
Summary

The aim of this study was to compare genetic diversity with-
in and among Quercus spp. populations based on two con-
trasting types of nuclear markers. Seven mixed stands of Quer-
cus petraea and Quercus robur were analysed using six highly
polymorphic and codominantly inherited microsatellite mar-
kers as well as 155 dominant AFLP markers. Genetic differ-
entiation and genetic diversity within each population were
assessed. The intra- and inter-locus variances were calculated,
and the results were used to compare the genetic diversity be-
tween populations. Both classes of markers revealed similar
results: the genetic diversity within population and the genetic
differentiation among populations is greater in Q. petraea than
in Q. robur. The genetic differentiation is generally higher
when AFLP markers were used in comparison to microsatelli-
tes. For AFLPs, the inter-locus variance is always much higher
than the intra-locus variance, and explains why it was not pos-
sible to distinguish populations using this marker system.
Finally, no significant positive correlation was found between
the level of within-population diversity assessed with the two
markers.

Key words: microsatellite, AFLP, genetic diversity, genetic differentia-
tion, Quercus robur, Quercus petraea.

Introduction

The assessment of genetic diversity using nuclear markers
can follow two different strategies for the species tested: samp-
ling different populations and individuals as well as analysing
an expanding number of loci. The associated components of
sampling variance have been termed “intra-locus variance” and
“inter-locus variance”, respectively, and, from the theoretical
point of view, the inter-locus variance is considered to be much
higher than the intra-locus component (NEI, 1987). Several
PCR-based marker technologies are available now to charac-
terise the genetic diversity of a species directly at the level of
DNA (KARP et al., 1997). Microsatellite markers are provided

by sequence-specific primer pairs and this makes their develop-
ment time-consuming and expensive. However, once developed,
they yield a maximum of information with refer to their co-
dominant inheritance which enables to distinguish between
both alleles of a single heterozygous locus. In contrast, markers
such as Random Amplified Polymorphic DNA (RAPD) and
Amplified Fragment Length Polymorphism (AFLP) are more
efficient since no species-specific sequence information is requi-
red for the development of PCR primers. They provide informa-
tion on many loci which are commonly randomly distributed
throughout the genome; however, such markers are usually
dominantly inherited (BREYNE et al., 1997). Consequently, for a
given investment of time and money, multilocus profiling tech-
niques provide information on an enlarged number of loci in
contrast to one-locus specific microsatellites, but the genotypic
information obtained from each locus is reduced due to the
dominant inheritance. Two contrasting sampling strategies can
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Therefore, the squared sum of orchard pollen father’s contri-
bution will be 

From the same way, the squared sum of alien pollen father’s
contribution becomes
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KREMER et al., 2002) was used to distinguish Q. petraea from 
Q. robur by morphological characters. A principal component
analysis (PCA) with refer to 14 leaf characters enabled the
species classification for each oak tree tested. Trees exhibiting
intermediate morphology were excluded from further analysis.

The location of stands is given on Figure 1. The list of stands
and their composition are given in Table 1.

be adopted to assess genetic diversity using molecular mar-
kers: (i) selection of highly informative markers at a few loci
(e.g. microsatellites), and (ii) sampling of numerous less infor-
mative markers randomly distributed within the genome
(RAPD or AFLP technology). It is not yet clear that these two
strategies will produce similar results when used to measure
within- and among-populations diversity. Most of studies that
compare different types of markers have been carried out by
allozymes and RAPD markers, and do not provide consistent
results (BARUFFI et al., 1995; CAGIGAS et al., 1999; ISABEL et al.,
1995; LANNÉR-HERRERA et al., 1996; LE CORRE et al., 1997).

Genetic variation within and among Q. petraea and Q. robur
populations has previously been analysed in great detail by
allozymes (MÜLLER-STARCK and ZIEHE, 1991; KREMER et al.,
1991; MÜLLER-STARCK et al., 1993; KREMER and PETIT, 1993;
ZANETTO et al., 1994). These studies showed that Q. petraea is
more variable than Q. robur, and that both species share the
same marker alleles, exhibiting only small differences in their
allele frequencies. Analysis of total protein patterns has provid-
ed results comparable with allozymes, indicating that the level
of genetic differentiation between Q. petraea and Q. robur is
very low (BARRENECHE et al., 1996). BODENES et al. (1997b)
investigated the geographic variation of the species differentia-
tion between Q. petraea and Q. robur on the basis of RAPD
markers. They found only two per cent of the amplified frag-
ments, exhibiting significantly different frequency distribution
between both species, and none of them was species specific.

