
Abstract The nuclear genetic variation within and 
between four sessile (Q. petraea) and six pedunculate
(Q. robur) autochthonous Flemish oak populations was
investigated with AFLP markers. One sessile and one
pedunculate oak population were additionally screened
for detailed leaf characteristics using an image analysis
system. Principal coordinate analysis on the AFLP data
classified the oaks in two main groups, according to their
taxonomic status. No species-specific AFLP markers
were found using four primer combinations, but marker
frequency differences up to 71% were recorded between
both species. Analysis of the genetic structure showed
that the divergence between species, as observed by 
ordination, was significant. Both species revealed similar
diversity levels. A smaller though significant differentia-
tion was also revealed for both species among popula-
tions within species. Molecular and morphology based
approaches showed a high degree of consistency. Screen-
ing of 60 AFLP primer combinations using a bulking
strategy did not allow identifying species-specific mark-
ers, which supports the conclusions reached in previous
studies. The distribution of genetic variability at the 
species and at the population level is discussed.
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Introduction

The oak species Quercus robur L. (pedunculate oak) and
Quercus petraea (Matt.) Liebl. (sessile oak) are the only
indigenous oak species in the Flemish region (Belgium).
Both white oak species are largely sympatric, wide-
spread in Europe from Spain to Russia and from Scot-
land to Turkey, and generally occupy different but proxi-
mal ecological niches. The presence of morphological
intermediates between both species at first led taxono-
mists and foresters to believe they were freely interfertile
(Wigston 1974). The authors that support the widespread
occurrence of hybridisation suggested a revision of their
taxonomic status to the status of subspecies (e.g. Olsson
1975; Van Valen 1976). However, crossing experiments
(Rushton 1977; Aas 1990; Steinhoff 1993; Kleinschmit
and Kleinschmit 1996) showed that the number of 
successful interspecific crosses was low and that the fer-
tilisation of Q. robur with Q. petraea pollen was much
more successful than the reciprocal crosses. This evi-
dence of fertility barriers led to much speculation about
the origin and taxonomic status of the morphological in-
termediate forms. Several authors postulated that the
variation within the two species had been underestimated
(e.g. Jones 1959; Gathy 1969; Dupouey 1983; Aas 1993;
Dupouey and Badeau 1993) and stated that, if hybridisa-
tion had been at all common, the close relationship be-
tween the two species and their sympatric distribution
would by now have led to the complete loss of their sep-
arate identities.

Up to now no complete differentiation between the
two species nor a diagnostic character were detected in
any morphological study, although in surveys based on
multivariate approaches for data analysis (e.g. Aas 1993;
Dupouey and Badeau 1993; Bacilieri et al. 1995) the
number of morphological intermediates was low (less
than 5%). The phenotypic studies published to-date were
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carried out in various regions of the geographical range
of the oaks. Because for these studies a range of mea-
sured characters were taken into different statistical ap-
proaches, it is very difficult to attribute the differences
found to methodological and/or geographical effects, or
to state whether the morphological character’s variation
detected is either the result of modification or of geneti-
cally fixed variability (Kleinschmit et al. 1995).

The development of molecular markers provided new
tools for further investigation of the genetic relationship
and interspecific variability of the sessile and peduncu-
late oaks. However, the first studies were discouraging
because molecular markers appeared to be less discrimi-
nating than observations of the phenotype. Isozyme-ana-
lyses could not reveal any species-specific marker
(Zanetto and Kremer 1995; Bacilieri et al. 1995), but
confirmed directional hybridisation under natural condi-
tions (Bacilieri et al. 1996) as previously demonstrated
in artificial crosses (Steinhoff 1993). RAPD analyses
supported the hypothesis that differentiation between
both white oak species is likely to be controlled by only
a few loci (Bodénès et al. 1997a). The overall nucleotide
divergence detected between the species was very low
(0.5%); however, a few ‘hot spots’ for differentiation
with an increased divergence (3%) were observed. 
Furthermore, these ‘hot spots’ are located in highly poly-
morphic genomic regions (Bodénès et al. 1997b).

Additionally, chloroplast markers were found to be
present with similar frequencies in both oak species over
the European continent (e.g. Petit et al. 1993; Dumolin-
Lapègue et al. 1999). According to Muir et al. (2000),
microsatellites could be the marker of choice for dis-
crimination between related oak species at the popula-
tion level. Microsatellite analysis enabled us to group
several European oak populations per species, with high-
ly significant values, suggesting that sessile and ped-
unculate oaks represent clearly separate taxonomic units.
Furthermore, a recently analysed isozyme locus provided

preliminary results on its possible use for differentiation
between the two oak species (Gömöry 2000).

