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Abstract

Former studies based on chloroplast markers and allozymes
suggested that postglacial recolonization of central Europe by
Fagus sylvatica L. occurred from one or a few undifferentiated
refuges. Here, we examine F. sylvatica from Germany and
Greece and different provenances of F. sylvatica ssp. orientalis
(Lipsky) Greut & Burd. (F. orientalis Lipsky) with chloroplast
microsatellites and AFLP markers. Only such AFLP markers
were selected that had shown a differential amplification in F.
sylvatica and F. orientalis in a preliminary analysis. UPGMA
cluster analysis of AFLP data distinguished one F. sylvatica
group and one F. orientalis group from northern Turkey. Low
structuring in the neighborjoining analysis and the lack of
diagnostic bands for either taxon suggests a relatively recent
differentiation in Fagus orientalis and F. sylvatica. High boot-
strap values were only found for a separate cluster that com-
prises F. orientalis from two different forest botanical gardens.
Four of these samples have a unique chloroplast type and are
genetically very similar (bootstrap value 96) mostly likely due
to clonal replication. Only two different chloroplast types (type
1 in Germany, type 1 and type 2 in Greece) could be detected
for F. sylvatica. In contrast, F. orientalis from northern Turkey
showed different chloroplast types even within one provenance
pointing to a glacial refuge in northern Turkey and a bottle-
neck at the time of postglacial recolonization of central Europe.
The classification of ten samples from northern Turkey as F.
sylvatica by AFLP data, chloroplast markers and morphology
questions the interpretation of F. orientalis and F. sylvatica as
two geographically separated (allopatric) taxa. 
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Introduction

Fagus sylvatica L. is the most important broad-leaved tree
species in Germany and is dominant in many parts of Europe.
Most populations in central Europe are genetically uniform in
maternally inherited chloroplast markers suggesting a bottle-
neck at the time of postglacial recolonization (DEMESURE et al.,
1996). Studies with cpDNA, allozymes and fossil pollen data
are in accordance with the recolonization of Europe from one
refuge or from several undifferentiated refuges in southeastern
Europe (DEMESURE et al., 1996, GÖMÖRY et al., 1999, HUNTLEY

and BIRKS, 1983). Isolation of populations during cold phases of
the Pleistocene resulted in the formation of different geograph-
ical races in refugial areas (DENK et al., 2002). Cluster analysis
of morphological characters (leaf and fruit characters) distin-
guished two morphotypes corresponding to European Fagus (F.
sylvatica L. and F. sylvatica var. moesiaca Maly (synonymous
to F. moesiaca (Maly) Czeczott)) and western Asian beech (F.

orientalis Lipsky = F. sylvatica ssp. orientalis (Lipsky) Greuter
& Burdet) (DENK et al., 2002). Clinal variation of morphological
characters and low resolution of ITS (Internal Transcribed
Spacer) cladograms suggested that F. sylvatica, F. orientalis
and morphologically intermediate F. moesiaca can be regarded
as a single species (DENK et al., 2002). However, distribution
ranges of eastern beech and European beech are supposed to be
quite distinct with only a small contact zone in south eastern
Europe indicating a limited gene flow between taxa (GÖMÖRY et
al., 1999). In the present study, AFLPs (VOS et al., 1995) and
chloroplast microsatellites (WEISING and GARDNER, 1999) are
used to reveal the (intraspecific) relationship between F. sylvat-
ica from Greece and Germany and F. orientalis from northern
Turkey. The marker system is also applied in F. orientalis sam-
ples from two forest botanical gardens. The following questions
are addressed: (1) Are F. sylvatica and F. orientalis two distinct
(allopatric) species or is there evidence for gene exchange sug-
gested by the clinal variation of morphological characters
(DENK et al., 2002)? (2) Is the marker system applicable for the
identification of plant material from unknown origin (for exam-
ple, from botanical gardens)? 