We report here on the comparison of the levels of genetic
diversity within and among populations of two closely related
white oak species, Q. petraea (MATT.) LIEBL. and Q. robur L.,
with respect to two contrasting types of nuclear DNA markers
above-mentioned, namely microsatellites and AFLP markers.
Within the framework of a research project, supported by the
European Union, seven mixed Q. petraea and Q. robur stands
were selected in six different countries. For each stand, every
tree was analysed with respect to six microsatellite markers by
each laboratory within the project. In addition, approximately
45 samples of each species were screened per stand, using 155
AFLP loci, which has been done by the INRA laboratory. These
data sets were used to compare the levels of diversity within
and between both oak species. The objectives of this study were
twofold: (i) to compare the above-mentioned contrasting mar-
ker systems for the assessment of gene diversity in oaks. The
main goal was to verify whether these markers would provide
the same genetic relationships when populations within each
species were ordered by their level of diversity and (ii) to
compare the level of diversity among populations within each
species by taking into account the whole genome. Furthermore,
a new method was developed to assess both the inter-locus and
the intra-locus sampling variance of gene diversity to compare
the level of diversity between populations.

Material and Methods

Sampling of stands

Seven stands, representing six European countries, were
selected under following conditions: (i) the stands are mixed,
comprising Q. petraea and Q. robur in approximately equal
proportions, as well as consisting of three zones, namely two
monospecific zones and one zone where the two species are
growing tree by tree; (ii) the stands are of natural origin; (iii)
the stands are characterised by adult trees (more than 120
years old); and (iv) the population size for each species should
be close to 200. Although these are the features of an ideal site,
it was not possible that each population meets all the criteria
mentioned. A standard protocol (DUPOUEY and BADEAU, 1993;

Table 1. – List of the stands and their composition.

Microsatellite markers

All trees were genotyped using six microsatellite loci:
ssrQpZAG9, ssrQpZAG36, ssrQpZAG104 and ssrQpZAG1/5
(STEINKELLNER et al., 1997) as well as MSQ4 and MSQ13 (DOW

et al., 1995). DNA extraction, PCR-based amplification and
detection of microsatellites were performed according to
STREIFF et al. (1998). A test was carried out to validate the
genotype identification across different laboratories. Each
regional laboratory has sent 10 DNA extracts to the INRA ref-
erence laboratory who performed the comparison between own
results and the data obtained from the other participants. Five
scoring differences among the laboratories were found:

Error 1 reflects a systematic shift in the estimated allele
sizes, constant across the range of allele sizes. For example, the
allele of microsatellite ssrQpZAG9 that was scored 202 bp by

Fig. 1. – Location of stands.
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the INRA laboratory was scored 205 bp by the Austrian labora-
tory.

Error 2 reflects a systematic shift in allele size, but not con-
stant across the range of allele sizes. The difference amounted
to a certain value when the allele size was lower than a given
threshold, and then changed above this threshold.

Error 3 reflects a random variation of allele sizes. There
were occasionally discrepancies between allele sizes.

Error 4 reflects differences in genotype identification, especi-
ally inconsistencies in differentiating heterozygotes and homo-
zygotes. This mainly occurred when the two alleles exhibited a
small difference in size.

Error 5 reflects a miscoding of rare, high molecular weight
alleles. For a few loci, there were alleles of unusually extreme
size corresponding most likely to either a deletion or insertion
in flanking regions. In general, there were small discrepancies
in the assessment of the size of these alleles scored across the
laboratories.

AFLP markers

For each stand, approximately 45 randomly chosen trees
from both species were screened. Using four AFLP Primer-
Enzyme Combinations [PstI+CAG / MseI+CAA, PstI+CAG /
MseI+GCA, PstI+CAG / MseI+GGA and PstI+CCA /
MseI+CAA], AFLP analysis was performed as has been describ-
ed by GERBER et al. (2000). The RFLPscan version 3.0 (Scanaly-
tics) software was used for scoring the AFLP fragments. The
STR marker (purchased by LI-COR, Biotechnology Division)
was employed to determine the accurate sizes of individual
fragments.

