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Evidence for shared ancestral polymorphism rather than
recurrent gene flow at microsatellite loci differentiating
two hybridizing oaks (Quercus spp.)

GRAHAM MUIR*and CHRISTIAN SCHLOTTERER

Institut fiir Tierzucht und Genetik, Veterindrmedizinische Universitit Wien, Josef Baumann Gasse 1, 1210, Wien, Austria

Abstract

Quercus petraea and Quercus robur are two closely related oak species, considered to
hybridize. Genetic markers, however, indicate that despite sharing most alleles, the two
species remain separate genetic units. Analysis of 20 microsatellite loci in multiple popu-
lations from both species suggested a genome-wide differentiation. Thus, the allele sharing
between both species could be explained either by low rates of gene flow or shared ancestral
variation. We performed further analyses of population differentiation in a biogeograph-
ical setting and an admixture analysis in mixed oak stands to distinguish between both
hypotheses. Based on our results we propose that the low genetic differentiation among
these species results from shared ancestry rather than high rates of gene flow.
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Introduction

Gene flow among populations is a central parameter of
some speciation models. Nevertheless, gene flow is notori-
ously difficult to distinguish from shared ancestral variation
as both scenarios produce a similar pattern of allele sharing.
One example of this phenomenon occurs within the Quercus
genus. Allele sharing is omnipresent among closely related
species pairs in the group and the differentiation among
species results from allele frequencies rather than private
alleles (e.g. Howard ef al. 1997). In Europe, Quercus petraea
(Matt.) Liebl. and Quercus robur L. are a species pair
considered to hybridize over most of their sympatric range
while retaining their genetic, morphological and ecological
identity (e.g. Bodénes et al. 1997; Ponton et al. 2001; Kremer
et al. 2002). Radiocarbon-dated pollen identifies refugia
located in the Iberian, Italian and Balkan Peninsulas as
centres for the expansion of these species following the
last glaciation (Brewer et al. 2002). Spatially, the two
species share chloroplast haplotypes more readily than by
chance. This nonrandom distribution of haplotypes has
been interpreted as evidence for hybridization between
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the two taxa before and after expansion (Ferris et al. 1993;
Dumolin-Lapegue ef al. 1997). Regardless of the number of
sites assayed, however, gene flow is difficult to quantify in
the chloroplast genome as all polymorphisms recover only
one genealogy (the clonally inherited chloroplast, Dumolin
et al. 1995). Chloroplast capture or ‘pollen swamping’, an
asymmetrical bias in the fertilization of Q. robur ovules by
Q. petraea pollen, has been invoked to account for the low
nuclear divergence between the species (Bacilieri et al.
1996; Petit et al. 1997). Attempts to quantify the direction of
gene flow, however, may be compromised by the inherent
circularity of a priori assignments to parental species (based
on morphology). Despite a substantial fraction of shared
alleles (Bodénes et al. 1997; Muir et al. 2001), the combined
analysis of multiple polymorphic markers indicates that
Q. petraea and Q. robur remain two separate genetic entities
(Zanetto ef al. 1994; Muir et al. 2000; Gomory ef al. 2001;
Coart et al. 2002).

Three hypotheses can be proposed to reconcile the
significant genetic differentiation among Q. petraea and
Q. robur despite a high proportion of shared alleles. (1) Low
gene flow. Rates of gene flow may be too low to compensate
for genetic drift within the two species. Thus, gene flow
may prevent drift generating species-specific alleles, but
drift produces different allele frequencies in both species.
The range of parameters for which this scenario holds,
however, has not been explored. Generally speaking, low
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levels of migration (i.e. > one migrant per generation) are
sufficient to prevent population differentiation by drift
(Slatkin 1987). Hence, it can be assumed that the low gene
flow hypothesis only holds for a restricted set of para-
meters. (2) Selection. This hypothesis assumes gene flow
among species, but species integrity is maintained by
strong selection operating on a few loci. High levels of
differentiation are predicted from this model for genomic
regions linked to selected loci maintaining species integ-
rity. No (or low) differentiation is predicted for most of
the genome. (3) Shared polymorphism: this hypothesis
assumes a recent speciation event and large effective popu-
lation sizes (Pamilo & Nei 1988). Consequently, even in the
absence of gene flow, alleles will be shared among species.
Nevertheless, genetic differentiation among Q. petraea and
Q. robur should be observed across the entire genome.

