
Abstract Quercus petraea, Quercus pubescens and Quer-
cus robur are closely related and interfertile white oaks
native to Switzerland. The three species are known to
share identical cpDNA haplotypes, which are indicative of
the postglacial recolonization history of populations. Only
two haplotypes are common in Switzerland. We compared
variation of cpDNA and of isozymes in 28 oak popula-
tions from Switzerland in order to assess the impact of the
postglacial population history on current genetic structures
of nuclear controlled isozyme gene loci. Species delinea-
tion was based on Principal Component Analysis of leaf
morphological traits. The species status of populations
was reflected at isozyme gene loci, but differentiation be-
tween populations with different cpDNA haplotypes and
hence different recolonization history was very low at en-
zyme gene loci for all species. Thus, glacial and postgla-
cial population history was not reflected at nuclear gene
loci on the temporal and spatial scale covered by the pres-
ent study. Extensive gene flow through pollen among pop-
ulations is likely to have blurred a previously existing ge-
netic differentiation at biparentally inherited gene loci that
possibly evolved in the different glacial refugia of the
above mentioned cpDNA haplotypes.
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Introduction

Population isolation and gene flow are two counteracting
forces shaping patterns of genetic differentiation among
populations. Many European animal and plant species
survived the Quaternary cold periods in isolated refugia
in the South of the continent. Populations were likely to
become genetically differentiated from each other during
the long phases of spatial isolation (Hewitt 2000). Previ-
ously isolated populations came into contact during re-
colonization of Central and Northern Europe after the
end of the last glaciation. The extent of gene flow among
populations from different refugia is a crucial factor for
today’s distribution of genetic information.

Pollen and seeds are the main vehicles for the movement
of genetic information in plants. Genetic information of
chloroplasts (cpDNA) is maternally inherited in most an-
giosperms including oaks (Reboud and Zeyl 1994; Dumolin
et al. 1995). Accordingly, variation patterns of cpDNA re-
flect only gene flow through seeds. Maternally inherited
markers are useful tools to elucidate the migration history
of plants (McCauley 1995). However, variation patterns at
biparentally inherited nuclear gene loci can strongly differ
from those found at maternally inherited chloroplast loci.

Oaks (Quercus spp.) are anemogamous, barochorous
or exozoochorous trees dominating many forest types in
the northern hemisphere. Quercus petraea, Quercus pu-
bescens and Quercus robur are closely related, interfer-
tile oak species of the section Lepidobalanus (“white
oaks”) with a wide distribution in Europe (Aas 1998).
They are the most-frequent oaks native to Switzerland,
occurring in pure or mixed forests up to an altitude of
1,400 m a.s.l. throughout the country (Brändli 1996).

Oaks survived the last ice age in refugia in the South
of Europe. Pollen analysis provides evidence for separate
refugia in Spain, Italy and the Balkan peninsular (Huntley
and Birks 1983). Oaks reached the South of what is today
Switzerland approximately 11,000 years ago. Areas north
of the Alps were recolonized between 9,000 and 8,000
years before the present (Burga and Perret 1998). Pollen
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analytical data provide no information on refugial regions
or detailed recolonization routes of oaks in Switzerland.

CpDNA variation proved to be a reliable tool for the
analysis of the postglacial recolonization history of oaks
in Europe (Ferris et al. 1993; Dumolin-Lapègue et al.
1997). Forty five cpDNA haplotypes of “white oaks” in
Europe have been identified by means of PCR-RFLP us-
ing four primer-enzyme combinations (Petit et al. 2002).
However, only two types, “haplotype 1” and “haplotype
7” (nomenclature as described by Dumolin-Lapègue et
al. 1997 and Petit et al. 2002), are common in Switzer-
land (Mátyás and Sperisen 2001). The European distri-
bution of “haplotype 1” (the “western” haplotype ac-
cording to Ferris et al. 1993) strongly suggests glacial
refugia of this type in Italy, while refugia of “haplotype
7” (the “eastern” haplotype according to Ferris et al.
1993) possibly were on the Balkan Peninsula (Dumolin-
Lapègue et al. 1997; Petit et al. 2002).

