontas 44.5 (30.3–78.6) 49.93 (19.05–∞) 0.5170 (ns) Normal

Hayntou 67.5 (42.7–146.3) 183.75 (39.14–∞) 0.5170 (ns) Normal

Katafito 84.1 (51.1–211.5) 202.47 (40.28–∞) 0.6499 (ns) Normal

Nimphaea 82.3 (46.9–269.9) ∞ (53.45–∞) 0.0268* Normal

Vorras 44.3 (27.7–98.5) 237.87 (22.51–∞) 0.1030 (ns) Normal

NE effective population size, TPM two-phase model, ns nonsignificant test

*p<0.05
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Fig. 4 Ordination of five natural
P. avium populations depicted
after a factorial correspondence
analysis (FCA) based on SSR
data

Tree Genetics & Genomes (2011) 7:1299–1313 1307

https://www.researchgate.net/publication/12275223_Experimental_evaluation_of_the_usefulness_of_microsatellite_DNA_for_detecting_demographic_bottlenecks?el=1_x_8&enrichId=rgreq-e11ae69010dc1b30a36ba8deaa122f3c-XXX&enrichSource=Y292ZXJQYWdlOzIxNTYyNDA1MTtBUzo5OTc4MDE3MjcxMzk5M0AxNDAwODAwODU1NTUy
https://www.researchgate.net/publication/12275223_Experimental_evaluation_of_the_usefulness_of_microsatellite_DNA_for_detecting_demographic_bottlenecks?el=1_x_8&enrichId=rgreq-e11ae69010dc1b30a36ba8deaa122f3c-XXX&enrichSource=Y292ZXJQYWdlOzIxNTYyNDA1MTtBUzo5OTc4MDE3MjcxMzk5M0AxNDAwODAwODU1NTUy
https://www.researchgate.net/publication/10797686_Hardy_OJ_Charbonnel_N_Freville_H_Heuertz_M_Microsatellite_allele_sizes_A_simple_test_to_assess_their_significance_on_genetic_differentiation_Genetics_163_1467-1482?el=1_x_8&enrichId=rgreq-e11ae69010dc1b30a36ba8deaa122f3c-XXX&enrichSource=Y292ZXJQYWdlOzIxNTYyNDA1MTtBUzo5OTc4MDE3MjcxMzk5M0AxNDAwODAwODU1NTUy
https://www.researchgate.net/publication/272530859_Rare_Alleles_as_Indicators_of_Gene_Flow?el=1_x_8&enrichId=rgreq-e11ae69010dc1b30a36ba8deaa122f3c-XXX&enrichSource=Y292ZXJQYWdlOzIxNTYyNDA1MTtBUzo5OTc4MDE3MjcxMzk5M0AxNDAwODAwODU1NTUy
https://www.researchgate.net/publication/7773161_Comparison_of_quantitative_and_molecular_variation_in_agroforestry_populations_of_the_shea_tree_Vitellaria_paradoxa_CF_Gaertn_in_Mali?el=1_x_8&enrichId=rgreq-e11ae69010dc1b30a36ba8deaa122f3c-XXX&enrichSource=Y292ZXJQYWdlOzIxNTYyNDA1MTtBUzo5OTc4MDE3MjcxMzk5M0AxNDAwODAwODU1NTUy
https://www.researchgate.net/publication/45797627_Population_structure_and_genetic_bottleneck_in_sweet_cherry_estimated_with_SSRs_and_the_gametophytic_self-incompatibility_locus?el=1_x_8&enrichId=rgreq-e11ae69010dc1b30a36ba8deaa122f3c-XXX&enrichSource=Y292ZXJQYWdlOzIxNTYyNDA1MTtBUzo5OTc4MDE3MjcxMzk5M0AxNDAwODAwODU1NTUy
https://www.researchgate.net/publication/45797627_Population_structure_and_genetic_bottleneck_in_sweet_cherry_estimated_with_SSRs_and_the_gametophytic_self-incompatibility_locus?el=1_x_8&enrichId=rgreq-e11ae69010dc1b30a36ba8deaa122f3c-XXX&enrichSource=Y292ZXJQYWdlOzIxNTYyNDA1MTtBUzo5OTc4MDE3MjcxMzk5M0AxNDAwODAwODU1NTUy
https://www.researchgate.net/publication/7004244_Heterozygote_excess_in_a_self-incompatible_and_partially_clonal_forest_tree_species_-_Prunus_avium_L?el=1_x_8&enrichId=rgreq-e11ae69010dc1b30a36ba8deaa122f3c-XXX&enrichSource=Y292ZXJQYWdlOzIxNTYyNDA1MTtBUzo5OTc4MDE3MjcxMzk5M0AxNDAwODAwODU1NTUy
