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Abstract Oriental beech (Fagus orientalis Lipsky) is a

widespread monoecious and wind-pollinated tree species.

It is one of the major components of the Hyrcanian forests

of Iran and it is of both ecological and economical

importance. Twelve beech stands were surveyed at 9

chloroplast (cp) and 6 nuclear (n) polymorphic microsat-

ellite loci (simple sequence repeats, SSR) to provide

information on distribution of genetic diversity within and

among populations and on gene conservation and silvi-

cultural management of this species. High levels of genetic

differentiation were detected for the chloroplast genome

(FST = 0.80 and RST = 0.95), in sharp contrast to the

nuclear genome (FST = 0.06, RST = 0.05). The analysis of

molecular variance (AMOVA) showed that 48% of the

total cpSSR variation was attributable to differences among

regions and 30% to differences among populations within

regions, suggesting multiple origins of beech populations

in Hyrcanian forests. Nuclear SSRs confirmed the presence

of significant differentiation among populations and among

geographic regions, even if, as expected, this was less

pronounced than that found with cpSSRs (based on

AMOVA, differences among regions and among popula-

tions within regions each contribute 5% to total nSSR

variance). A highly significant correlation between genetic

(nSSRs) and geographic distances (R2 = 0.522) was esti-

mated, thus showing an isolation by distance effect.

The application of spatial analysis of molecular variance

(SAMOVA) using both marker data allowed identification

of genetically homogeneous groups of populations. Possi-

ble applications of these results for the certification of

provenances and/or seed lots and for designing conserva-

tion programs are presented and discussed.

Keywords cpSSR � Fagus orientalis Lipsky � Genetic

diversity � nSSR � Phylogeography

Introduction

Forest genetic resources, defined as the genetic variation

present in the thousands of tree species on earth, constitute

an inter-generational resource of vast social, economic and

environmental importance. Forest genetic resources are

threatened by several factors such as climate change,

environmental pollution, habitat fragmentation and pest

attacks. The capacity of forest tree species to survive these

threats and to persist in spatially and temporally hetero-

geneous environments is dependent on their adaptive

potential, which is mainly determined by the within-species

genetic diversity. This is why conservation strategies for

forest trees should be based on an evolutionary approach

and focus on the maintenance of within-species genetic

diversity (Geburek 1997).

Among the broad-leaved temperate forests of the

northern hemisphere, Iran’s Hyrcanian forests are very

particular. These forests, with a total area of 1.5 million

hectares, are located along the southern coasts of the

Caspian Sea and on the northern slopes of the Alborz

mountains in the northern part of Iran. The Hyrcanian

forest ecosystem is considered to be one of the last rem-

nants of natural deciduous forest in the world. In this area

P. Salehi Shanjani (&) � M. Calagari

Research Institute of Forests and Rangelands,

P.O. Box 13185-116, Tehran, Iran

e-mail: psalehi@rifr-ac.ir; psalehi1@gmail.com

URL: http://www.rifr-ac.ir

G. G. Vendramin

Institute of Plant Genetic, CNR, Via Madonna del Piano 10,

50019 Sesto Fiorentino (Firenze), Italy

123

Conserv Genet (2010) 11:2321–2331

DOI 10.1007/s10592-010-0118-4



beech survived intense climate and geological changes

during the Quaternary, which occurred despite the fact that

this area was not covered by ice and therefore was only

indirectly influenced by the glaciations (Mobayen and

Tregubov 1969). Hyrcanian commercial forests in Iran

were nationalized in 1963. Since then, the area has declined

significantly from 3.4 to less than 1.3 million ha in 2002.

Mixed and pure stands of beech occupy less than 20% of

the Hyrcanian forests and produce more than 35% of the

total wood stock volume. A high proportion, about. 86%,

of the trees are at least 100 years old and in some areas

regeneration does not occur (Fishwick 1972; Anonymous

2000). Most of the beech forests in Iran are managed under

the shelterwood silvicultural system and suffer from human

interference. The rotation period for these forests is

120–125 years and complete natural regeneration is seldom

achieved (Sagheb-Talebi and Schütz 2002). The two main

technical reasons for the failure of this system in these

forests are unsuitable harvesting methods during the last

40 years and lack of forest protection (Hosseini et al.