Data analysis for microsatellite markers

The following standard parameters of population genetics
were calculated for each species and each stand (BROWN and
WEIR, 1983): allelic richness (A), effective number of alleles
(AE=1/[1-HE]), observed heterozygosity (HO), expected heterozy-
gosity (HE) from Hardy-Weinberg proportion and fixation index
(FIS=1-HO/HE). In addition, the within-population gene diver-
sity (Hi), the mean within-population gene diversity (HS), the
total diversity (HT) and the genetic differentiation (GST) were
calculated according to NEI (1987). Parameters were indicated
by mean values. The coefficient of gene differentiation among
populations (GST) was calculated between both species in each
stand and among populations of each species. Parameters were
computed using the DIPLOIDE program (ANTOINE KREMER,
Equipe de Génétique et Amélioration des Arbres Forestiers,
Cestas, France).

Taking into account the discrepancies obtained for micro-
satellite data between different laboratories, the estimation of
genetic diversity was performed in two different ways: the com-
parison of diversity between Q. petraea and Q. robur was done
separately for each stand, using the scoring procedure which
has been developed by the laboratory in charge of the given
stand (1st analysis). On the other hand, the comparison of
diversity of Q. petraea/Q. robur populations across sites was
performed after transforming the original data by taking into
account the above-mentioned discrepancies, which were found
between the genotypes estimated in the reference laboratory
and in the regional laboratory (2nd analysis). Basic corrections
were introduced according to the results obtained from the
master PCRs. Furthermore, alleles differing by one base pair
and present in low frequencies were pooled. In this case, the
comparison of diversity was restricted to the estimations of
expected heterozygosity (HE) and the within-population gene
diversity (Hi). Both parameters are known to be less sensitive

to small changes in allele frequencies than allelic richness A,
simply because the square of the allelic frequencies is involved
in the calculation of H.

Data analysis for AFLP markers

The analysis of the AFLP markers was done under the
assumption that each amplified band, regardless of its relative
intensity, corresponds to a dominantly inherited allele at a
single locus. Polymorphic loci were scored as “1” for the presen-
ce and “0” for the absence of the marker band.

Both phenotypic and genotypic types of analysis were per-
formed in case of the AFLP data. Phenotypic analysis consider-
ed two types of variants: the individuals exhibiting a band (fre-
quency P) and those without the band (frequency Q). P and Q
were obtained directly from the DNA profiles and used for cal-
culating Hi, HS, HT, and GST.

The genotypic analysis depends on the frequencies p and q of
allelic variants, which are responsible for the presence or the
absence of bands, respectively. The following hypothesis of
genetic structure allows p and q to be deduced from Q: if the
deficiency of heterozygotes (indicated by FIS) is known, then Q
results from the formula Q = q2 (1–FIS) + qFIS. Following the
calculation of FIS, an asymptotically unbiased estimation of q is
obtained by the use of a second order Taylor function (KENDALL

and STUART, 1977):

with � resulting from the formula � = FIS
2 +4(1–FIS) Q and N

indicating the number of trees sampled per population.

The genotypic analysis (G1) was performed using the FIS
value, which was estimated from the average data represented
by the gene pool of six microsatellite loci. As recommended by
LYNCH and MILLIGAN (1994), another genotypic analysis (G2)
was performed, taking into account only such loci that showed
an observed frequency smaller than (1-[3/N]), where N indi-
cates the population sample size. Any fragment that exhibited
a higher frequency than (1-[3/N]) in a single population was
therefore removed from the data set. LYNCH and MILLIGAN

(1994) demonstrated that the bias affecting the estimation of Q
in case of a small sample size is substantial when the null alle-
le reveals a low-frequency distribution. Gene diversity stati-
stics were computed by using the allelic frequencies as estima-
ted by formula (1).

The phenotypic and genotypic analyses were performed,
using both the HAPLOID and the HAPDOM program (ANTOINE

KREMER, Equipe de Génétique et Amélioration des Arbres
Forestiers, Cestas, France), respectively.