As far as we know, no study on the genetic variability
within and between natural populations of white oak 
species has been published in which the AFLP (ampli-
fied fragment length polymorphism, Vos et al. 1995) 
fingerprinting technique was used. De Greef et al. (1998)
employed AFLPs to support the breeding and selection
of Q. petraea. Gerber et al. (2000) applied AFLPs to 
Q. macrocarpa samples to study the power of AFLPs for
parentage analysis. AFLPs usually yield several DNA
polymorphisms amplified by one primer combination.
High data output per reaction and good reproducibility
make this technique a reliable marker system for char-
acterising natural populations and breeding gene pools
(e.g. De Riek et al. 1999; Roldán-Ruiz et al. 2000).

On behalf of the Flemish Forest and Green Areas 
Division, a study was started with the aim of characteris-
ing the genetic diversity and differentiation present with-
in and between populations of both indigenous oak spe-
cies (Q. petraea and Q. robur). This paper reports on the
results obtained using AFLP markers and morphological
characterisation.

Materials and methods

Plant material

Ten oak populations were sampled in the eastern part of Flanders
(Table 1). These stands were chosen according to a survey for 
autochthonous tree populations (Maes and Rövenkamp 1999). In
each stand, 30 trees were sampled at random across the complete
surface of the stand. Minimum distances between trees varied
from circa 50 up to circa 100 m. In the small relict populations
QR5 and QR6, all trees were sampled, respectively 8 and 14 indi-
viduals. Oaks were sampled regardless of their morphologic char-
acters and presumed taxonomic status. The populations are named
after the dominant oak species (QR for Q. robur populations and
QP for Q. petraea populations), the presence of a (minor) mixture
of the other oak species is given in Table 1. 
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Table 1 Description of the populations analysed. QP = population
dominated by Q. petraea trees; QR = population dominated by Q.
robur. The last column indicates the number of samples retained
in the statistical analysis after elimination of those samples for
which it was impossible to isolate DNA of appropriate quality, and

samples for which not all primer combinations resulted in score-
able AFLP fingerprints. *Populations that were eliminated from
the calculations of AFLP marker frequencies per population due to
small population sizes

Code Location name Estimated Other oak Longitude/latitude Number Number 
area (ha) species or of of samples 

intermediate samples in AFLP 
forms present collected analysis 

(4PC)

QP1 Klaverberg-As 11 Yes 5°32′51′′/51°1′18′′ 30 30
QP2 Gemeentebos Hechtel-Eksel 18 Yes 5°20′43′′/51°6′51′′ 30 22
QP3 Windelsteen-Maasmechelen 1.8 Not detected 5°38′33′′/50°59′53′′ 30 21
QP4 Opgrimbie 6 Yes 5°37′39′′/50°56′39′′ 30 15
QR1 Kruiskensberg-Gruitrode 24 Yes 5°34′17′′/51°03′43′′ 30 20
QR2 Gemeentebos Hechtel-Eksel 1.1 Not detected 5°20′43′′/51°6′51′′ 30 18
QR3 Gemeentebos Hechtel-Eksel 8 Not detected 5°20′43′′/51°6′51′′ 30 24
QR4 Speelbos-Wetteren 5 Not detected 3°54′10′′/51°0′34′′ 30 22
QR5* Heuvelken-Tessenderlo 0.6 Not detected 5°1′12′′/51°1′24′′ 8 6
QR6* Paddenhoek-Tessenderlo 0.5 Not detected 5°1′52′′/51°4′10′′ 14 10



DNA extraction

Five mature oak leaves were harvested on each tree, immediately
frozen in liquid nitrogen during sampling and lyophilised for 48 h.
The dried material was further stored under vacuum conditions
until DNA extraction. Forty milligrams of the dried material were
ground and a DNA-isolation was carried out according to the
CTAB-extraction procedure of Lefort and Douglas (1999). This
method yielded up to 25 µg of genomic DNA per extraction. DNA
concentrations were determined, relative to uncut lambda DNA,
on 1.5% agarose gels.