2000). There is an urgent need to improve conservation of

this tree species through better forest management, with the

aim of both genetic resource conservation and high quality

timber production.

Information on the life-history traits of most forest tree

species (e.g., mating system, pollen and seed dispersal

mechanisms) and on their patterns of genetic variation are

still lacking. In this context, the application of molecular

markers in conservation programs is useful for generating

data that can be used to extract relevant biological infor-

mation, to identify hotspots of genetic diversity and to

study geographic and phylogeographic structure (Newton

et al. 1999).

The genetic diversity of oriental beech has been previ-

ously investigated using isoenzymes and restriction frag-

ment length polymorphisms (RFLP) throughout the range of

the species in Iran (Salehi Shanjani 2002). Allozyme anal-

yses showed that the level of genetic diversity is high within

populations and low among populations, with no evident

geographic structure (FST = 0.04, Salehi Shanjani et al.

2002). On the other hand, cpDNA studies (using PCR-RFLP

markers, maternally inherited in beech) revealed that hap-

lotype diversity within populations is low and population

differentiation is high (FST = 0.68, Salehi Shanjani et al.

2004). However, due to the relatively limited variation

displayed by the markers used, little information was

obtained from a practical point of view. Therefore in the

present study genetic structure of F. orientalis was analyzed

using chloroplast and nuclear microsatellite (SSR) markers,

which are characterized by different modes of inheritance in

beech (maternal and bi-parental, respectively) and are

expected to display higher variation than the markers ana-

lysed previously in this species. The objectives of this study

were (1) to provide basic information on gene conservation

and management of beech forests, by studying the genetic

diversity within and among populations/regions, (2) to shed

light on the history of beech in Iran.

Materials and methods

Plant materials

Fagus orientalis (Lipsky) forests in Iran are located on the

northern slopes of the Alborz Mountains, at an altitude

ranging from about 600 to 2000 m above sea level. They

form a forest strip 700 km long which covers the 3 prov-

inces of Gilan, Mazandaran and Golestan. The sampled

stands were chosen in order to provide maximum repre-

sentation of the ecological conditions of the area. Dormant

buds were collected from 12 natural oriental beech (Fagus

orientalis) populations (each represented by at least 30

trees, see Table 1) in 5 different regions along the distri-

bution range of the species from West to East. In each

region 2–3 populations at the lowest, middle and highest

altitude of the species distribution range were selected

(Table 1). A subset of 168 individuals (14 samples per

population) was also analysed using cpSSRs.

Molecular analysis

DNA was isolated from dormant buds (100 mg as starting

material) using Nucleospin plant kit (Macherey-Nagel,

Germany).

Nuclear microsatellites: Six nSSR primer pairs

(Table 3) were amplified according to the following ther-

mal profile: 5 min denaturation at 95�C followed by 30

cycles of 1 min denaturation at 95�C, 1 min annealing

(Table 3), 1 min extension at 72�C, with a final extension

step of 8 min at 72�C. PCR was carried out in a reaction

volume of 25 ll, containing 10 ng of template DNA, 19

PCR buffer (GE Healthcare), MgCl2 as in Table 2, 0.2 mM

dNTPs (GE Healthcare), 0.4 lM of each primer, 1 U of

Taq DNA polymerase (GE Healthcare).

Chloroplast microsatellites: Nine cpSSR primer pairs

(Table 2) were amplified according to the following ther-

mal profile: 5 min 95�C, 30 cycles of 1 min denaturation at

95�C, 1 min annealing at 50�C (Table 2), 1 min extension

at 72�C, with a final extension step of 8 min at 72�C. The

PCR was performed in a final volume of 25 ll containing

10 ng of template DNA, 19 PCR buffer (GE Healthcare),

2.5 mM MgCl2, 0.2 mM dNTP, 0.2 lM of each primer,

1 U of Taq DNA polymerase (GE Healthcare).

The success of the amplification using cp- and n-SSRs

was confirmed on 1.4% agarose gels. Amplified fragments

were then multiplexed by size (mixed two by two).
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Table 1 Site characteristics of the study populations

Region Altitude

(m)

Abbreviation Latitude

(N)

Longitude

(E)

Sample size

in cpSSR

analysis

Sample size

in nSSR

analysis

Beech

(%)

Canopy

(%)