We compared patterns of genetic variation at mater-
nally inherited cpDNA (Mátyás and Sperisen 2001) and
biparentally inherited isozyme gene markers (Finkeldey
2001a) in oak (Quercus spp.) populations from Switzer-
land in order to test whether or not the recolonization
history of oaks as mirrored by patterns of cpDNA varia-
tion has an impact on today’s distribution of genetic in-
formation at nuclear gene loci. Such an impact of the
glacial and postglacial history of populations is expected
to be manifested by an association between variation pat-
terns at maternally and biparentally inherited genes.

Materials and methods

Plant material

Material was sampled in 28 oak populations throughout Switzer-
land (Fig. 1, Table 1). In each population twigs with dormant buds
were collected from 100 randomly selected adult trees with a min-
imum distance of 30 m, and frozen at –80 °C. Only 83 and 56
trees were sampled in the populations “Mt. Caslano” and “Nova-
ggio”, respectively. One hundred leaves were randomly collected
from the ground in the same area where trees were sampled. The
leaves were dried and kept in a herbarium located at the Swiss
Federal Research Institute WSL, Birmensdorf. 

Species identification

Species identification of populations was based on population
mean values for seven leaf morphological traits: lamina length,
petiole length, lobe width, sinus width, number of intercalary
veins, basal shape of the lamina and abaxial lamina pubescence.
These traits proved to be suitable for the discrimination of Europe-
an oak species in previous studies (Dupouey and Badeau 1993;
Bacilieri et al. 1996). Populations were grouped by means of Prin-
cipal Component Analysis (PCA; Backhaus et al. 2000) and as-
signed to species based on their first and second factor scores (for
details of the analysis of leaf morphological traits for the purpose
of species identification see Finkeldey 2001a, b).

Identification of cpDNA haplotypes

At least five trees per population were investigated for their
cpDNA haplotypes (“western” or “eastern” according to Ferris et
al. 1993). Data were either taken from Mátyás (1999; 13 popula-
tions), or extraction of DNA and PCR-RFLP of the tRNALeu1 in-

tron was performed according to Ferris et al. (1993) and Mátyás
and Sperisen (2001; 15 populations).

Isozyme electrophoresis

Enzyme extraction, electrophoresis in starch gels, and staining fol-
lowed standard procedures (Müller-Starck et al. 1996; Zanetto et
al. 1996) with slight modifications (Finkeldey 2001a, b). The fol-
lowing 14 enzyme systems coding for 17 polymorphic gene loci
were investigated (in brackets: E.C.-No. and investigated gene lo-
ci): alanine-aminopeptidase (3.4.11.1; AAP-A); aconitase (4.2.1.3;
ACO-A); acid phosphatase (3.1.3.2; ACP-C); alcohol-dehydroge-
nase (1.1.1.1; ADH-A); glutamate-dehydrogenase (1.4.1.3; GDH-A);
glutamate-oxaloacetate-transaminase (2.6.1.1; GOT-B); isocitrate-
dehydrogenase (1.1.1.42; IDH-A, IDH-B); malate-dehydrogenase
(1.1.1.37; MDH-A); menadione-reductase (1.6.99.2; MNR-A);
NADH-dehydrogenase (1.6.99.3; NDH-A); 6-phosphogluconate-
dehydrogenase (1.1.1.44; 6-PGDH-A, 6-PGDH-B); phosphoglu-
cose-isomerase (5.3.1.9; PGI-A, PGI-B); phosphoglucomutase
(2.7.5.1; PGM-A); and shikimic-acid-dehydrogenase (1.1.1.25;
SKDH-A).