AFLP reactions and PAGE

AFLP was performed according to Vos et al. (1995) with available
products and kits (Preamp primer mix and AFLP Core reagent
kits, Gibco-BRL). Two hundred and fifty nanograms of genomic
DNA was digested for 2 h at 37 °C in a final volume of 50 µl con-
taining 10 mM of MgOAc, 50 mM of KOAc, 10 mM Tris-HCl
pH 7.5, 2.5 U of EcoRI (Gibco-BRL) and 2.5 U of MseI (Gibco-
BRL). Two adaptors, one for the EcoRI ends and one for the MseI
ends, designed to avoid the reconstruction of the restriction sites,
were ligated to the restriction fragments by adding 24 µl of a mix
containing 5 pmol of EcoRI adaptor, 50 pmol of MseI adaptor,
10 mM of ATP, 10 mM of Tris-HCL, 10 mM of MgOAc, 50 mM
of KOAc and 1 U of T4 DNA ligase (Gibco-BRL). The ligation
mixture was incubated for 2 h at 37 °C.

A pre-amplification step was performed with primers comple-
mentary to the EcoRI and MseI adaptors with an additional selec-
tive 3′ nucleotide. The PCR reactions were performed in a 50 µl
volume of 10 mM Tris-HCL pH 8.3, 1.5 mM of MgCl2, 50 mM of
KCl, 0.2 mM of each dNTP, 25 ng of each primer (Gibco-BRL),
1 U of Taq DNA polymerase (Applied Biosystems) and 5 µl of the
fragments. The PCR amplifications were carried out in a Hybaid
Omni Gene cycler using 20 cycles, each cycle consisting of 30 s at
94 °C, 60 s at 56 °C and 60 s at 72 °C. For the selective amplifica-
tion, primers with six selective bases were used. The EcoRI prim-
er was labelled with a fluorescent near-infrared group (IRD-700 or
IRD-800). The PCR amplification mixture was composed of 3 µl
of diluted pre-amplification product (1/10 of their initial concen-

tration), 1 µl of MseI primer at 5 µM, 1 µl of EcoRI primer at
1 µM, 1 U of Taq DNA polymerase (Applied Biosystems), 15 µl
of 10 × PCR Buffer (Applied Biosystems) and 1 µl of dNTPs 
(20-mM each). The selective amplification was carried out in a
Perkin Elmer Geneamp PCR system 9600 with the following pa-
rameters: 1 cycle of 2 min at 94 °C, 30 s at 65 °C, 2 min at 72 °C,
followed by nine cycles in which the annealing temperature 
decreases 1 °C per cycle, followed by 23 cycles of 1 s at 94 °C,
30 s at 56 °C and 2 min at 72 °C. After amplification, the samples
were denatured by adding 1 µl of formamide buffer (LI-COR,
Inc.) to 2 µl of the sample and heating for 3 min at 90 °C. AFLP
fragments were separated by PAGE on a LI-COR 4200 DNA Ana-
lyzer Sequencer on 25-cm gels using 6.5% denaturing polyacryla-
mide gels (KB-plus solution, LI-COR, Incorporated). Near-infra-
red labelled size standards (LI-COR, Incorporated) were loaded on
each gel at regular intervals for sizing of the AFLP fragments.

Data analysis

Gene ImagIR software 3.55 (LI-COR, Incorporated) was used to
score the fragment size and to define marker bins. Each marker
was coded as present (1) or absent (0) for each plant, thus creating
a binary data matrix.

Spearman correlations between marker presences over the
plants were calculated to estimate the redundancy in the data 
set. In addition, a principal coordinate analysis (PCO) was 
performed to calculate principal co-ordinates from pairwise Eu-
clidian distance estimates between individual genotypes (MVSP,
http://www.kovcomp.com). The first two axes were plotted
graphically (SPSS, http://www.SPSS.com). Furthermore, marker
frequencies per population were used to calculate squared Euclid-
ean distances and for subsequent UPGMA clustering. The repro-
ducibility of the ordination was tested by random re-sampling
(1,000 bootstrapped datasets) using Phylip (Felsenstein 1993).
All cluster analyses were performed with SPSS.

Genetic diversity and differentiation statistics were calculated
using the program Aflpsurv V.1.0. (Vekemans 2001). Allelic 
frequencies at AFLP loci were computed from the observed fre-
quencies of fragments using the Bayesian approach proposed by
Zhivotovsky (1999) for diploid species, assuming some deviation
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Table 2 List of directly measured and derived morphological characters. *Character evaluated by eye