Manipulation level

Gorgana 2000 G-1900 36� 450 54� 070 14 35 96 95 Unmanaged

1400 G-1400 36� 410 54� 050 14 56 48 90 Managed under shelterwood system

for 20 years*

600 G-600 36� 420 54� 060 14 40 32 90 Managed under shelterwood system

for 40 years**

Nekab 1400 N-1400 36� 220 53� 330 14 40 60 80 Unmanaged

900 N-900 36� 290 53� 270 14 39 72 90 Managed under shelterwood system

for 40 years**

Sangdehb 1900 S-1900 36� 000 53� 120 14 37 95 95 Unmanaged

1400 S-1400 36� 030 53� 140 14 34 71 70 Managed under shelterwood system

for 20 years*

900 S-900 36� 060 53� 160 14 43 67 65 Managed under shelterwood system

for 40 years**

Kheirudc 1200 K-1200 36� 320 51� 390 14 40 76 90 Managed by improvement or release

cutting for 20 years*

600 K-600 36� 350 51� 330 14 31 74 90 Managed by improvement or release

cutting for 40 years**

Asalemd 1200 A-1200 37� 380 48� 480 14 40 42 90 Managed under shelterwood system

for 20 years*

600 A-600 37� 410 48� 480 14 32 37 70 Managed under shelterwood system

for 40 years**

* Moderately managed; ** Intensively managed
a Most eastern region; b Eastern region; c Central region; d Western region

Table 2 Characteristics of the 9 chloroplast microsatellite markers used to analyse genetic diversity

Locus PCR product

size (bp)

Annealing

temperature (�C)

Primer sequences (50–30) sense antisense Repeat

motifs

Observed

allele size

range (bp)

Reference

ccmp4 126 50 AATGCTGAATCGAYGACCTA (T)13 119–120 Weising and Gardner (1999)

CCAAAAATATTBGGAGGACTCT

ccmp7 133 50 CAACATATACCACTGTCAAG (A)13 150–155

ACATCATTATTGTATCATCTTTC

ccmp10 103 50 TTTTTTTTTAGTGAACGTGTCA (T)14 101

TTCGTCGDCGTAGTAAATAG

cmcs1 109 55 ATTCATTTCCTTTGCATTGA (AT)7 100 Sebastiani et al. (2004)

TTTACTTGTTACTAATAGGGTCTAGC

cmcs2 151 55 GAGCCATTCCCTTTTAGAAT (AT)9 150

TTGAAAACCGGTATAGTTCG

cmcs4 110 55 ATTCATTCCCCTTCTATATC (TC)5 115

CCTAGTATCCCACCAATTA

cmcs6 199 55 GAAAAAGGACCCTTCCTAAT (T)10 205

CTTATGATCGTCACGAATTG

cmcs8 179 55 GGTCTATTTTTCCACTCACAA (A)10 181

AGAAATAAACACCCCCATTA

cmcs14 178 55 GGATTGTAACAAATTTTTCAGG (AT)7 180

GTGCAAGGAATGTCGAACTA

Abbreviation: Y: C or T; B: G, C or T; D: A, T or G
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Standards (50, 100, 150, 200, 250 and 300 bp) were added

to each mix before loading the samples onto Reprogel

Long Read acrylamide gels (GE Healthcare), and run on an

automated sequencer ALF Express (GE Healthcare) at

1500 V, 60 mA, 30 W, 55�C. The results of the run

were then analysed using Fragment Manager 1.2 (GE

Healthcare).

Data analysis

Polymorphisms of cpSSRs were scored and used to define

chloroplast haplotypes according to different combinations

of length variants (Table 4). For nSSR data, diploid

genotypes for each individual were scored and following

parameters were computed as averages over loci using

GenAlEx v. 6 (Peakal and Smouse 2006): mean number of

alleles per locus (A), number of unique alleles, number of

locally common alleles, effective number of alleles (Ne),

average observed heterozygosity (Ho), average expected

heterozygosity (He) computed according to Nei (1978) and

fixation index (FIS).

The extent of population subdivision was evaluated by

calculating Wright’s FST (Wright 1951) and the related RST

(Slatkin 1995), with the latter taking explicit account of

likely mutational processes at microsatellite loci. These

two indices were estimated across populations and between

pairs of populations, according to Weir and Cockerham

(1984) and Michalakis and Excoffier (1996), by using the

program SPAGEDI v1.1 (Hardy and Vekemans 2002).