Materials and Methods

Plant material

The seed samples for the International Beech Provenance
Trial were collected in Turkey during October 1983 and sent to
the Institute at Großhansdorf for rearing of plants. In the win-
ter 1986/87 the trials were established with three-year old
seedlings. Details on the trial lay-out are given elsewhere
(WUEHLISCH et al., 1998). During an inspection of the field trial
by Prof. L. Paule, morphological characters of most of the trees
of provenance Devrek originating from Tefen-Kirkdere, forest
district Devrek, Turkey, were found to resemble F. sylvatica
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rather than F. orientalis. Also, the analysis of isozyme gene loci
of this provenance showed allele frequencies to resemble those
of F. sylvatica rather than those of F. orientalis (GÖMÖRY, pers.
communication). However, the morphology of the other seven
provenances originating from Turkey appeared to be typical for
F. orientalis. The geographic origin of F. orientalis populations
is shown in Figure 1. Plant material that has been collected
from F. orientalis trees from botanical gardens was verified as
F. orientalis by leaf morphology and by characteristics of the
cupulae. F. orientalis trees from the forest botanical garden in
Göttingen are about 35 years (orient 3), 20 years (orient 1) and
about 10 years old (orient 4, 5). The three F. orientalis trees
from the forest botanical garden in Hann. Münden have an
estimated age of about 80 years (orient 7, 8, 9). 

DNA isolation

DNA was extracted from buds using the Dneasy™ Plant
Minikit (Qiagen, Hilden, Germany). DNA amount was tested
on a 0.8% agarose gel after staining with ethidium bromide.

Molecular markers

AFLP reactions were carried out according to the protocol 
of VOS et al. (1995) with slight modifications. Genomic DNA
was restricted with EcoRI and MseI. A preselective amplifica-
tion was performed with the primer combination E01/M03
(nomenclature according to Keygene, http://wheat.pw.usda.gov/
ggpages/keygeneAFLPs.html) with the following PCR profile: a
first step of 2 min at 72 °C followed by 20 cycles of 10 s at 94 °C,
30 s at 56 °C, 2 min at 72 °C and an extension step for 30 min
at 60 °C. Four microliters of the preselective amplification
product were used in the selective reaction with the primer
combinations E38/M64 and E37/M68. The PCR profile was a
denaturation at 94 °C for 2 min followed by nine cycles with 10
s at 94 °C, a 30 s annealing step at 65 °C and 2 min at 72 °C.
The initial annealing temperature of 65 °C was reduced in each
cycle by 1°C. The last 24 cycles were performed with an
annealing temperature of 56 °C ending with 30 min at 60 °C.
The selective PCR reactions were carried out with EcoRI
primers that were labelled with the fluorescent dyes 6-FAM
and HEX. All PCR reactions were performed in the Peltier
Thermal Cycler (PTC-0200 version 4.0, MJ Research). Frag-
ments were separated on the ABI Genetic Analyser 3100
together with the internal size standard GS 500 ROX (fluores-
cent dye ROX) from Applied Biosystems. The size of the AFLP
fragments was determined with the software packages Genes-
can 3.7 and Genotyper 3.7 (Applied Biosystems). Absence and
presence of fragments of specific sizes were recognized and
transformed into a 0/1 matrix (script for Genotyper 3.7 was
kindly provided by Applied Biosystems). For 14 samples (desig-
nated with a resp. b in Figure 2) the AFLP procedure was
repeated beginning with the restriction ligation reaction. 

Chloroplast microsatellite markers were amplified according
to WEISING and GARDNER (1999) and tested for polymorphisms
in F. sylvatica and F. orientalis. Primer pairs ccmp4, ccmp7 and
ccmp10 were amplified in the total sample, since they show
variation in F. sylvatica (VENDRAMIN, personal communication).
Only ccmp7 showed polymorphisms in our samples. Amplifica-
tion products of ccmp4, ccmp7 and ccmp10 were separated on a
2% agarose gel and excised from the gel. Gel extraction was
performed with QIAEX II (Qiagen). The sequencing reactions
were carried out with the Big Dye Terminator v.3.1 Cycle
Sequencing Kit (Applied Biosystems) and run on the ABI 3100
Genetic Analyser. The chloroplast microsatellites were ampli-
fied in all 133 samples with one primer (the forward primer)
labelled with the fluorecent dyes 6-FAM or HEX. In addition,
reproducibility of the method was tested by the application of a

temperature gradient from 40 to 52 °C annealing temperature
(Ta) for ccmp7 in samples that represented all detected alleles
(fragment sizes). Fragments were separated on the ABI 3100
sequencer and analysed as described above. 