Data analysis

Data analysis was based on allelic frequency distributions at the
above 17 polymorphic isozyme loci. The impacts of the cpDNA
haplotype and of the species status of populations on allele fre-
quencies were tested for statistical significance by means of a two-
way analysis of variance (ANOVA) without replication (Sokal and
Rohlf 1995).

Genetic variation within populations was quantified as the ex-
pected heterozygosity (He; Berg and Hamrick 1997). Populations
were grouped according to their species status and their cpDNA
haplotypes, respectively, and group means of He were computed.
The significance of differences among group means was tested by
a single-classification ANOVA with unequal sample sizes (Sokal
and Rohlf 1995) taking into account all groups and all possible
pairs of groups, respectively.

A hierarchical partitioning of the total genetic variation (HT)
was performed according to Nei (1973). The following hierarchy

Fig. 1 Location of the investigated Quercus populations in Swit-
zerland. Numbers as in Table 1; shading according to haplotype
[white: populations with only a “eastern” haplotype according
to Ferris et al. (1993); black: populations with only a “western”
haplotype according to Ferris et al. (1993); grey: populations
with both haplotypes]; symbols according to dominating 
species (triangle: Q. robur; circle: Q. petraea; rectangle: mixed 
Q. robur/Q. petraea; hexagon: Q. pubescens)
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levels were chosen: variation among species; variation among
cpDNA haplotypes within species; variation among populations
within cpDNA haplotypes and species; and variation within popu-
lations. The proportion of genetic diversity due to differentiation
among populations (FST = GST; Nei 1973) was also separately
computed for each species.

Average genetic distances d0 (Gregorius 1984; equivalent to
the genetic distance according to Prevosti et al. 1975) within and
between groups of populations with identical species status and
with identical cpDNA haplotype, respectively, were computed,
and the significance of differences between pairwise average
genetic distances was tested by a single-classification ANOVA
(Sokal and Rohlf 1995).

Populations with mixtures of different species or haplotypes
were excluded from the two-way ANOVA of allele frequencies,
the partitioning of genetic variation, and the computation of aver-
age genetic distances.

Patterns of genetic differentiation among populations at iso-
zyme gene loci were illustrated by a cluster diagram using UP-
GMA (Sneath and Sokal 1973) based on genetic distances d0
(Gregorius 1984).

The computer programs BIOSYS-2 (Swofford and Selander
1981), GSED (Gillet 1994) and WINSTAT (Braeunig and Fitch
1998) were used for data analysis.

Results

Identification of species and haplotypes

Principal component analysis of leaf morphological traits
allowed us to group the investigated populations into
populations dominated by the robur, petraea and pubesc-
ens leaf type, respectively, and into intermediate popula-
tions (Fig. 2, Table 1). However, while populations of

the robur type were clearly differentiated from the other
types, no unambiguous distinction was possible between
populations of the pubescens type and the petraea type. 

Twelve populations show only the “western” cpDNA
haplotype according to Ferris et al. (1993). Another 12
populations had only the “eastern” haplotype. Both haplo-
types co-occurred in four populations (Table 1). Popula-
tions with either only the “eastern” or only the “western”
haplotype were observed in all investigated species.

Genetic diversity and differentiation at isozyme gene loci

All populations revealed high genetic variation at iso-
zyme gene loci (Table 1). The average expected hetero-
zygosity was slightly, but significantly (P < 0.05), lower
for Q. pubescens populations as compared to Q. robur,
Q. petraea, and intermediate populations (Table 2). The
average levels of genetic variation for populations with
the “western” and the “eastern” haplotype, respectively,
were not significantly different from each other (Ta-
ble 2). Single-classification ANOVA revealed an impact
of the species status on He (P<0.001), but no statistically
significant impact on the cpDNA haplotype. 