FST may be overestimated in the case of null alleles

(Chapuis and Estoup 2007). We controlled for the potential

effect of null alleles on genetic differentiation by calcu-

lating FST(FREENA) values using the excluding null allele

(ENA) method by Chapuis and Estoup (2007) in FREENA.

To take into consideration the high within-population

variation, we estimate standardized FST values using

RecodeData v. 0.1 (Meirmans 2006) in conjunction with

FSTAT. The data were recoded such that all alleles were
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Table 4 Chlorplast microsatellite haplotypes (numbers are allele

size)

Code of haplotype ccmP4 ccmP7

1 119 150

2 119 151

3 119 152

4 119 153

5 119 154

6 119 155

7 120 153

8 120 154
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population specific, maximizing differentiation. Standard-

ized F0ST were then calculated following Hedrick (2005) as

F0ST = FST/FST max. Mantel tests between pairwise FST

values, pairwise ENA corrected FST values and pairwise F0ST

was performed in ARLEQUIN 3.11 (Excoffier et al. 2005)

using 1000 random permutations to evaluate if the different

FST calculations were significantly correlated.

A genetic distance matrix of pairwise FST values was

also used to perform a hierarchical analysis of molecular

variance (AMOVA) (Excoffier et al. 1992) with Arlequin

software version 3.11 (Excoffier et al. 2005). AMOVA was

employed to estimate and partition the total molecular

marker variances among regions, among populations

within region, and within populations. Significance of

partitioned variance components was estimated using a

1000 permutation procedure.

Principal coordinate analysis (PCoA) based on a pairwise

distance matrix with data standardization was conducted by

GenAlEx v.6 (Peakal and Smouse 2006). To test for a pattern

of isolation by distance (Rousset 1997), a Mantel test with

1,000 random permutations was performed with the matrix

of pairwise genetic differentiation between populations,

using FST/(1 - FST), and a matrix of geographic distance

using GenAlEx v.6 (Peakal and Smouse 2006).

Finally, a simulated annealing procedure implemented

in the spatial analysis of molecular variance (SAMOVA)

algorithm (Dupanloup et al. 2002) was used for both

chloroplast and nuclear microsatellite data to define groups

of populations that are geographically homogeneous and

maximally differentiated from each other. The program

repeatedly seeks the composition of a user defined number,

K, of groups of geographically adjacent populations that

maximizes FCT, the proportion of total genetic variance

due to differences among groups of populations. The pro-

gram was run for 10,000 iterations for K = {2,…,12}. The

simulated annealing process was repeated 250 times to

ensure that the final configuration of the K groups is not

affected by a given initial configuration (Dupanloup et al.

2002). For each K, the configuration with the largest FCT

values was retained as the best grouping of populations.

SAMOVA was applied using cpSSR data too.

Results

The six nSSR loci were found to be highly polymorphic,

with number of detected alleles per locus ranging from 6

(FS3-04) to 41 (FS4-46) (Table 3). The total number of

alleles scored in 562 individuals over all loci was 141.

Estimates of genetic diversity within populations are given

as values averaged across loci (Table 5). High polymor-

phism was found within populations, on average more than

10 alleles per locus were observed (the mean number of

alleles per locus varied from 7.67 ± 2.0 to 11.67 ± 3.2)

and the probability that two randomly sampled alleles in a

given populations are different was 66% (He = 0.66). The

mean expected heterozygosity (He) over all investigated

loci ranged from 0.50 ± 0.09 (Gorgan-1400) to

0.70 ± 0.11 (Sangdeh-900). No significant He differences

(P \ 0.01) were observed among populations. The

observed heterozygosity (Ho = 0.604) was slightly lower

than the expected heterozygosity (He), causing a low but

positive mean inbreeding coefficient (FIS = 0.045). How-

ever some populations showed high values of FIS, indi-

cating deficiency of heterozygotes. Presence of null alleles

at some loci cannot be excluded (FS1-25, FS4-46). Six out

of the 12 populations showed an overall significant and

positive departure from Hardy–Weinberg equilibrium

(Table 5). Significantly less inbreeding (P \ 0.05; one-

tailed test) occurs on average in the unmanaged populations

than in the stands with moderate and high management

intensity, with exception of the Kheyrud region.