Measured variables

Abbreviation Character Measure

LL Lamina length Pixel (1/3 mm)
PL Petiole length Pixel (1/3 mm)
LW Lobe width: width of the deepest lobe from the mid Pixel (1/3 mm)

rib to the top
SW Sinus width: lamina width from the mid rib to the base Pixel (1/3 mm)

of the sinus, at the widest part of the lamina
WP Widest part: length of lamina from the lamina base to Pixel (1/3 mm)

the widest part of the lamina
NL Number of lobes Count
NV* Number of intercalary veins* Count
BW0, BW10, BW20, BW–10, BW–20 Basal width of the lamina measured at the lamina base Pixel (1/3 mm)

and 20 and 10 pixels up and down
PUB* Abaxial lamina pubescence* Categorical, from 1 to 6

Derived characters

Abbreviation Character Calculation formula

LS Shape of lamina LL/WP
PR Petiole ratio PL/(LL+PL)
LDR Lobe depth ratio LW/(LW-SW)
PV Percentage venation NV*100/NL
BS Basal shape (BW–20+BW–10+BW0+BW10+BW20)/5



from Hardy Weinberg genotypic proportions. Deviation from 
Hardy Weinberg genotypic proportions were accounted for
through the use of a hypothesised value of the inbreeding coeffi-
cient (Fis = 0.15, see discussion). A non-uniform prior distribution
of allelic frequencies was assumed with its parameters derived
from the observed distribution of fragment frequencies among loci
(see Note 4 in Zhivotovsky 1999). These allelic frequencies were
used as input for the analysis of genetic diversity within and be-
tween populations following the method described in Lynch and
Milligan (1994). The significance of the genetic differentiation be-
tween species or populations was tested by comparison of the ob-
served FST with a distribution of FST under the hypothesis of no
genetic structure, obtained by means of 5,000 random permuta-
tions of individuals among species or populations.

Morphological analysis

In one Q. robur (QR4) and one Q. petraea (QP1) population, leaf
material was collected on the same trees sampled for the DNA
analysis (30 trees per population). Ten mature leaves were collect-
ed from the upper part of the crown of each sampled tree. Leaves
were dried and stored in a herbarium. Five intact leaves were cho-
sen for further analysis. The image-analysis system used for the
morphological characterisation of the leaves consisted of a camera
(KY-F55B, JVC, Japan), a frame grabber card (Flashbus, Integral
Technologies, USA), an IBM-compatible PC and image analysis
software (Wit version 5.31, Logical Vision, Canada). A pro-
gramme was developed to measure the leaf characteristics auto-
matically. Additional estimations of lamina pubescence were made
with a binocular microscope (magnification 40 ×) and the number
of intercalary veins was counted by eye. Table 2 summarises the
measured parameters and the derived characters used for further
computations. A Mann-Whitney U test was performed to estimate
the power of the morphological parameters for species discrimina-
tion. In addition, a PCO analysis was performed (using MVSP and
SPSS). 

Results

AFLP analysis

Selection of primer combinations

Twenty eight primer combinations were tested on five
samples from different populations. The generated finger-
prints were evaluated for overall clearness of the banding
pattern and the number of polymorphic markers present
was recorded (data not shown). Ten primer combinations
(Table 3) were chosen for further screening on 40 oak

samples. The number of markers scored and the degree of
polymorphism are shown in Table 3. To evaluate the re-
producibility of the fingerprints, three completely inde-
pendent AFLP fingerprints were generated for ten sam-
ples, starting from different DNA extractions. Mean re-
producibility values (calculated as the percentage of
markers that were identical in the three repeats for the
same plant) were very high and ranged from 98.6 to
99.1% for the different primer combinations (Table 3).
Two primer combinations resulted in not-scoreable fin-
gerprints due to the amplification of too many and/or
faint bands. Four primer combinations were finally 
chosen for the diversity screening: EcoRI-ACA/MseI-
CTC, EcoRI-ACC/MseI-CAT, EcoRI-ACG/MseI-CTC and
EcoRI-AGG/MseI-CAA. 

Diversity screening

The application of the four primer combinations on 188
oak genotypes resulted in 202 scoreable markers, of
which 170 were polymorphic. All trees were character-
ised by a unique banding pattern. Only oaks, for which
all four fingerprints were successfully produced, were
taken into account for further analysis. For the stands
QR5 and QR6, only six and ten samples were success-
fully analysed (Table 1) and were not included in the
calculations based on marker frequencies per popula-
tion.

After elimination of the monomorphic markers,
Spearman correlations were calculated between all pairs
of markers. The low average-pairwise correlation value
of 0.074 suggests the presence of only a limited amount
of redundant information in the data set. This can be at-
tributed to the high degree of polymorphism detected
within and between the populations analysed.