Intra- and inter-locus sampling variances

The total variance of gene diversity statistics (A, AE, HO, HE,
Hi, HS, HT, FIS and GST) depends from both sampling procedu-
res: sampling of individuals within populations (Vintra-locus) and
sampling of loci within the genome (Vinter-locus). The total sam-
pling variance is Vtotal = Vintra-locus + Vinter-locus. Both components
were estimated by using bootstrap methods. All resampling
procedures were done with replacement. One thousand
bootstrap samples were made each time for estimating the
sampling variances.

Vintra-locus was estimated by resampling individuals within
populations.

For calculating GST, Vintra-locus was estimated by resampling
populations as has been suggested by PETIT and PONS (1998).
Vinter-locus was estimated by resampling loci across individuals.
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Statistical test of differences between populations

The distributions of the diversity statistics, estimated by
bootstrapping, were used to test the difference between two
populations a and b (a and b being the two species populations
from the same stand or being populations of the same species
from two different stands). Hia and Hib were computed for each
population by bootstrapping, and the difference, existing be-
tween two populations (Hia – Hib), was calculated. The distribu-
tion of (Hia – Hib) was then compared with the null hypothesis
(Hia – Hib = 0) and the associated probability p was calculated.

Statistical test of AFLP markers allelic frequencies 
differences between species

For the species level and within each stand, the frequencies
of AFLP markers were compared between the two species by
performing FISHER’s exact tests (SOKAL and ROHLF, 1995).

Comparison of diversity statistics between markers

The Q. petraea and Q. robur populations were compared
according to the parameters A, AE, HO and Hi for microsatelli-
tes and according to Hi for AFLP markers. The value of these
parameters were then compared by computing SPEARMAN’s
rank coefficient correlation: rS (SOKAL and ROHLF, 1995).

Results

1-Microsatellite and AFLP markers both revealed a higher
genetic diversity in Q. petraea than in Q. robur

1a-Analysis of Q. petraea and Q. robur populations with
microsatellites

For almost all stands, the genetic diversity assessed by
means of microsatellites was somewhat higher within the 
Q. petraea populations than within Q. robur. The analysis
depicted in Table 2 shows that at least one diversity parameter
(among A, AE, HE, Hi and HO) per stand revealed significantly
higher values in Q. petraea than in Q. robur. The only site in
which Q. robur indicated a higher value of genetic diversity
was Dalkeith Old Wood, but this was probably due to the very
low numbers of Q. petraea trees growing at this site (Table 1).
Note that the differences in the levels of diversity were
altogether small, but supported statistical relevance when the
intra-locus standard deviation was used.

Similarly, differences in the diversity (HE) for each species
were statistically significant among stands and the rankings of
stands were very similar for Q. petraea and Q. robur (rS=0.769,
p=0.043). Extreme values were the same for both species,
Roudsea Wood exhibiting the highest value of diversity and
Sigmundsherberg the lowest (Table 2).

For two stands (Sigmundsherberg and Meinweg), the fixa-
tion index (FIS) was significantly higher in Q. robur than in 
Q. petraea, indicating an excess of homozygotes.

1b-Analysis of Q. petraea and Q. robur populations 
with AFLP markers

The four Primer-Enzyme Combinations tested were able to
provide 155 scorable marker bands. Based on the phenotypic
analysis and the all band-scoring G1 analysis of AFLP mar-
kers, the within-population gene diversity (Hi) indicated a
somewhat higher value for five (Petite Charnie, Escherode,
Dalkeith Old Wood, Meinweg and Salinasco Mendia) of the
seven Q. petraea populations tested in comparison with 
Q. robur populations (Table 3). However, none of the results
were significant when the total standard deviation was used to
compare between both species of each stand. However, when
the comparison was performed on the basis of the intra-locus

standard deviation (sd 1), the phenotypic analysis indicated
significantly higher genetic diversity for Q. petraea in popula-
tions Petite Charnie, Escherode and Meinweg (Table 3). No
significant deviations were found between Q. petraea and Q.
robur using the G2 analysis of AFLP marker bands. The stan-
dard deviation, derived from sampling different loci within the
genome, was always higher than the standard deviation deri-
ved from sampling of individuals, independently from the type
of analysis employed.