Two cpSSRs regions out of nine showed polymorphism

(ccmp4 and ccmp7), with two and six length variants

respectively, which combined into a total of 8 haplotypes

(Table 2). Microsatellite haplotype distribution revealed

that 7 out of the 12 populations had within population

variation, while 5 populations displayed a fixed haplotype

(Fig. 1). Almost all of the haplotypic variation resides

among populations, with clear geographic distribution of

haplotypic diversity. All haplotypes, but one, are geo-

graphically structured. The only exception is haplotype 3

which was found in two different regions (in 2 populations

in the West and 1 population in the centre of the distribution

Table 5 Genetic diversity estimated using six nuclear microsatellite

loci in 13 beech populations (sample size (N), mean number of alleles

per locus (A), observed (Ho) and expected (He) heterozygosities and

fixation index (FIS))

Population N A(SE) Ho (SE) He (SE) FIS

G-1900 35 7.67 ± 2.0 0.55 ± 0.10 0.62 ± 0.08 0.085

G-1400 56 8.50 ± 2.0 0.57 ± 0.05 0.58 ± 0.09 0.025

G-600 40 9.83 ± 1.8 0.67 ± 0.06 0.69 ± 0.08 0.038

N-1400 40 11.33 ± 2.5 0.72 ± 0.09 0.68 ± 0.09 -0.045

N-900 39 10.50 ± 2.5 0.61 ± 0.06 0.67 ± 0.09 0.101

S-1900 37 11.67 ± 3.2 0.67 ± 0.12 0.64 ± 0.11 -0.023

S-1400 34 10.83 ± 2.7 0.59 ± 0.06 0.66 ± 0.09 0.123

S-600 43 11.67 ± 2.3 0.59 ± 0.13 0.70 ± 0.11 0.171

K-1200 40 11.33 ± 2.6 0.66 ± 0.08 0.72 ± 0.10 0.095

K-600 31 10.33 ± 2.6 0.58 ± 0.07 0.69 ± 0.07 0.136

A-1200 40 11.3 ± 2.4 0.59 ± 0.07 0.65 ± 0.09 0.104

A-600 32 9.0 ± 1.4 0.48 ± 0.10 0.65 ± 0.09 0.284

Overall

mean

562 10.33 0.60 0.66 0.045

SE standard errors, FIS values in bold = significant at P \ 0.001
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range). The most frequent haplotype (haplotype 5, with a

frequency of 44%) was detected in the populations dis-

tributed at longitudes ranging from 53� to 54�. The other

haplotypes are represented in much lower proportions.

Haplotypes 7 and 8 were found in two central populations

(Kheirud region) and were highly divergent from all other

haplotypes detected in eastern and western populations.

The estimated coefficient of genetic differentiation

among populations (FST) was 0.058 for nSSRs, indicating a

low but significant level of genetic differentiation. After

the correction using FREENA, the overall FST was only

slightly lower (FST(FREENA) = 0.057). The pairwise stan-

dardized Hedrick (2005) F0ST estimates were generally

higher, but strongly correlated with the uncorrected pair-

wise FST values (R2 = 0.919, P \ 0.00001) in the Mantel

test. RST (=0.048) gave slightly lower, but not significantly

lower, differentiation values than FST. Thus, low differ-

ences between allele lengths cause small variances and

lower differentiation values between populations. On the

other hand, using cpSSRs a marked and highly significant

difference between populations was suggested by the FST

and RST values, which were 0.80 and 0.95, respectively.

AMOVA using nuclear SSRs revealed that variation

among regions accounted for 5% of the total variance,

among populations within region and within populations for

5% and 90% of the total variation, respectively (Table 6).

Chloroplast SSRs confirmed the presence of a much more

pronounced and significant (P \ 0.01) differentiation

among regions and among populations within regions

(based on AMOVA, differences among regions and among

populations within regions account for 48% and 30% of the

total cpSSR variance, respectively) (Table 6).

Pairwise FST/(1 - FST) was significantly correlated with

geographical distance between populations for nSSRs (R =

0.552, P \ 0.001, Fig. 2A), but not for cpSSRs (Fig. 2B).