Twenty three populations were dominated by a single
species and a single haplotype (Table 1). The cpDNA
haplotype had a significant impact on the allele frequen-
cies of these populations for only one out of 75 alleles
from 17 gene loci at the 5% level of significance (IDH-
A2), and for another allele at the 1% level (MNR-A3).
This result can be expected by chance alone. A signifi-

No. Population Species cpDNA He

1 Bonfol Q. robur Eastern 0.229
2 Lugnez Q. robur Eastern 0.251
3 Wölfinswil Q. robur Eastern 0.256
4 Tägerwilen Q. robur Eastern 0.235
5 Uttwil Q. robur Eastern 0.233
6 Magadino Q. robur Western 0.239
7 Allschwil Mixed Q. rob./Q. pet. Western/eastern 0.251
8 Muttenz Mixed Q. rob./Q. pet. Western 0.259
9 Büren Mixed Q. rob./Q. pet. Western/eastern 0.257

10 Satigny Q. petraea Eastern 0.246
11 Jussy Q. petraea Eastern 0.249
12 Alaman Q. petraea Western/eastern 0.262
13 Corcelles Q. petraea Eastern 0.246
14 Galm Q. petraea Western 0.247
15 Bois de devant Q. petraea Eastern 0.247
16 Schoren Q. petraea Western 0.260
17 Magden Q. petraea Western 0.261
18 Bülach Q. petraea Western/eastern 0.254
19 Cavergno Q. petraea Western 0.234
20 Gordevio Q. petraea Western 0.235
21 Castaneda Q. petraea Western 0.241
22 Le Landeron Q. pubescens Eastern 0.239
23 Fully Q. pubescens Eastern 0.194
24 St. Luc Q. pubescens Western 0.213
25 Gampel Q. pubescens Western 0.180
26 Tamins Q. pubescens Eastern 0.240
27 Mt. Caslano Q. pubescens Western 0.203
28 Novaggio Q. pubescens Western 0.236

Table 1 Dominating species
based on leaf morphological
traits, cpDNA haplotype,
and expected heterozygosity
(He) at 17 isozyme gene loci
for 28 Quercus populations
from Switzerland
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PGDH-B5 and PGM-A2), and for one allele at the 0.1%
level (MNR-A3). The frequency of at least one allele
was significantly influenced by the species status of the
populations at nine out of the 17 investigated isozyme
gene loci.

The hierarchical partitioning of genetic variation ac-
cording to Nei (1973) was also confined to the 23 popu-
lations dominated by a single species and a single haplo-
type. Most of the total variation was found within popu-
lations (92.8%). The remaining component of genetic
differentiation was mainly among species (5.0%). The
differentiation among haplotypes within species was ex-
tremely low (0.3%), and only 1.9% of the total variation
was due to differentiation among populations within
haplotypes and species. The proportion of the total diver-
sity due to differentiation among populations (FST = GST)
for single species was 1.2% for Q. petraea, 2.7% for Q.
pubescens and 1.9% for Q. robur.

Average genetic distances, d0, between populations of
the same species were significantly lower than average
distances between populations belonging to different
species (Table 3). Average genetic distances between Q.
robur populations and either Q. petraea or Q. pubescens
populations were significantly higher than the average
distance between Q. petraea and Q. pubescens popula-
tions. However, all genetic distances between species
were only moderate, and no alleles were observed which
unambiguously allowed us to differentiate among spe-
cies. The small differences between the average genetic
distances between populations of the same haplotype
(both “eastern” and “western”) and the average distances
between populations with differing haplotypes were sta-
tistically not significant (Table 3). 

The UPGMA-cluster diagram based on genetic dis-
tances, d0, (Fig. 3) confirmed the conclusion from the
hierarchical partitioning of genetic variation and the
computation of genetic distance measures. Patterns of
genetic differentiation among populations were primar-
ily influenced by the species status of populations with-
out a major impact of the two investigated cpDNA
haplotypes. 