Data analysis 

AFLP data were used to calculate an UPGMA (Unweighted
Pair-Group Method Analysis) dendrogram from the mean num-
ber of pairwise character differences with the software package
PAUP 4.0b10 (SWOFFORD, 1998). Clusters were used to search
for markers that are preferentially amplified in the one or in
the other cluster. A neighborjoining tree with 100 bootstrap
replicates was calculated. 

Results

cpDNA variation

For chloroplast microsatellite ccmp7, one single allele (145
bp, type 1) was found in F. sylvatica from different locations in
Germany (Table 1, 2). Five other F. sylvatica samples from Mt.
Olymp (Greece) classified as intermediate between F. orientalis
and F. sylvatica (F. sylvatica var. moesiaca) by leaf morphology
showed chloroplast type 1 as well. Three F. sylvatica popula-
tions from Greece (from Mt. Olymp, Piera Mountains, Gardiki)
revealed a different chloroplast type (148 bp = type 4). 

ccmp 7 was highly variable even within populations of F. ori-
entalis from northern Turkey displaying seven different alleles
represented by fragment sizes from 145 bp to 151 bp (Table 2).
In F. orientalis samples from forest botanical gardens three
alleles could be observed, the most frequent one (152 bp) is
absent in the material from northern Turkey. Chloroplast type1
(common in Germany) was observed in one sample of F. orien-
talis from the forest botanical Garden in Göttingen (orient 1),
in all 10 samples of population Devrek and in 2 out of 8 sam-
ples from population Karabük from northern Turkey. Chloro-
plast type 4 (148 bp) that is characteristic for the investigated

Table 1. – Provenances of Fagus sylvatica and F. orientalis.

For F. sylvatica from Greece (o,g,m) 30 samples were examined with
chloroplast microsatellites, 15 of these samples were analyzed with
AFLPs. F. orientalis from Turkey were sampled from a provenance test
at Eutin.
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F. sylvatica populations from Greece is present in F. orientalis
populations Düzce, Inegöl, Akkus and Izmit (Table 2). 

From all populations of northern Turkey only population
Devrek is fixed on one chloroplast type (type1, Table 2).

AFLP analysis

About 300 fragments have been generated using two selec-
tive AFLP primer combinations (E38/M64; E37/M68). In a
preleminary investigation we screened 8 samples of Fagus syl-
vatica and 6 samples of F. orientalis. We found 39 fragments
that were either preferentially amplified in F. sylvatica or F.
orientalis, respectively. The fragments were used in the analy-
sis of all 133 samples. For control, all AFLP reactions were
repeated for 14 samples. The UPGMA dendrogram based on
the mean number of pairwise character differences revealed
three major clusters. Replicated samples always cluster togeth-
er (Figure 2, samples designated with a and b). Most F. orien-
talis collected from the forest botanical gardens in Göttingen
and Hann. Münden form a separate “upper” group due to many
common characters indicating a common origin (see below).
The remaining samples from defined origins cluster in two
large groups. One group (cluster 1) contains F. orientalis sam-
ples from northern Turkey and two F. orientalis from the forest
botanical garden in Göttingen (orient 1, orient 5) plus one sam-
ple of F. sylvatica from Greece (o4). The “lower” cluster (cluster
2) comprises F. sylvatica from Germany and Greece, but also
nine out of ten samples from population Devrek and two sam-
ples from the neighbouring population Karabük from northern
Turkey originally described as F. orientalis (Table 1, Figure 2).
The mean character difference between cluster 1 and cluster 2
is 25.9% (see Figure 3). In a neighborjoining analysis with 100
bootstrap replicates only the “upper” F. orientalis group from
the botanical gardens is well supported (Figure 2). Significant
bootstrap values are otherwise only observed for replicated
samples and two samples from population Catalca (Figure 2).

Comparison of cpDNA and nuclear AFLP

In cluster 2 chloroplast type 1 and 4 can be observed. Sam-
ples from populations Devrek and Karabük from northern
Turkey that cluster together with F. sylvatica revealed chloro-
plast type 1 (145 bp at ccmp 7) of F. sylvatica (Figure 2, Table
2). Samples described as F. sylvatica var. moesiaca from Mt.

Olymp (Greece) also have chloroplast type 1. The remaining F.
sylvatica samples from Greece show chloroplast type 4 (Figure
2, dark grey). 