To better understand the relationships among populations,

principal coordinate analysis (PCoA) was also carried out

using both genetic distance datasets (Fig. 3). Using nSSR

data, the first principal coordinate, which accounted for

50% of the total variation, clearly separated the Asalem

populations (the western populations) and K-1200 (one of

the central populations) from the eastern populations. The

only exception among central populations was K-600

population, which clustered with eastern populations. The

eastern populations were separated from the western pop-

ulations along the second principal coordinate, which

explained 21% of the total variation (Fig. 3). In fact, with

the exception of K-600 population, all the western and

eastern populations were clustered in different groups.

Based on cpSSR data, the first principal coordinate, which

accounted for 54% of the total variation, separated the two

populations of Kheyrud (the central populations) from the

rest. In contrast to the nSSR data, the cpSSR data did not

classify populations according to their origin.
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Table 6 Analysis of molecular

variance (AMOVA)

d.f. degree of freedom

Variance d.f. Sum of

squares

Variance

components

Percentage of

variation

P

Chloroplast SSR

Among regions 4 38.047 0.230 48 0.001

Among populations within regions 7 14.413 0.146 30 0.001

Within populations 157 16.071 0.107 22 0.001

Nuclear SSR

Among regions 4 168.135 0.242 5 0.001

Among populations within regions 7 103.832 0.227 5 0.001

Within populations 550 2402.130 4.368 90 0.001

2326 Conserv Genet (2010) 11:2321–2331

123



We applied SAMOVA to both genotypic and haplotypic

data using both FST and RST indices. The highest values of

differentiation (FCT) were estimated at 3 and 6 groups

using nuclear and chloroplast SSRs, respectively (Fig. 4).

Discussion

Nuclear SSRs

The nuclear microsatellite markers used in this study

detected high levels of genetic variation, with an average

expected heterozygosity of 0.67. Mean number of alleles

per locus was similar to that estimated in populations of

European beech, however mean observed and expected

heterozygosity was lower (Pastorelli et al. 2003; Buiteveld

et al. 2007). In studies of other deciduous temperate tree

species using microsatellite markers, higher polymorphism

has been reported: e.g., He = 0.87 at eight microsatellite

loci in Magnolia obovata (Isagi et al. 2000); He = 0.87 for

six microsatellite loci in Quercus robur and Q. petraea

(Streiff et al. 1998); He = 0.87 for 16 microsatellite loci in

Olea europaea (Štambuk et al. 2007).

Deviations from expected Hardy–Weinberg proportions

were observed for some populations. In general, the

observed heterozygosity was lower than expected generat-

ing positive, and in some cases significant, FIS values.

Non-conformity with Hardy–Weinberg suggests nonrandom

mating. Relative departures from Hardy–Weinberg expec-

tations with a deficiency of heterozygotes were also found in

allozyme studies of the Iranian beech populations (Salehi

Shanjani et al. 2002). Overall, populations of F. orientalis

are slightly, but significantly inbred (FIS = 0.060). The most

commonly reported causes of positive values of the

inbreeding coefficient are self-fertilization and bi-parental

inbreeding, i.e. inbreeding originating by selfing or mating

between related individuals (Hardy and Vekemans 2002).

Significantly less inbreeding was found in four of the five

unmanaged populations than in their corresponding mod-

erate and more intensively managed populations. The

effects of forest management on genetic diversity of dif-

ferent tree species have been studied and in some cases the

results contradict those of this study. For example, Buiteveld

et al. (2007) recorded higher FIS values in stands with lim-

ited management than in intensively managed stands of

Fagus sylvatica, suggesting that human interference or

management does not increase inbreeding levels. Thomas

et al. (1999) found that the breeding system of P. contorta

was not affected by harvesting. However, enhanced

inbreeding following harvest has been reported in Pinus

R = 0.522 P<0.001
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strobus L. (Marquardt et al. 2007), Tsuga canadensis L.

(Carr.) (Hawley et al. 2005), Scaphium macropodurn (Miq.)

Beumee ex K. Heyne (Lee et al. 2002), Shorea megisto-

phylla Dipterocarpaceae (Murawski et al. 1994), and

P. sylvestris L. (Yazdani et al. 1985). On the other hand, we

observed a low overall differentiation among populations at

bi-parentally inherited nuclear markers (FST = 0.058),

which was also observed in F. sylvatica (Buiteveld et al.