A PCO analysis (Fig. 1) clearly separated sessile and
pedunculate oaks into two differentiated groups, leaving
only ten (out of 188) oaks to be apparently ‘misclassi-
fied’. These atypical samples most-likely represent 
minor mixtures in a stand dominated by the opposite oak
species, as will confirmed by their morphologic evalua-
tion (see below). The two plotted axes accounted for re-
spectively 7.0 and 6.5% of the variation present at the
molecular level. The vast majority of individuals with a
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Table 3 Comparison of the 
results obtained in the prelimi-
nary study using ten primer
combinations. Reproducibility
values are given as percentage
of bands that were identically
scored in three independent 
repeats, starting from different
DNA extractions. 
*The four primer combinations
selected for the diversity
screening

Primer combination Number of  Number of Reproducibility
markers scored polymorphic markers value
(in 40 samples) (in 40 samples)

E-ACA + M-CAA 58 32 98.6%
E-ACA + M-CAC 42 29 98.8%
E-ACA + M-CTC* 49 38 99.1%
E-ACA + M-CTG 40 32 99.0%
E-ACC + M-CAT* 45 36 98.6%
E-ACC + M-CTA Not scoreable / /
E-ACG + M-CTC* 44 37 98.8%
E-ACT + M-CAT 43 36 98.8%
E-AGC + M-CTT Not scoreable / /
E-AGG + M-CAA* 53 35 98.8%



negative score for the first principal coordinate belong to
the Q. petraea species-group; individuals with a positive
score belong to the Q. robur group. 

The reproducibility of the grouping was further tested
by performing a hierarchical cluster analysis (UPGMA),
based on the frequency data of AFLP markers per popu-
lation, and the stability of the resulting dendrogram was
tested by bootstrapping procedures (Fig. 2). All oak pop-
ulations grouped together with populations from the
same species. The separation between both species has
very strong bootstrap support (100%). The relationships
at the population (within-species) level were less stable
(bootstrap values between 32% and 80%). 

After exclusion of the ten atypical samples (Fig. 1),
an analysis of the population genetic structure indicated
a significant differentiation between the two species 
(FST = 0.0733, P < 0.0001, Table 4). The differentiation
among populations within species was lower though also
significant for both species [FST = 0.0208 (P < 0.0001)
for Q. petraea; FST = 0.0213 (P = 0.0012) for Q. robur].
The vast majority of the diversity present was attributed

to the within-population level for both species. The 
levels of diversity within both species, either at the pop-
ulation (Hw) or the whole-sample level (Ht), were strik-
ingly similar. 

Identification of diagnostic markers 
for species assignment

No species-specific markers were detected by the four
AFLP primer combinations used in the diversity study,
and the significant differentiation found at species level
was due to AFLP marker-frequency differences. The 
average difference in marker frequency between species
was 12%, but one marker displayed a difference in fre-
quency up to 71%.

A genotypic difference of 71% will correspond with
an allele frequency difference of 71% if the vast majori-
ty of plants in which the marker is present are homozy-
gous for this marker locus. In case of heterozygosity for
this locus, allele frequency differences will be lower
than 71%. Therefore, the observed 71% of genotypic
difference is most-likely an overestimate of the true al-
lele frequency difference. The allele frequency differ-
ence at this specific marker locus is estimated as 62%
(using the Bayesian approach from Zhivotovsky, see 
data analysis).
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Fig. 1 Plot of the first two principal coordinates calculated from
the Euclidean distance of presence/absence data for 170 polymor-
phic AFLP markers. Samples that do not cluster within their popu-
lation and for which phenotypic results are available are indicated
with arrows. Individuals are coded according to the stand. Names
of stands refer to Table 1

Fig. 2 Dendrogram (UPGMA) calculated from the squared Eu-
clidian distance of AFLP marker frequencies per population.
Names of populations refer to Table 1. Numbers at forks are boot-
strap support values, based on 1,000 bootstrapped datasets

Table 4 Results of the analysis of genetic diversity based on 170
AFLP markers scored in 88 Q. petraea and 84 Q. robur individu-
als. All calculations are performed using the program AFLPsurv
1.0. (Vekemans 2001). Names of populations refer to Table 1. 
n number of populations; Ht total diversity; Hw average diversity

within populations; Hb average diversity between populations;
FST differentiation between populations; Low 99% FST-Upper
99% FST critical values at the 99% level of the randomisation dis-
tribution of FST assuming no population structure, based on 5,000
random permutations