In cluster 1 (F. orientalis cluster) ccmp7 is highly variable
with seven alleles (see above, Table 2). Chloroplast type 1 is
present in two samples (Devrek50, orient1, shaded in pale
grey). These samples also cluster together in the AFLP dendro-
gram. Chloroplast type 4 is present in 18 samples of the F. ori-
entalis cluster (dark grey shades).

The “upper” cluster comprises F. orientalis from the forest
botanical gardens in Göttingen and Hann. Münden with
chloroplast type 8 (152 bp, orient 3, 4, 7, 9) and one sample (ori-
ent 8) with chloroplast type 1 of F. sylvatica. Sample orient 8
clusters together with this group based on 15 common AFLP
bands (bootstrap value 71, Figure 2) but can be distinguished
from all other samples of the “upper” cluster by 8 AFLP bands.
Five of these fragments show a significant higher frequency
(33% to 73% higher) in the F. sylvatica cluster than in F. orien-
talis cluster 1. The remaining three AFLP bands show no pro-
nounced differences between clusters (less than 10%). Orient8
possesses AFLP fragment E37/M68 –130 bp that is otherwise
absent in F. orientalis cluster 1 and in the “upper” F. orientalis
cluster 3. 

AFLP bands differing between cluster 1 and 2

AFLP fragments were sorted according to the degree of dif-
ferentiation between clusters 1 and 2. Frequencies of amplifica-
tion products in cluster 1 (F. orientalis from northern Turkey)
and cluster 2 (F. sylvatica cluster) are shown for all 39 AFLP
fragments in Figure 3 (middle and lower part). The difference
in frequencies between cluster 2 and cluster 1 (Figure 3, upper
part) is a measure for the utility of the AFLP marker for the

Table 2. – Frequencies of chloroplast types in ccmp7 (fragment size in
base pairs, bp) and differential amplification of AFLP E37/M68-130 bp.

Figure 3. – Differences in the frequencies of AFLP bands in samples of
cluster 2 (F. sylvatica cluster) and cluster 1 (F. orientalis cluster) are
shown for all 39 AFLP fragments (upper part). The corresponding rela-
tive frequencies of AFLP bands in samples of F. sylvatica cluster 2 and
F. orientalis cluster 1 are displayed in the middle and lower part of the
Figure. 
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distinction of these clusters. Amplification products that show
the strongest differences in frequencies between clusters
(above 60%) show high frequencies in the F. sylvatica cluster
(above 70%) and very low frequencies in the F. orientalis clus-
ter (Figure 3, upper part). Fragments with high frequencies in
the F. orientalis cluster can also show relatively high frequen-
cies in the F. sylvatica cluster (Figure 3, right side). None of the
bands was diagnostic for the F. sylvatica or F. orientalis cluster.
Thirteen markers show either no amplification product in the
F. orientalis or in the F. sylvatica cluster (Figure 3). One of the
fragments (E37/M68-130bp) that is absent in the F. orientalis
cluster and in 11 out of 14 F. sylvatica with chloroplast type 4
from Greece is present in 11 out of 13 F. sylvatica samples from
Germany (Table 2). The fragment is also amplified in the two
samples from provenance Karabük that cluster with F. sylvati-
ca. In population Devrek and in F. sylvatica var. moesiaca pres-
ence and absence of the band is evenly distributed (Table 2). 

F. orientalis from forest botanical gardens

Two F. orientalis from the forest botanical garden in Göttin-
gen (orient1, orient5) cluster with F. orientalis from northern
Turkey. One has chloroplast type 1 (orient1), the other has a
chloroplast type observed once in population Covakici and
twice in population Izmit (147 bp, Table 2). Orient 1 clusters
with one sample from population Devrek (Devrek 50), northern
Turkey, with the same chloroplast type 1. The “upper” cluster
of F. orientalis from forest botanical gardens in Göttingen and
Hann. Münden is clearly different from all samples from north-
ern Turkey. These samples are genetically very similar (boot-
strap value 96, 35 out of 37 AFLP fragments have an identical
amplification pattern) and are clearly separated from all other
samples in the AFLP analysis and by a unique chloroplast type
(152 bp). 