2007).

Chloroplast SSRs

Beech species produce seeds with low dispersal potential:

this is the main factor generating low within-population

cpDNA diversity and high population differentiation, as

seen in our results. Almost all haplotypes show a clear

geographic structure, with higher diversity allocated to

populations from western and central part of the natural

range. It has been hypothesized that the formation of the

Hyrcanian forests were strongly influenced by environ-

mental conditions, especially the amount of precipitation,

air humidity, temperature, type of humus and bed rock

which significantly vary from East to West (Marvie-

Mohadjer 1976; Parsapajouh 1976; Habibi 1985). The

distribution pattern of F. orientalis cpDNA haplotypes may

reflect migration history of beech during the Tertiary and

suggest dispersal from Asalem (most polymorphic region,

located in the West) to the East. Haplotype 3 is the only

haplotype which was found in two different regions (in 2

populations in the West and 1 population in the Centre of

the distribution range). This pattern could not be explained

by gene flow, as these populations are 500 km apart and are

distributed in different biogeographic zones. Thus, it seems

most likely that existence of this haplotype (H3) at dif-

ferent regions is the results of mutation and subsequent

fixation.

Most genetic surveys of chloroplast data have indicated a

trend towards fixation (Dumolin-Lapègue et al. 1997;

Marchelli et al. 1998; Hamilton 1999; Dutech et al. 2000) or

have detected few cpDNA haplotypes within populations

(Mohanty et al. 2000; Caron et al. 2000). In accordance with

these results, a very limited number of haplotypes within

populations (1–3 haplotypes) was also found in oriental

beech. The higher haplotypic richness in the western pop-

ulations could support the hypothesis of a possible migra-

tion of the Hyrcanian beech forests from West to East.

Similar observation has been made for cpDNA PCR-RFLP

in the same beech populations of Iran (Salehi Shanjani et al.

2004).

The cpSSR markers have been successfully used for

large-scale population genetic studies in angiosperms,

where inheritance is usually maternal (Lu et al. 2001;

König et al. 2002; Lian et al. 2003; Aguinagalde et al.

2005). In angiosperms, cpSSR markers revealed a high

level of genetic differentiation among populations. In a

comparative study of cytoplasmic diversity (Duminil et al.

2006), the mean value of population subdivision measured

for 97 plant species was GST = 0.7. Species belonging to

the family of Fagaceae and producing heavy seeds, like

Fagus sylvatica, Quercus robur and Q. petraea, are char-

acterized by even higher GST values, ranging between 0.83

and 0.90 (Demesure et al. 1996; Dumolin-Lapègue et al.

1997).

Comparison of genetic and geographic structure

at nSSRs and cpSSRs loci

It has been shown theoretically that, for many models of

population structure, the level of genetic differentiation

among populations is expected to be higher for maternally

inherited cpDNA markers than for biparentally inherited

nuclear genes (Birky et al. 1989; Petit et al. 1993; Ennos

1994; Hu and Ennos 1997). Several factors contribute to

the higher genetic differentiation for chloroplast markers:

(1) effective gene flow is limited to seed dispersal for

maternally inherited DNA; (2) drift is expected to be twice

as strong for a haploid genome compared to a diploid one;

(3) it has been shown in some hermaphrodite tree species

that the flowering, seed dispersal and recruitment patterns
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resulted in an effective number of trees contributing to the

next generation as females that is much reduced compared

to the effective number of trees acting as male parents

(Dow and Ashley 1996). The latter factor, however, is not

as ‘absolute’ as the first two. Indeed, differences in species’

pollination ecology or seed dispersal mechanisms might

have important consequences on the balance between

female and male reproductive success of individual trees.