https://www.researchgate.net/publication/7004244_Heterozygote_excess_in_a_self-incompatible_and_partially_clonal_forest_tree_species_-_Prunus_avium_L?el=1_x_8&enrichId=rgreq-e11ae69010dc1b30a36ba8deaa122f3c-XXX&enrichSource=Y292ZXJQYWdlOzIxNTYyNDA1MTtBUzo5OTc4MDE3MjcxMzk5M0AxNDAwODAwODU1NTUy
https://www.researchgate.net/publication/7004244_Heterozygote_excess_in_a_self-incompatible_and_partially_clonal_forest_tree_species_-_Prunus_avium_L?el=1_x_8&enrichId=rgreq-e11ae69010dc1b30a36ba8deaa122f3c-XXX&enrichSource=Y292ZXJQYWdlOzIxNTYyNDA1MTtBUzo5OTc4MDE3MjcxMzk5M0AxNDAwODAwODU1NTUy
https://www.researchgate.net/publication/7004244_Heterozygote_excess_in_a_self-incompatible_and_partially_clonal_forest_tree_species_-_Prunus_avium_L?el=1_x_8&enrichId=rgreq-e11ae69010dc1b30a36ba8deaa122f3c-XXX&enrichSource=Y292ZXJQYWdlOzIxNTYyNDA1MTtBUzo5OTc4MDE3MjcxMzk5M0AxNDAwODAwODU1NTUy
https://www.researchgate.net/publication/6558625_Distribution_and_fine-scale_spatial-genetic_structure_in_British_wild_cherry_Prunus_avium_L?el=1_x_8&enrichId=rgreq-e11ae69010dc1b30a36ba8deaa122f3c-XXX&enrichSource=Y292ZXJQYWdlOzIxNTYyNDA1MTtBUzo5OTc4MDE3MjcxMzk5M0AxNDAwODAwODU1NTUy
https://www.researchgate.net/publication/6558625_Distribution_and_fine-scale_spatial-genetic_structure_in_British_wild_cherry_Prunus_avium_L?el=1_x_8&enrichId=rgreq-e11ae69010dc1b30a36ba8deaa122f3c-XXX&enrichSource=Y292ZXJQYWdlOzIxNTYyNDA1MTtBUzo5OTc4MDE3MjcxMzk5M0AxNDAwODAwODU1NTUy
https://www.researchgate.net/publication/6558625_Distribution_and_fine-scale_spatial-genetic_structure_in_British_wild_cherry_Prunus_avium_L?el=1_x_8&enrichId=rgreq-e11ae69010dc1b30a36ba8deaa122f3c-XXX&enrichSource=Y292ZXJQYWdlOzIxNTYyNDA1MTtBUzo5OTc4MDE3MjcxMzk5M0AxNDAwODAwODU1NTUy
https://www.researchgate.net/publication/6558625_Distribution_and_fine-scale_spatial-genetic_structure_in_British_wild_cherry_Prunus_avium_L?el=1_x_8&enrichId=rgreq-e11ae69010dc1b30a36ba8deaa122f3c-XXX&enrichSource=Y292ZXJQYWdlOzIxNTYyNDA1MTtBUzo5OTc4MDE3MjcxMzk5M0AxNDAwODAwODU1NTUy
https://www.researchgate.net/publication/6558625_Distribution_and_fine-scale_spatial-genetic_structure_in_British_wild_cherry_Prunus_avium_L?el=1_x_8&enrichId=rgreq-e11ae69010dc1b30a36ba8deaa122f3c-XXX&enrichSource=Y292ZXJQYWdlOzIxNTYyNDA1MTtBUzo5OTc4MDE3MjcxMzk5M0AxNDAwODAwODU1NTUy


africana based on RAPD markers (Dawson and Powell
1999; Jordano and Godoy 2000). It appears that our
populations generally present adequate, if not high,
amounts of genetic diversity, which attest to their future
stability. This result differentiates from what might have
been expected for glacial refugial populations which have
been considered as sanctuaries for allelic richness, but not
for gene diversity (Widmer and Lexer 2001). In this case, it
is clear that our peripheral populations, compared to core
populations from France and the UK, present lower allelic
richness and higher gene diversity. As such, our results do
not appear to conform to the center-periphery model
(Lesica and Allendorf 1992), and these populations present
considerable amounts of genetic diversity.