No significant difference was detected among stands when
the total standard deviation of Hi was analysed. For each
analysis, the correlation between the ranking of stands for 
Q. petraea and for Q. robur was always positive but never sig-
nificant.

1c-Microsatellite and AFLP analyses at the species level

When the data were pooled from the seven populations on a
species-specific basis, both microsatellite and AFLP markers
indicated a significantly higher genetic diversity for Q. petraea
on the basis of Hi, HO, A and AE values (Table 4). The G2 anal-
ysis of AFLP markers was the only exception, showing nearly
identical Hi values for both oak species (0.252 vs 0.256 for 
Q. petraea and Q. robur, respectively). The genetic diversity in

Table 2. – Microsatellites diversity statistics in Q. petraea and Q. robur
stands.

sd1 indicates the standard deviation associated to the intra-locus vari-
ance; p1 values are the associated probabilities; significant values at
5% are presented in bold numbers; NC: not calculated, because boot-
strap mean values differed markedly from the observed values, indica-
ting that the bootstrap procedure is not adequate in case of low sample
sizes.
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Q. petraea was significantly higher when the intra-locus
variance was used and was never found to be significantly
greater when the total sampling variance was tested.

2-AFLP markers provided a higher genetic differentiation than
microsatellites, except when the G2 analysis was used

2a-Genetic differentiation between Q. petraea and Q. robur
populations, performed at the same stand

Table 3. – AFLP markers diversity statistics in Q. petraea and Q. robur stands.

Hi
(P) is the phenotypic diversity; Hi

(G1) is the G1 gene diversity; Hi
(G2) is the G2 gene diversity;

sd1 is the standard deviation associated to the intra-locus variance; p1 is the associated prob-
ability; sd2 is the standard deviation associated to the inter-locus variance; p2 is the associat-
ed probability; total sd is the total standard deviation associated to the total variance; p is 
the associated probability; significant values at 5% are presented in bold numbers; NC: not
calculated, because bootstrap mean values differed markedly from the observed values, 
indicating that the bootstrap procedure is not adequate here since the sample size is low.

Table 4. – Microsatellites and AFLP markers diversity statistics at the
species level.

Hi
(P) is the phenotypic diversity; Hi

(G1) is the G1 gene diversity; Hi
(G2) is

the G2 gene diversity; sd1 is the standard deviation associated to the
intra-locus variance and p1 the associated probability; sd2 is the stan-
dard deviation associated to the inter-locus variance and p2 the associa-
ted probability; total sd is the total standard deviation associated to
the total variance and p is the associated probability; a significant
difference between Q. petraea and Q. robur is indicated with a p value
in bold letters.

The genetic differentiation (GST) measured between Q. petraea
and Q. robur populations at each stand by means of micro-
satellites was low (Table 5a), ranging from 0.005 (Roudsea
Wood) to 0.024 (Sigmundsherberg). For AFLP markers, much
higher GST values, spanning from 0.016 to 0.096, were found,
which were substantially reduced in case of the G2 method
(Table 5a).

2b-A higher genetic differentiation among Q. petraea popula-
tions than among Q. robur populations, but not significant

When we analysed the genetic differentiation among popula-
tions within each species, GST values were found slightly
higher among Q. petraea populations but the difference was
never found significant between both species (Table 5b). The
genetic differentiation, calculated with AFLP markers among
Q. petraea or among Q. robur populations, was not significantly
higher than the differentiation calculated with microsatellites,
using the G2 analysis.

2c-Distribution curves of genetic differentiation for 
AFLP markers

Since a higher differentiation was detected using AFLP
analysis in comparison with microsatellites, the variation of
GST values among AFLP marker bands was further analysed.
Distributions of GST values are given in Figures 2, 3 and 4. The
three curves resemble an L-shaped distribution where more
extreme values occurred among different populations of a
species rather than between species. For example, only four
loci exhibited a differentiation greater than 10% between 
Q. petraea and Q. robur populations whereas 36 loci among 
Q. petraea populations and 23 loci among Q. robur populations
demonstrated this level of differentiation. At the species level,
the null hypothesis, indicating independence between the
observed frequencies and the species, was rejected for 9%
(Dalkeith Old Wood) to 22% (Escherode) of the loci.
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3-No correlation in levels of diversity assessed with different
diversity parameters or with different markers

For microsatellites, no significant correlation was found
when rankings calculated by A and Hi were compared (Table 6).
For AFLPs, rankings given by the G2 analysis for Q. petraea
tended to be different from the rankings given by the two other
methods of analysis but the result was not significant. For 

Q. robur, the three analyses were congruent and the correlati-
ons were significant.

When Hi values for the microsatellite data were compared
with Hi1, Hi2 and Hi3 values of AFLP data, no significant corre-
lation was found.