Populations n Ht Hw SE (Hw) Hb SE (Hb) FST Low 99% Upper 99% P-value
FST FST

QP1–4; QR1–4 2 0.3021 0.2800 0.000120 0.0222 0.000000 0.0733 0 0.0053 < 0.0001
QP1, 2, 3, 4 4 0.2949 0.2887 0.010312 0.0061 0.000000 0.0208 0 0.0076 < 0.0001
QR1, 2, 3, 4 4 0.2901 0.2840 0.010366 0.0062 0.001911 0.0213 0 0.0112 0.0012



Phenotypic analysis

Secondary characters were calculated, based on the mea-
sured leaf parameters (Table 2) for 30 trees from one ses-
sile oak (QP1) and one pedunculate oak (QR4) popula-
tion. The discriminatory power of these parameters was
computed (Table 5). All but one character (LS, lamina
shape) were significantly different between sessile and
pedunculate oaks. PCO analysis (Fig. 3) divided the
samples into two completely separated groups, without
any intermediate positions. The first axis, representing
the species divergence, explains 55.0% of the variation
and axis 2 stands for 20.1% of the variation present in
the morphology dataset. As expected, the three oaks of
stand QP1 that were identified as Q. robur based on
AFLP genotyping were here again positioned within the
Q. robur group. 

Discussion

Use of AFLP markers for population genetic analysis 
of Flemish oak populations

One of the major drawbacks of using dominant markers
such as AFLPs for population genetics is that they only
provide information on genotypic frequencies and not on
the underlying allelic frequencies. On the other hand, the
power of AFLP, generating a huge amount of markers in
comparison to other molecular marker systems, makes it
an important tool for population studies.

In order to estimate population genetic parameters
one can either assume Hardy Weinberg equilibrium (for
an outcrossing species) or use estimates of the inbreed-
ing coefficient (Fis) from other studies performed with
codominant markers to calculate allelic frequencies
(Vekemans et al. 2002). In this case it is assumed that the
Fis values estimated in different populations and using
different marker systems are the same. Alternatively, an
AMOVA approach (Excoffier et al. 1992), assuming the
input of co-dominant data, could be applied in order to
avoid the inaccuracies of estimating Fis values. This
method can, however, give significantly biased estimates
of population genetic parameters when dominant marker
data are used, especially for outcrossing species such as
oaks. No information on allelic frequencies has been
published yet for Flemish oak populations. It was there-
fore decided to use an average value for Fis (Fis = 0.15),
computed in other natural oak populations distributed
over the geographic range of the oak species (Bacilieri et
al. 1994; Streiff et al. 1999). Analysis was repeated with
Fis values of 0.1 and 0.2 which resulted in comparable
parameters and identical conclusions.

Interspecific variation and species differentiation

The present dataset revealed a clear differentiation of the
Flemish oak gene pool in sessile and pedunculate oaks.
The clustering based on the frequency data of AFLP
markers, grouped the populations of the same species to-
gether, with a bootstrap value of 100%. Similar results
were obtained in a microsatellite survey of European oak
populations (Muir et al. 2000). Therefore, the power of
AFLP markers to discriminate the sessile and peduncu-
late oaks is comparable to the power obtained by Muir 
et al. (2000) using 20 microsatellite markers. Further-
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Table 5 Descriptive statistics
and significance values for the
phenotypic characters. Five
leaves of 30 sessile (QP1) and
30 pedunculate (QR4) oaks
were analysed. Mean values
per character were used for 
data analysis

Parameter Mean Std. Minimum Maximum Mann- Significance
deviation Whitney U (2-tailed)

PUB 2.63 1.40 1.00 5.00 40.00 0.000
BS 22.71 8.63 8.32 55.16 269.50 0.002
LDR 3.03 0.60 2.13 4.71 118.00 0.000
LS 1.68 0.10 1.45 1.90 474.00 0.773
PR 0.0826 0.0439 0.01 0.18 27.00 0.000
PV 27.92 24.06 0.00 89.69 57.00 0.000

Fig. 3 Plot of the first two principal coordinates calculated from
Euclidean distances based on five morphological characters 
(Table 2) of 60 trees (populations QR4 and QP1). Individuals are
marked according to their population. Names of stands refer to 
Table 1. The same oaks of QP1 are clustered within the Q. robur
group (indicated with arrows) as on the PCO plot based on AFLP
markers (Fig. 1)



more, PCO analysis on the AFLP data was able to assign
the individual trees to the ‘right’ species. At first sight,
only ten trees were atypical. These ten samples displayed
an AFLP fingerprint that did not fit in the stand where
they were sampled. Most of these oaks had also been
designated as the species other than the dominant one in
the stand where they are located during the collection of
the material in the field. For the three atypical oaks that
were also characterised morphologically, the results of
both genotypic and phenotypic classification were identi-
cal at the individual tree level. The combination of the
AFLP results, the morphological study and additional
field information show clearly that these apparently
atypical oaks were in fact classified correctly based on
their AFLP fingerprints, and that they represent minor
mixtures in a stand dominated by the other oak species.