An excess of homozygotes was found for ten out of 11
microsatellite loci under study. For all populations, a
positive inbreeding coefficient was observed (mean FIS=
0.079), but the FIS value was significant in two out of the
five populations studied. Mariette et al. (2010) also reported
a heterozygote deficiency in natural wild cherry populations
(FIS=0.04). In general, the overall FIS value suggests a
weak departure from Hardy–Weinberg equilibrium due to
heterozygote deficiency. This result is to some extent
differing to the majority of earlier results from natural P.
avium populations where heterozygote excess has been
reported in populations originating from the core of the
species natural distribution (France, Italy; Ducci and Santi
1997; Frascaria et al. 1993; Stoeckel et al. 2006).
Heterozygote excess is likely the result of the extensive
clonality of P. avium natural populations (Stoeckel et al.
2006; Mariette et al. 2010). This suggestion could provide
an explanation to the discrepancy between our results and
the earlier ones, as in our case individuals were sampled at
least 150 m apart. When sampling of clonal or filial
structures is avoided, the population at large may not be
characterized by heterozygosity excess. Finally, the increased
levels of homozygosity and the departure from Hardy–
Weinberg equilibrium could also be attributable to mating
between related individuals, small population size, or the
scattered distribution of P. avium, which may not form always
random mating populations (Durel et al. 1996; Boys et al.
2005; Degen et al. 2006).

Genetic divergence between populations

SSRs provided higher within-population genetic diversity
and lower genetic differentiation among populations than
ISSRs, probably due to the higher polymorphism of the
former (Gaudeul et al. 2004) and to the potential underes-
timation of ISSR heterozygosity (Tang et al. 2008).
However, similar estimates of the relative differentiation
among populations for ISSRs and SSRs were observed
(GST=0.113; FST=0.097; Table 3). As expected, AMOVA

results indicated that most of the variation was partitioned
within populations. Among-population variation was highly
significant and reached 34% in the ISSR analysis, but only
16% in the SSR analysis (Table 5). The lower differentia-
tion observed in the SSRs analysis may reflect higher SSR
mutation rates (Hedrick 1999; Schlötterer 2000; Queney et
al. 2001; Tang et al. 2008) or homoplasy (Gaudeul et al.
2004). The above estimates were higher than those obtained
in previous investigations of P. avium, based on different
types of genetic markers. Santi (1988), Frascaria et al.
(1993) and Mariette et al. (1997) found a relatively low
genetic differentiation among samples of four (FST=0.012),
four (FST=0.049), and five populations (FST=0.052) using
isoenzyme markers in populations originating from the
central range of the species in France. Stoeckel et al. (2006)
found an FST=0.066 using SSR and S-allele markers
studying P. avium populations in France, while Vaughan et
al. (2007) reported an FST=0.022 in the UK. According to
Mariette et al. (2010), the FST between wild cherry and
landraces in France has been estimated to be FST=0.060.
Indeed, tree species with outcrossing breeding systems tend
to harbor high within-population genetic diversity and low
to moderate population differentiation (Hamrick et al. 1992)
as a consequence of high gene flow. The significant
proportion of among-population differentiation of this study
probably reflects a higher fragmentation and reproductive
isolation of the Greek populations compared to those of
Western Europe. Concerning linkage disequilibrium, the
pairs of loci with significant disequilibrium were different
in the five populations, suggesting that disequilibrium was
probably due to different demographic histories of these
populations. Overall, there is accumulating evidence that in
these rear-edge populations, the potential action of histor-
ical genetic drift and isolation favors genetic structure and
differentiation (Schaal and Leverich 1996; Vucetich and
Waite 2003; Hampe and Petit 2005; Eckert et al. 2008).

The UPGMA dendrograms presented generally similar
results. The major finding concerns mainly the Vorras
population, the westernmost population studied (Fig. 1).
Vorras appears well differentiated especially in the ISSR
analysis (Fig. 2). A difference between the two graphs
involves Katafito a central population among the ones
studied in the east–west axis (Fig. 1). This population
appeared belonging to different groups in the ISSR and
SSR analyses (Fig. 2). The PCoA results based on ISSR
markers indicated three well-separated clusters. In concor-
dance to the respective UPGMA dendrogram, the differen-
tiation of the Vorras population, and to a lesser extent of the
Nimphaea, was prominent. More interesting as well as
more informative based on the nature of the marker data
and the high proportion of the total variation explained in
low multivariate space was the FCA based on SSRs.
Results were overall congruent to the previous analyses of
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both markers, but the apparent distinction of the two groups
formed (north-central and north-eastern populations; Fig. 4)
was more clearly elucidated by this approach.