Discussion

Our experimental results confirmed the theoretical expectation:
the inter-locus variance is higher than the intra-locus variance
of diversity

Our experimental results confirmed NEI’s prediction that a
larger variance is attributable to the effect of analysing dif-
ferent genomic loci of a species than to the sampling of indi-
viduals within a population. The AFLP data demonstrated that
the former source of variance can be up to 15 times greater
than the latter. Interestingly, both microsatellites and AFLP
markers provided similar data of intra-locus variance, which
suggests that the sampling variance is independent of the
number of alleles (Table 2 and Table 3). If differences in the
levels of diversity have to be assessed on the whole genome, the
number of loci rather than the number of individuals should be
as great as possible. This is also likely to be the case when
monitoring of gene diversity is done for conservation purposes.
When the attributes for which diversity is assessed are
unknown, diversity should be measured at the whole genome
level, by using a random set of markers distributed throughout
the genome. However, a larger sampling variance would be
expected, which would lead to a reduction in the power of any
statistical test applied to measure diversity differences among
populations. This is clearly reflected in our results. There was
a trend towards higher genetic diversity in Q. petraea,
although the difference between both species is not significant.
More AFLP markers will be necessary to reveal significant dif-
ferences between both species.

Microsatellite and AFLP markers revealed similar trends when
measuring diversity in both oak species

Both marker technologies showed that Q. petraea is more
variable than Q. robur (Table 2 and Table 3), confirming results
which have already been obtained in gene diversity surveys
using isozymes (MÜLLER-STARCK et al., 1993, KREMER et al.,
1991, ZANETTO et al., 1994) or DNA markers (MOREAU et al.,
1994, BODENES et al., 1997a).

Comparable results between both types of markers were only
obtained when the G2 analysis of AFLP data was not used.
When the analysis was restricted to the subset of polymorphic
markers only, following the recommendation by LYNCH and
MILLIGAN (1994), there was an increase in the sampling vari-
ance at the intra- and inter-locus level. This increase in vari-
ance is likely to be due to the reduction in the number of loci
(from 155 loci to 61 loci). For comparative analysis of levels of
diversity between populations, it would therefore be preferable
to use all markers, polymorphic and monomorphic.

AFLP markers revealed higher genetic differentiation than
microsatellites

For genetic differentiation, contrasting results were obtained
between microsatellite and AFLP markers. In general, AFLP
markers exhibited higher levels of differentiation than micro-
satellites. There may be three explanations for these observa-
tions. First, mutation rates are higher in microsatellites and
cannot be ignored when compared to migration rates. Both
mutation and migration tend to decrease population differ-
entiation (JIN and CHAKRABORTY, 1995, ROUSSET, 1996, SLATKIN,
1995). Second, high GST detected at some AFLP markers might

Table 5a. – Genetic differentiation between Q. petraea and Q. robur
populations localised at the same stand.

Table 5b. – Genetic differentiation among populations within species.

In Tables 5a and 5b, p values were obtained with bootstrap samples; 
1 1st analysis of microsatellites; 2 2nd analysis of microsatellites; GST

(P) is
the phenotypic differentiation; GST

(G1) is the G1 genetic differentiation;
GST

(G2) is the G2 genetic differentiation.

Table 6. – SPEARMAN’s rank correlation analysis among diversity values
obtained with different markers.