The differences between species as detected by PCO
analysis proved to be highly significant (FST = 0.0733, 
P < 0.0001). This differentiation value is lower than often
found between taxonomic closely related species (e.g.
Lowe et al. 2000), but the differentiation detected in the
present study was stronger than formerly observed in these
oak species using other molecular-marker techniques (with
isozymes: e.g. Zanetto et al. 1994, with RAPDs; Moreau 
et al. 1994). AFLP, generating many polymorphic markers,
was successfully applied for identifying the two major 
taxonomic units present in the Flemish oak gene pool. This
supports the hypothesis that the formerly, often observed,
discrepancy between the discriminatory power of pheno-
typic (high) and genetic (low) differentiation between both
species can be due to a sampling effect: too few loci were
investigated with molecular markers to reveal the same 
divergence at the molecular level.

PCO plots were produced for each AFLP primer com-
bination separately and for all possible combinations of
two primer combinations (data not shown). None of the
(sets of) primer combinations had enough discriminatory
power to make the same clear differentiation between
species as found using the whole dataset (four primer
combinations). However, if only the ten most species-
specific markers out of the complete dataset (ten markers
showing the highest difference in frequency between
both species, marker frequency differences range from
71% to 39% in this group of ten markers) were used,
similar results were obtained as when the complete data
set of 170 polymorphic markers was used. Most of the
AFLP markers are assumed to be neutral markers (Vos et
al. 1995) and are therefore not likely to be linked to the
plant’s phenotype. Nevertheless, when selecting species-
diagnostic AFLP markers, a selection is made towards
markers associated with genomic regions of species-
divergence. Hence, these markers are more-likely to be
associated with the phenotype, if the observed morpho-
logical differences are truly diagnostic characters and not
the result of phenotypic plasticity or modifications. The
presence of these species-diagnostic markers will be fur-
ther analysed in oak trees originating from a wider geo-
graphic range to estimate their true diagnostic value for
the species assignment of sessile and pedunculate oaks.

Although many AFLP markers were generated using
four AFLP primer combinations, only a relatively small
portion of the genome was sampled. For rapidly screen-
ing more regions of the genome, 60 different AFLP
primer combinations were tested on DNA bulks. Six
primer combinations identified a total of eight putative
species-specific markers. None of the eight markers se-
lected in the bulks was confirmed as species-specific
when individual trees were analysed. The markers were
present in maximum eight out of the ten trees from the
same species and were often too faint to score on indi-
vidual plants (data not shown).

These results confirm the previous studies on the di-
vergence of sessile and pedunculate oaks. Up to now, no
single marker has been identified which allowed differ-
entiating the two species at the individual tree level
(Moreau et al. 1994, using RAPDs; Zanetto and Kremer
1995, using isozymes; Bodénès et al. 1997a, using 2,800
PCR-amplification products; Muir et al. 2000, using SSR
markers and Muir et al. 2001, using rDNA). As stated,
the overall nucleotide divergence is limited (Bodénès et
al. 1997a) and past and recent hybridisation events are
likely to have occurred, which renders the chance of
finding species-specific markers with a random PCR-
technique low.