Possible admixture in these populations was assessed by
STRUCTURE which revealed that each population studied
corresponded to a unique gene cluster. STRUCTURE results
further verified PCoA and FCA results and showed that most
individuals clustered into distinct population-specific groups
(Figs. 3 and 4). The presence of private alleles in each
population (Table 3) also implies at least some degree of
population independence. Overall, STRUCTURE suggested
a low level of population admixture in these P. avium
populations. Population differentiation, as portrayed by the
above analyses, calls for a detailed definition of population
structure in P. avium which presents a twofold importance: it
allows for informed forest management and facilitates the
establishment of a proper conservation program of natural
populations.

Effective population size, genetic drift, gene flow,
and population bottlenecks

NE estimates provide a measure of the effects causing, or
being analogous to, drift in natural populations. Effective
population size (NE) estimates were computed by the
linkage disequilibrium and the Wright–Fisher island model
methods. P. avium as indicated by STRUCTURE seems to
present a restricted dispersion which may violate the
assumptions of the second approach; however, when the
total migration rate is low, the differentiation even between
adjacent populations is close to that expected in an island
model (Kimura and Maruyama 1971; Rousset 2000). The
estimation is also relatively robust with respect to finite
deme number and to the assumption of migration–drift
equilibrium (Vitalis and Couvet 2001). Both methods are
therefore reliable for the present study, having indicated rather
sufficient levels of effective sizes for all populations that will
probably be enough for their stability and adaptive evolution
in the future. Interestingly, the north-eastern populations
present fairly high NE levels compared to the north-central
ones. Especially population Cholomontas appears to have a
comparatively restricted effective population size.

The occurrence of scattered stands may lead to high
genetic divergence among populations and regions mainly
due to exposure to genetic drift (Belletti et al. 2008).
Furthermore, insect-pollinated forest tree species with a
scattered distribution, such as wild cherry, may experience
genetic drift due to nonrandom mating (Demesure et al.
2000), which affects the pattern of genetic diversity both
among and within populations, even in outcrossing species
(Belletti et al. 2008). Moreover, frequent size reductions of
scattered wild cherry populations may occur causing
population size reductions and bottlenecks (Belletti et al.

2008) that may further increase genetic drift and differen-
tiation (Demesure et al. 2000). However, these processes
were not that obvious in the present study. Some drift may
for example explain the significant heterozygote deficiency
in two populations, but overall, most effective population
sizes were fairly large, indicating general population
stability despite a significant and rather strong population
differentiation (among-population variation averages 20%
of the total variation considering both marker analyses).

The values of historical gene flow estimated from private
alleles (Slatkin 1985) and population differentiation (GST

and RST) methods are concordant (Nm=1.190–1.962) and
indicate moderate to low gene flow among the P. avium
populations. The Nm value of P. avium is near the average
reported for outcrossed animal-pollinated species (Nm=
1.154; Hamrick and Godt 1990). Furthermore, only a single
first-generation migrant was detected between the populations
Katafito and Hayntou (GENECLASS2; results not shown). In
agreement to STRUCTURE results, such a low migration
level, even if it materializes into realized gene flow, is in
theory not sufficient to prevent genetic differentiation between
populations due to drift (Slatkin 1987).

Bottleneck detection used the Wilcoxon signed-rank test
for heterozygosity excess and was based on the TPM model
which, being a combination of SMM and IAM models,
gives probably the most reliable results (Di Rienzo et al.
1994; Spencer et al. 2000). Significant deviations for
mutation-drift equilibrium under the TPM model may
suggest a recent population size decline, or population
fluctuations (Kang et al. 2008) in the Nimphaea population
only (Table 5). The second approach used for historical
bottleneck detection based on a mode shift of allele
frequency distribution did not support any sign of recent
bottlenecks; all five populations displayed a normal
distribution of allele frequencies. As effective population
size does not appear to be considerably low in these rear-
edge populations, it may be safe to assume that any
transitory reductions in size in these populations have not
resulted in significant bottlenecks. Bottleneck comparisons
between rear-edge refuge and recolonized regions are not
available for P. avium. However, in Prunus serotina,
potential bottlenecks were investigated in a comparison of
native North American and introduced European popula-
tions; no bottlenecks were detected in the native range,
while some populations exhibited bottlenecks in the
introduced range (Pairon et al. 2010). In species with
similar life history traits, refugial and recolonized popula-
tions have not been subjected to bottleneck analysis within
the same study that would assure the use of the same SSR
loci and analytical approaches. Therefore, results cannot be
directly comparable; however, pertinent literature reflects
that bottlenecks detected via SSR analysis are rather more
common in recolonized than in refugial populations (Tsuda
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and Ide 2005; Tsuda et al. 2009; Hu et al. 2010; Kato et al.
2010; Omondi et al. 2010; Pairon et al. 2010).