Each SPEARMAN’s rank correlation is followed by the associated prob-
ability; a significant positive correlation at the 5% level is indicated in
bold letters; Hi: microsatellites within-population diversity; 2 2nd anal-
ysis of microsatellites; Hi

(P) is the phenotypic diversity; Hi
(G1) is the G1

gene diversity; Hi
(G2) is the G2 gene diversity.
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be due to the fact that these markers are localised in the
chloroplast and/or mitochondrial genomes, that are maternally
inherited in oak and therefore should display an higher genetic
differentiation. This is actually the case for one RAPD marker
showing a high differentiation in oak (LE CORRE et al., 1997).
Third, there were more AFLP loci than microsatellites and the
likelihood that some of the AFLP markers are linked to adapta-
tive traits cannot be excluded. Oak populations are known to
be highly differentiated for growth and phenological traits
(DUCOUSSO et al., 1996). As a result, we might expect a high
heterogeneity of GST values for different AFLP fragments. This
is found to be the case and is shown by Figures 2, 3 and 4
where the distribution of GST values follows a L-shaped curve.
A few markers exhibited unusually high GST values. As a result
the overall GST value for AFLP markers is higher than for
microsatellites, most probably because there is a higher
likelihood that some loci are linked to an adaptive trait than
for microsatellites.

Other comparative studies of different marker systems con-
ducted in oaks provide more congruent results. For example, in
a genetic study on 21 populations of Q. petraea, LE CORRE et al.
(1997) compared the level of differentiation between 31 RAPD
markers and 8 allozyme loci and found that the levels were
similar (2.7% for allozymes and 2.4% for RAPDs) and com-
parable with the results we obtained here using microsatellites
(2.3%, Table 5b). The congruence between these results can
again be interpreted by the sampling effect within the genome.
The low number of loci that are sampled by each of this method
results in preferential selection of loci that are neutral and
located within the tail of the L-shaped curve of GST values.

The differentiation was found somewhat higher in Quercus
petraea than in Quercus robur: this observation was also true
when allozyme markers were used in earlier studies (ZANETTO

et al., 1994).

Comparison of levels of genetic diversity among populations of
the same species

Despite the fact that microsatellites and AFLP markers pro-
vided congruent results, although not significant, in levels of
diversity among both species, they did not agree in levels of
intra-population genetic diversity within each species. As
shown by the correlation matrix of diversity statistics (Table 6),
there was a positive trend among H values, especially in 
Q. robur, but the correlation was never significant. This lack of
congruence may be due to a contribution of different factors.
Firstly, the level of diversity may be of similar magnitude in
the different populations, as indicated in Table 2 and Table 3.
Oaks live in large populations and exhibit high migration rates
(STREIFF et al., 1999). As a result, seed and pollen flow may
contribute to the high homogeneity of diversity between popu-
lations. Second, the diversity statistics are estimated with an
important sampling variance (Table 4). Again a larger number
of loci would be necessary to increase the power of the statisti-
cal test to compare the level of diversity among populations.

Overall, the microsatellite and AFLP markers analysed in
this study confirm earlier results obtained for Q. petraea and
Q. robur. A higher level of inter-population and intra-popula-
tion genetic diversity was found for Q. petraea. Consequently,
Q. petraea reveals a higher genetic differentiation than 
Q. robur. However, the high inter-locus variance, detected for
AFLP markers, did not allow us to significantly distinguish
among populations. It also appeared from our analysis that a
restriction in the number of analysed loci, as has been recom-
mended by LYNCH and MILLIGAN (1994), leads to different rank-
ings of populations. Even in case that the evolutionary forces

Fig. 2. – Distribution curve of GST per locus between Q. petraea and 
Q. robur populations.

Fig. 3. – Distribution curve of GST per locus among Q. petraea popula-
tions.

Fig. 4. – Distribution curve of GST per locus among Q. robur populations
In each figure, loci were numbered in order of their GST values. The
dotted line separated the loci showing a differentiation superior to 10%
from the other loci.

There was also an important discrepancy between the GST
values obtained from both methods of genotypic analyses with
respect to the AFLP data. Differentiation was much lower
when the analysis was restricted to polymorphic markers. This
result was also demonstrated by ISABEL et al. (1999) who used
RAPD markers and several differentiation parameters. Again,
unexpected effects can be induced by restricting the analysis to
polymorphic markers. For example, an AFLP fragment that is
present and fixed in population A, but completely absent from
population B, would be excluded by this method of analysis.
However, this fragment would have a GST value of 1.
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are identical for the genome parts analysed by two different
types of markers, the missing information with respect to the
genomic sequences analysed by AFLP markers and the limited
number of available microsatellite loci could likely explain the
conflicting results detected.
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