Discussion 

Chloroplast microsatellites

The occurrence of only one chloroplast type in F. sylvatica in
Germany is in accordance with earlier studies that showed no
variation in chloroplast markers for F. sylvatica in central
Europe indicating a bottle-neck at the time of postglacial
recolonisation. Results obtained from chloroplast markers and
allozymes indicate a postglacial recolonization of central
Europe from one or few sources (DEMESURE et al., 1996;
DOUNAVI, 2000; GÖMÖRY et al., 1999). In the afore mentioned
studies no samples from Greece or northern Turkey were
included. 

The high variation of chloroplast types at ccmp7 in F. orien-
talis of northern Turkey indicates a glacial refuge in this
region. The occurrence of chloroplast type 1 and chloroplast
type 4 points to the possibility that one source for postglacial
recolonisation of central Europe was located in northern
Turkey. Distant populations might have received only a subset
of the original diversity of chloroplast types. The observation of
only two chloroplast types in Greece – chloroplast type1 for F.
sylvatica var. moesiaca from Mt. Olymp, chloroplast type 4 for
F. sylvatica populations Mt. Olymp, Piera Mountains and
Gardiki – supports this hypothesis.

Because of presumably high mutation rates in chloroplast
microsatellites there is certainly a possibility that the same
repeat number has evolved independently in different lineages
(homoplasy). However, the conformity with other studies based
on cpDNA, ITS and allozymes (DEMESURE et al., 1996; DENK et
al., 2002; DOUNAVI, 2000; GÖMÖRY et al., 1999) suggests that
chloroplast type 1 of F. sylvatica from central Europe has
evolved only once and can be traced back to one or a few popu-
lations.

AFLP markers

AFLPs are widely used for genetic mapping, population
genetic studies, clone identification and for the determination
of intra- and interspecific relationships (COULIBALY et al., 2002;
GAILING and BACHMANN, 2003; MIYASHITA et al., 1999; POTOKINA

et al., 2002). Recent studies in different accessions of Arabidop-
sis thaliana L. and landraces of Vicia sativa L. showed a
bimodal distribution of AFLP fragments with a large fraction
present in only a few specimen and a second, somewhat small-
er, fraction of fragments present in nearly all plants (MIYASHITA

et al., 1999; POTOKINA et al., 2002). In order to exclude these
fragments a priori, only AFLP fragments were selected for fur-
ther analysis that differentiated between F. sylvatica and F.
orientalis using a limited sample size.

The absence of diagnostic markers for F. sylvatica and F. ori-
entalis from northern Turkey, respectively, and low structuring
in the neighborjoining analysis points to a releatively recent
differentiation of Fagus in western Asia and Europe presum-
ably during the cold phases of the Pleistocene (DENK et al.,
2002). The UPGMA dendrogram revealed one cluster including
all F. sylvatica samples and one cluster with exclusively F. ori-
entalis from northern Turkey. Samples from Greece (Mt.
Olymp, material supplied by V. Meng) that were regarded as
intermediate between F. orientalis and F. sylvatica by morpho-
logical criteria (F. sylvatica var. moesiaca) could not be distin-
guished from F. sylvatica by AFLPs or by chloroplast markers
(see above). The nine samples from population Devrek and two
samples from Karabük in northern Turkey that cluster with F.
sylvatica could be characterized as F. sylvatica by morphologi-
cal characters. Additional investigations should clarify the pos-
sibility of anthropogenic transfer of F. sylvatica into this region.
In accordance with our results clustering of several morpholog-
ical characters distinguished two morphotypes in Fagus, one
comprised F. sylvatica and F. sylvatica var. moesiaca, the other
F. orientalis from Western Asia (DENK et al., 2002). 

Only one sample of F. sylvatica (o4) from Greece (Mt. Olymp)
clusters with F. orientalis from northern Turkey. Genetic and
morphological examinations in this region may reveal a transi-
tion zone (“hybrid zone”) between F. sylvatica and F. orientalis
in Greece. 

A QTL mapping study of character differences between F.
orientalis and F. sylvatica (for example, differences in leaf and
cupule morphology) could yield information about the mode of
character evolution that resulted in different morphotypes in
Fagus. Genetic markers that are highly correlated with charac-
ter differences between F. sylvatica and F. orientalis might also
allow for differentiation between populations of F. orientalis
and F. sylvatica.