General discussion and conclusions

Results revealed high amounts of genetic diversity and
significant population differentiation as about 80% of the
total variation resides within the rear-edge P. avium
populations studied. These values were higher than those
reported for population from the center of the species
distribution, while allelic richness was lower. Populations
were rather isolated genetically, characterized by fairly low
levels of gene flow; however, significant population bottle-
necks were not detected, while the lowest estimated
effective population size was NE>44 (Table 5). Overall, it
appears that even at the southern distribution limits of the
species, demo-genetic stochasticity is not clearly apparent.
The center-periphery hypothesis does not apply very well in
these data, and the notion of rear-edge populations as
advanced by Hampe and Petit (2005) describes much better
the observed results. However, the importance of past
climate-driven range dynamics as the major, or the only
factor, in shaping extant genetic diversity and structure in
these rear-edge populations is not clear. Besides a general
scarcity of relevant genetic data for the Balkans (Hewitt
2000), P. avium as an entomophilous species with a low
pollen production (Faegri and Iversen 1989) presents scarce
pollen profile records which do not allow for a definite
detection of glacial refugia and a reconstruction of the
species European natural migration/colonization routes.
The geographical location of this study, in addition to being
considered a glacial refugium for many species of the
present European flora, has been under constant and strong
anthropogenic influence at least over the past 4,000 years,
resulting in a multifaceted interaction of nature and humans
regarding population establishment, expansion, contraction,
and gene flow. Natural migration routes could have been
influenced by artificial plantings of early selected P. avium
varieties that may progressively become naturalized. The
result can be a complex mosaic of extant genetic diversity
and differentiation where admixture of divergent lineages
during recolonization might yield complex distribution
patterns of diversity (Petit et al. 2003; Arana et al. 2010).
Mohanty et al. (2001), by studying cpDNA in 23 European
P. avium populations, indicated the absence of a strong
phylogenetic structure which they attributed to dispersal
mechanisms including anthropogenic activities. Neverthe-
less, this study, as well as a study of selected wild cherry
plus trees (Avramidou et al. 2010), has shown fairly strong
genetic structure in rear-edge northern Greek populations.
In the latter case, two distinct gene pools were identified
even within a locally restricted population (Vathytopos, NE
Greece; Avramidou et al. 2010).

The results of this study can be useful in the protection
of genetic resources which aims at securing the long-term
adaptive evolutionary potential of a species. The popula-
tions under study can be regarded as high priority for gene
conservation purposes which can be achieved by maintain-
ing gene conservation units among natural populations that
are characterized by high genetic diversity and unique gene
pools. Population clustering and ordination provide an
indication of population groups that should be represented
in a P. avium gene conservation scheme. Evidently, all
studied P. avium populations can be used in a breeding
program. Only population Cholomontas, due to a fairly
restricted effective population size, may be in need of some
future protection through forest management. It is unlikely
that this population will be currently endangered due to
genetic factors, but a limited effective population size will
make it vulnerable to future losses of genetic diversity. A
possible exclusion from harvesting for a decade may
provide an adequate means of facilitating future regenera-
tion and increase in population size. The other populations,
especially the north-eastern ones, do not appear to need any
particular immediate forest management intervention and
could be employed in gene conservation. Overall, the north-
eastern group that was depicted especially by FCA could be
represented by population Hayntou as a gene conservation
unit. From the north-central group, population Vorras could
also be included, in the absence of a better alternative, as
this geographical area has not been extensively studied; the
only concern is the small value of the NE lower confidence
limit (NE≤30). In conclusion, northern Greek P. avium
populations present a wealth of genetic variation and are
potentially very valuable as well as important in preserving
genetic diversity and local adaptive complexes, especially
under contemporary climatic change scenarios.
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