Fig. 2 Principal component analysis of variation at leaf morpho-
logical traits of 28 Quercus populations from Switzerland. Factor
scores of the first (x-axis) and second (y-axis) component. Num-
bers of populations as in Table 1; shadings and symbols as
in Fig. 1

Table 2 Average genetic diversity He of Quercus populations
from Switzerland belonging to different species and different
cpDNA-haplotypes. Abbreviations as in Table 1. Values with dif-
ferent letters (a,b) are significantly different (P < 0.05) from each
other

He

Species Q. robur 0.241 a
Mixed Q. rob./Q. pet. 0.256 a
Q. petraea 0.249 a
Q. pubescens 0.215 b

Haplotypes “Eastern” 0.239 a
“Western” 0.234 a

Population comparison Number of population pairs Average genetic distance

Within species Q. robur 15 0.057 a
Q. petraea 66 0.056 a
Q. pubescens 21 0.069 b

Between species Q. petraea – Q. pubescens 84 0.089 c
Q. robur – Q. petraea 72 0.135 d
Q. robur – Q. pubescens 42 0.148 e

Within haplotype “Eastern” 66 0.102 a
“Western” 66 0.093 a

Between haplotypes “Eastern” – “Western” 144 0.102 a

Table 3 Average genetic distances d0 (Gregorius 1984) at 17 iso-
zyme gene loci between pairs of Quercus populations from Swit-
zerland belonging to the same or different species and haplotypes.
Only populations dominated by a single species (25 populations)

or a single haplotype (24 populations) were considered. Values
with different letters (a–e) are significantly different (P < 0.05)
from each other

cant impact of the species status on allele frequencies
was observed for eight out of 75 alleles at the 5% level
(AAP-A2, GOT-B1, GOT-B3, MNR-A6, MNR-A7, 6-
PGDH-B3, PGI-B5 and PGM-A3), for another six alleles
at the 1% level (ACO-A3, IDH-A2, IDH-B3, IDH-B4, 6-



350

Discussion

Several observations point towards the significance of
hybridization for patterns of genetic variation in Q.
robur, Q. petraea and Q. pubescens. The species share
identical cpDNA haplotypes, and the haplotype distribu-
tion within a region is similar for the three species (Petit
et al. 1997; Dumolin-Lapègue et al. 1999). Differentia-
tion among the species at nuclear gene loci is low. Com-
plete differentiation between Q. robur and Q. petraea
has neither been observed at isozyme gene loci nor at
RAPD-markers (Bodénès et al. 1997). However, popula-
tions composed of different species can be distinguished
by characteristic allelic structures at nuclear microsatel-
lite loci (Muir et al. 2000). Non-overlapping ranges of
allele frequencies for Q. petraea and Q. robur popula-
tions have also been observed at particular isozyme gene
loci (e.g. IDH-B, PGM-A: Zanetto et al. 1994; Hertel and
Degen 2000; Finkeldey 2001a) confirming that the ob-
served morphological differentiation coincides with ge-
netic differentiation between the species. An unambigu-
ous distinction between Q. petraea and Q. pubescens
based on leaf morphological characteristics is hardly
possible in the Swiss Alps and areas north of the Alps
(Aas 1998; Mátyás 1999; Müller 1999). Both species

form a complex with many intermediate forms. Genetic
structures of Q. petraea and Q. pubescens populations at
isozyme gene loci were very similar to each other, while
Q. robur populations were more strongly differentiated
both at leaf morphological traits (Fig. 2) and at isozyme
gene markers (Table 3, Fig. 3). All investigated popula-
tions harbor considerable genetic variation (Table 1), but
the average expected heterozygosity of Q. pubescens
populations was slightly, but significantly, lower than
those of both other species (Table 2).

There is strong evidence for a different recolonization
history of oak populations with different cpDNA haplo-
types in Switzerland. The European-wide distribution of
cpDNA haplotypes strongly suggests glacial refugia of
Swiss populations, with “western” cpDNA haplotypes in
central or southern Italy. Putative refugia of Swiss popu-
lations, with “eastern” cpDNA haplotypes are more
doubtful. These populations may have survived the last
glaciation on the Balkan peninsula and/or in presumably
small refugia in southern France or north-western Italy
(Mátyás and Sperisen 2001).