It could be promising to map AFLPs that show the strongest
frequency differences between F. sylvatica and F. orientalis
cluster from northern Turkey on a genetic linkage map and
test for the colocalization with QTLs for morphological differ-
ences between taxa. For example, a QTL mapping study per-
formed in an intraspecific cross of Quercus robur L. revealed
QTLs for five morphological traits that showed the highest
interspecific differences in a mixed stand of Q. robur and Q.
petraea (Matt.) Liebl. and a colocalization of QTLs with inter-
specific Gst values (SAINTAGNE et al., 2004).

cpDNA and AFLPs 

In the AFLP dendrogram a F. orientalis cluster comprising
samples from northern Turkey, a F. sylvatica cluster and one
“upper” cluster with F. orientalis from the forest botanical gar-
dens in Göttingen and Hann. Münden could be distinguished.
The F. sylvatica cluster contains F. sylvatica from Germany and
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F. sylvatica from different locations in Greece but also two sam-
ples of population Karabük and nine samples of population
Devrek from northern Turkey. At chloroplast microsatellite
ccmp 7 these samples show chloroplast type 1 as F. sylvatica
from Germany. The congruence of AFLP and chloroplast data
suggests that genetic variants (morphotypes) similar to F. syl-
vatica are present in the two nearby populations Devrek and
Karabük in northern Turkey (see Table 2) and would support
the hypothesis that one refuge, from which postglacial recoloni-
sation of central Europe started, was in northern Turkey. Also
reinvestigation of morphological characters showed that these
samples from northern Turkey are very similar to F. sylvatica
(unpublished data). However, it can not be excluded that seeds
of F. sylvatica had been transported by humans to northern
Turkey across the Black Sea, although we do not have any evi-
dence for this transfer. 

One sample from population Devrek (Devrek 50) with chloro-
plast type 1 clusters with F. orientalis (cluster 1) in the AFLP
dendrogram pointing to geneflow between nearby populations
that are composed of genetic variants similar to F. sylvatica or
F. orientalis, respectively. The observation contradicts the
hypothesis that there is only a small contact zone in southeast
Europe separating the two allopatric taxa (GÖMÖRY et al.,
1999). Also clinal variation of morphological characters from
Asia minor to Europe (DENK et al., 2002) suggests that there is
gene flow between taxa. Additonal studies especially in the pre-
dicted contact zones of F. orientalis with F. sylvatica are neces-
sary in order to determine the extent of gene exchange between
these taxa.

Samples from forest botanical gardens

Two F. orientalis samples from the forest botanical garden in
Göttingen (orient1, orient 5) group together with F. orientalis
from northern Turkey pointing to an origin in this region. Ori-
ent 1 clusters with Devrek 50 from northern Turkey in the
AFLP dendrogram and possesses the same chloroplast type 1 of
F. sylvatica. These examples illustrate that additional data on
F. orientalis populations may allow to narrow down the geo-
graphical origin of samples from unknown sources (for exam-
ple, from botanical gardens). 

The “upper” group of F. orientalis (bootstrap value 96) com-
prises samples from the forest botanical gardens in Göttingen
and Hann. Münden. Since these samples are genetically very
similar, it could not be excluded that the seed material origi-
nated from a single tree or from closely related trees. Closer
investigation revealed that F. orientalis from Hann. Münden
was grafted onto rootstocks of F. sylvatica in the forest botani-
cal garden of Göttingen in 1968 (V. MENG, personal communica-
tion). Thus orient3, orient4 from Göttingen and orient7, orient9
from Hann. Münden are most likely one clone. The estimated
age of 35 years of orient 3 supports this interpretation. Regard-
ing the conservation of F. orientalis in botanical gardens, the
applied molecular markers can be used for an inventory of the
existing plant material (clone identification) and may help to
establish a collection that covers a specific geographic range of
F. orientalis. 

F. orientalis from the botanical garden in Hann. Münden
(orient8) clusters with the “upper” F. orientalis in the AFLP
analysis, but possesses chloroplast type 1 of F. sylvatica from
Germany and one AFLP fragment that is not found in F. orien-
talis clusters (E37/M68-130 bp). Five out of eight AFLP bands
that distinguish orient 8 from the other samples in the “upper”
cluster show significantly higher frequencies in the F. sylvatica
cluster than in F. orientalis cluster 1, suggesting that orient 8
might be a hybrid between F. orientalis (“upper” cluster) and F.
sylvatica.
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