Intraspecific variation and population differentiation

Oaks exhibit a level of diversity that is amongst the 
highest of all woody species (Kremer and Petit 1993), de-
spite their relatively small genome (Zoldos et al. 1998). 
Bacilieri et al. (1996) demonstrated that the maintenance
of the genetic diversity in these species is associated with
almost complete outcrossing. It has been shown that out-
crossing woody species typically display greater genetic
variation within populations than among populations (e.g.
Hamrick and Godt 1996; Heaton et al. 1999). The current
study, however, found that AFLP variation was not dis-
tributed entirely homogeneously across the sampled popu-
lations. A small, though significant, proportion of the total
variation was assigned to differences among populations
[FST = 0.0208 (P < 0.0001) for Q. petraea, FST = 0.0213
(P = 0.0012) for Q. robur]. The vast majority of variation
present in the dataset was attributed to the within-popula-
tion level (ratio Hw/Ht = 0.979 for both species). These
values are comparable with other oak studies based on
isozyme analysis (Kremer et al. 1991: 91% of the varia-
tion was attributed to within-populations differences). In
other studies of oaks over a large European range, codom-
inant and dominant markers revealed the presence of pop-
ulation differentiation in both sessile and pedunculate oaks
(Bodénès et al. 1997b; Le Corre et al. 1997). However, in
contrast with previous studies based on isozymes and 
microsatellites (Zanetto et al. 1994 and Streiff et al. 1999)
where a higher genetic diversity was detected within 
Q. petraea, similar levels of diversity were found for both
species. The present analyses confirm that the studied
Flemish oak stands, located within a distance of 150 kilo-
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metres, cannot be considered as one panmictic unit. This
is rather unexpected when considering the long-distance
transport of oak pollen (Lahtinen et al. 1996; Streiff et al.
1999). A hypothesis on the origin of the detected differen-
tiation can be found in the history of many Flemish for-
ests. As has been revealed by recent molecular analysis,
historical events such as habitat fragmentation and popu-
lation bottlenecks can have an important influence on the
present patterns of genetic differentiation (Newton et al.
1999). The autochthonous Flemish oak stands are old
coppiced populations and are assumed to be relicts of pop-
ulations, established during the re-migration of the oaks
after the last glacial period. During history, the surfaces of
(ancient) woods have often declined significantly due to a
high anthropogenic pressure. When pressure diminished,
populations could be re-established out of the preserved
remnants. Hence, this enforced bottleneck and subsequent
genetic drift may account for the currently detected differ-
entiation at the population level. The presence of some of
the oldest Flemish oak stools on top of land dunes (e.g.
populations QR4, QR3, QP1) further support this hypoth-
esis: all land except for the dry and unfertile land dunes
might have been de-forested, leaving the old coppice
stools as seed sources for the future re-establishment of
the oak populations.

Taxonomic status and hybridisation

Many experimental results support the hypothesis of 
the existence of interspecific gene flow and introgression
between Q. petraea and Q. robur, the most important 
being: (1) the possibility of interspecific crossings
(Steinhoff 1993), (2) the occurrence of natural hybrids
and the so called ‘regeneration’ of Q. petraea from 
successive unidirectional hybridisation with Q. robur
(Bacilieri et al. 1996; Petit et al. 1997), and (3) the 
similar geographic structure of chloroplast haplotypes
(Dumolin-Lapègue et al. 1999). Moreover, analyses of
chloroplast and mitochondrial DNA variation revealed
that hybridisations took place during the stay of the oaks
in glacial refugia, but that also recent hybridisation and
introgression events are most-likely to occur (Petit et al.
1997; Dumolin-Lapègue et al. 1999).

On the other hand, nuclear markers have shown that
both species are differentiated throughout the geograph-
ical range of their natural distribution (e.g. Zanetto et al.
1994). AFLP markers reflect the divergence of the
Flemish oaks into two main groups, according to their
taxonomic species, suggesting that the gene flow be-
tween both groups is limited. Even in populations were
both species coexist (QR1, QP1, QP2, QP4), only very
few putative hybrid forms were detected. Assuming the
occurrence of past and recent interspecific gene flow,
two hypotheses can be put forward to explain the ab-
sence of genetic intermediate individuals in a stand
where both species are present. First of all, and as sug-
gested by Bacilieri et al. (1995), if hybridisation rates
are low, the number of samples in the present survey

may be too small to detect the rare hybrid forms. Sec-
ondly, directional mating and subsequent asymmetrical
backcrosses to the Q. petraea parent will reduce the oc-
currence of intermediate forms. When analysing indi-
viduals resulting from several backcrosses with a 
Q. petraea parent, the generated AFLP fingerprints will
be regarded as part of the genetic variability present
within the Q. petraea gene pool. In addition, after re-
peated backcrosses, the morphology of the tree will
probably be more similar to Q. petraea than to Q. robur.
A case study on one oak population, using the same
AFLP markers will be carried out in order to further in-
vestigate the first hypothesis. Assuming that most
acorns germinate in the vicinity of the mother tree (Petit
et al. 1997) and the preferential directionality in inter-
specific crosses with Q. petraea as pollinator (Bacilieri
et al. 1996), most putative hybrids will be located in the
vicinity of Q. robur trees in a stand dominated with 
Q. petraea. An AFLP analysis of the saplings and seed-
lings surrounding these pedunculate oaks will be includ-
ed when studying a population into more detail.
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