Long periods of wide spatial separation are likely to
result in genetic differentiation not only at maternally in-
herited chloroplast genes but also at biparentally inherit-
ed nuclear genes (Avise 1994). Thus, populations with a
different recolonization history are expected to be differ-
entiated from each other both at maternal and biparental
marker genes, resulting in an association between varia-
tion patterns of gene markers with different modes of in-
heritance. We failed to detect any association between
variation patterns at maternally inherited cpDNA haplo-
types and variation patterns at biparentally inherited iso-
zyme gene loci. Glacial survival in different refugial ar-
eas and postglacial migration history are the crucial fac-
tors for determining the variation patterns of cpDNA of
oaks in Switzerland, but had no obvious impact on bipa-
rentally inherited genes such as isozyme loci.

Strong differentiation among Quercus populations at
maternally inherited markers, but weaker differentiation at
biparentally inherited genes, has not only been observed
in Switzerland but throughout the European continent
(e.g. Kremer and Zanetto 1997; Petit et al. 2002). Restrict-
ed gene flow through seeds, but extensive gene flow
through pollen, are likely to be the main causes of the con-
trasting patterns of genetic differentiation of maternal and
biparental gene markers in oaks (Ennos 1994). Gene flow
among populations through pollen is likely to be the prin-
cipal evolutionary factor homogenizing the genetic struc-
tures of populations with a different recolonization history
at nuclear genes, which were putatively genetically differ-
entiated from each other before they came into reproduc-
tive contact again. This seems to hold at least for the spa-
tial and temporal scale of this study, which covers a total
area of approximately 40,000 km2 and a time period of
roughly 8,000 to 11,000 years since the start of immigra-
tion of oaks to this area (Burga and Perret 1998). The
weak, but significant, differentiation among species at iso-
zyme gene loci points towards evolutionary significant but
restricted gene flow among species.

Fig. 3 Cluster diagram (UPGMA based on genetic distances d0)
illustrating genetic differentiation among 28 Quercus populations
from Switzerland at 17 isozyme gene loci. Numbers of populations
as in Table 1. Shadings and symbols as in Fig. 1



The investigation of maternally inherited gene mark-
ers, such as the cpDNA of most angiosperms, has con-
siderably improved our understanding of the phylogeog-
raphy of plants (Schaal et al. 1998). However, patterns of
genetic differentiation at isozyme gene loci among Quer-
cus populations in Switzerland are not primarily shaped
by their glacial and postglacial history, but by species
status and by extensive gene flow through pollen both
within and among species. Thus, insights into the phylo-
geography of oaks in Switzerland gained through the in-
vestigation of maternally inherited markers do not pro-
vide a clue for the explanation of patterns of genetic dif-
ferentiation at biparentally inherited loci. Different re-
sults were obtained in studies covering larger parts of the
distribution area of the widely occurring Fagaceae: Sig-
nificant regional differentiation among widely separated
populations covering several glacial refugia and recently
occupied areas was observed at isozyme gene loci in
beech (Fagus sylvatica), another widely distributed
anemogamous and barochorous tree of the Fagaceae
family (Comps et al. 2001). Stronger differentiation be-
tween populations with different cpDNA-haplotypes
and, thus, different recolonization history, was also ob-
served at isozyme loci in European-wide studies on oaks,
mainly Q. petraea (Le Corre et al. 1997; Kremer et al.
2002). Thus, the lack of differentiation among oak popu-
lations with a different recolonization history is at least
partially explained by the limited size of the investigated
area. However, comparable results may be expected in
regional studies on other widely distributed plants with
efficient means of pollen dispersal but restricted migra-
tion through seeds.
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