As expected, the level of differentiation among popula-

tions of F. orientalis was higher for the chloroplast genome

(FST = 0.80 and RST = 0.95) than for nuclear genome

(FST = 0.06, RST = 0.05). Under the migration-drift equi-

librium of the island model (Wright 1943) FST for mater-

nally inherited cpDNA exceeds FST for biparentally and

paternally inherited nuclear DNA (Ennos 1994). Assuming

migration-drift equilibrium to estimate gene flow (Birky

et al. 1989; Ennos 1994), the mean number of migrants per

generation for the nuclear genome was Nm = 2.87

[Fstb = 1/(4Nmb ? 1), Fstb = overall nuclear microsat-

ellite loci] while for the maternally inherited chloroplast

genome [Fstm = 1/(2Nmm ? 1), Fstm = overall chloro-

plast microsatellite loci] was Nm = 0.125. The pollen to

seed migration ratio estimated according to Ennos (1994),

i.e. (pollen flow)/(seed flow) = {[(1/Fstb) - 1] - 2[(1/

Fstm) - 1]}/[(1/Fstm) - 1] is equal to 22. These results

show that pollen movement is significantly greater than

seed movement. Therefore the low population differentia-

tion for the nuclear genome is most likely because of pollen

movement rather than seed dispersal. Beech is an ane-

mophilous and mostly allogamous species, and its pollen

can be dispersed over long distances (Comps et al. 1991). A

previous study supports the hypothesis that the connection

among populations of beech is mainly because of pollen

flow (Salehi Shanjani et al. 2002).

An isolation-by-distance pattern was detected for nSSR,

but not cpSSR, and the topology of the PCoA based on

nSSR frequencies clearly reflects the geographic relation-

ships among populations. These results indicate that the

level of pollen flow between populations is negatively

correlated with the geographical distance between popu-

lations, which may have caused the isolation-by-distance

pattern for nDNA. An isolation-by-distance pattern has

also been detected at nSSR in Fagus sylvatica (Buiteveld

et al. 2007).

The AMOVA approach (Excoffier et al. 1992) has been

widely used for the hierarchical analysis of the genetic

diversity in a set of sampled populations. A physical or

ecological criterion is often used to define a priori groups

of populations on which a test of genetic structure is

applied. Where no obvious criterion exists for the definition

of groups of populations, the investigation of the genetic

structure in a set of populations may be difficult. In such

cases, algorithms such as SAMOVA can help to define

the strongest structure of populations in genetic terms

(Dupanloup et al. 2002). The ability of SAMOVA to define

groups in which all the populations are not geographically

adjacent (i.e. the samples in center, S-1900, is associated

with samples from West of Hyrcanian zone, A-600) can

thus allow identification of some groups of populations that

are particularly important for conservation purposes.

The two clustering patterns, 6 groups using cpSSR and 3

groups using nSSR, show the genetic peculiarities of beech

populations in the Hyrcanian zone, but lead to quite dif-

ferent groups of populations. The SAMOVA approach

based on cpSSR data suggests the association of the pop-

ulations from the eastern part of Hyrcanian zone (from

regions Gorgan, Neka and Sangdeh). This result is in

agreement with the hypothesis of a migration history of

oriental beech from West (most polymorphic) to East of the

Hyrcanian forests and a more recent expansion of beech in

the eastern part of this range. The SAMOVA approach also

groups close populations in different clusters, e.g., popu-

lations from different elevation of region Asalem, Kheirud

and Neka. This may be due to the presence of very efficient

barriers to seed flow that would have prevented short-range

migrations between populations from these regions. Dif-

ferences between the genetic structure identified by

SAMOVA using nSSR and cpSSR markers is strongly

associated with the amount of migrants exchanged between

populations (seed and pollen) and confirms the important

role played by natural barriers to gene flow (i.e. altitude).

Conclusion

Genetic diversity was high for all oriental beech popula-

tions. This study shows that a comparative analysis of the

distribution of genetic variation using differently inherited

markers allows a more in-depth understanding of genetic

structure in relation to both ancient and more recent events.

This information is typically scarce and very much needed

for planning sound conservation programs. The higher

inbreeding observed in the more intensively managed

stands is most likely because of disturbance such as har-

vesting, which may have changed the long-term genetic

composition in these populations. Only through the

understanding of the changes that occur as a result of forest

management (e.g., changes in breeding neighbourhood

sizes as a result of the cutting of seed trees) is it possible to

plan genetic diversity conservation in tree populations, a

crucial step for sustainable resource management. More-

over, the definition of genetic zones based on molecular

markers can be extremely useful for the certification of

seed-lots and for the identification of suitable seed sources

and/or autochthonous stands, greatly improving the pro-

cesses controlling commercial uses of seeds, plants or
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wood. In general these data provide a scientific basis for

formulation of programs of conservation of genetic

resources of this species.
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