In order to differentiate between gene flow and shared
ancestral variation, we examined the genetic differentiation
among species pairs with different geographical spacing.
In a biogeographical context, gene flow is expected to
result in less differentiation between neighbouring popu-
lations than among distantly located ones. If both species
retain shared ancestral alleles (scenario 3) however, geo-
graphical neighbours are expected to be no more differ-
entiated than distantly located ones. Biogeography could
then be used to distinguish gene flow from shared ancestral
variation. In order to discriminate between the hypotheses,
we evaluated the differentiation between Q. petraea and
Q. robur at 20 microsatellite loci using multiple popula-
tions from both species in a biogeographical setting. Con-
sistent with the hypothesis of shared ancestral variation we
found similar levels of differentiation between Q. petraea

Table 1 Species, populations and individuals surveyed in this study

Fig. 1 Sampling localities across Europe. Quercus petraea (squares),
Quercus robur (circles). While not included in the locus-wise Fgy
analysis, the two species pairs from Italy were genotyped to check
the presence of specific alleles (see Results, Table 1).

and Q. robur populations, irrespective of their geographical
origin.

Materials and methods

Plant material

To account for geographical differences, one population
from each species was sampled at six sites across Europe
(Fig. 1, Table 1), including putative glacial refugia (see also
Muir et al. 2000). Collections were made from individuals in
northern Spain and Portugal (Quercus petraea 41°07' N 3°30° W,
Quercus robur 41°00° N 8°41’ W), respectively, southwest
France (Q. petraea 43°11” N 0°40" E, Q. robur 43°42’ N 1°06’ E),

Sampling location* Species Description Locit n} Analyses

Portugal Q. robur Population 21 18 Locus-wise Fgp

Spain Q. petraea Population 21 17 Locus-wise Fgp

Southwest France Q. petraea/Q. robur Species pair 21 27 Locus-wise Fgr, local vs. global Fg;.

Eastern France Q. petraea/Q. robur Species pair 21 30 Locus-wise Fgp, local vs. global Fg;

Slovenia Q. petraea/Q. robur Species pair 21 32 Locus-wise Fgr, local vs. global Fgp

Serbia Q. petraea/ Q. robur Species pair 21 34 Locus-wise Fgr, local vs. global Fg

Ireland Q. petraea/Q. robur Species pair 20 54 Locus-wise Fgr, local vs. global Fg;.

Approximately Q. petraea Population 20 29 In tandem with pair above,

equidistant to pair STRUCTURE (admixture)

above

Northern Italy Q. petraea/ Q. robur Populations 5 15 Analysis of loci with high Fg; values:
96,7, 112 & reference loci (9, 110)

Central Italy Q. petraea/Q. robur Populations 5 16 Analysis of loci with high Fg; values:
96, 7, 112 & reference loci (9, 110)

Vienna Q. palustris Individual 5 1 Outgroup (ancestral states)

Vienna Q. cerris Individuals 5 2 Outgroup (ancestral states)

*Grid references given in Materials and methods, see also Fig. 1; tLocus 962 (71 base pairs downstream of 96) was surveyed in 158
individuals in addition to the 20 microsatellites genotyped in the main survey; Number of analysed individuals.

© 2005 Blackwell Publishing Ltd, Molecular Ecology, 14, 549-561



SHARED ANCESTRAL VARIATION IN OAKS 551

Table 2 Diversity indices for the 21 investigated microsatellite loci in Quercus petraea and Quercus robur

Average
Hg Hg \%4 repeat no. No. of alleles n
Locus* Repeatt Q.pet.  Q.rob. Q.pet. Q.rob. Q.pet. Q.rob. Q.pet. Q.rob. Q.pet. Q.rob. Q.pet. Q.rob.
1108)  (AG);5 0.80 0.71 0.86 0.76 26 15 11 9 22 17 103 105
1/5(7)  (GT4(GR), 0.70 0.71 0.89 0.81 8 3 14 13 21 13 97 100
7 (aG)5(AARG);, 0.16 0.20 0.89 0.68 32 21 9 10 17 18 79 98
16(6) (2G)y 0.81 0.84 0.92 0.93 9 22 17 20 21 28 103 105
97) (26);, 0.90 0.88 0.87 0.88 11 25 14 14 15 15 101 103
1192)  (GR)y, 0.79 0.59 0.94 0.87 78 90 20 17 32 30 87 101
1509 (AG),4 0.63 0.71 0.82 0.78 21 10 11 10 14 13 87 103
1/2 (2G)4 0.67 0.51 0.79 0.59 12 4 7 5 11 9 81 98
46(2) (2G),5 0.89 0.80 0.92 0.86 29 15 9 9 22 28 97 101
78 (TC)yy 0.87 0.87 0.92 0.93 30 26 8 7 22 20 91 104
87 (TC)yp 0.92 0.82 0.86 0.89 9 25 19 20 17 21 102 101
96 (TC)yq 0.81 0.34 0.90 0.42 25 21 12 8 20 14 99 101
9621 (TC)q 0.40 0.22 0.57 0.34 04 0.3 8 9 4 5 65 78
112 (GR);, 0.28 0.63 0.30 0.75 0.9 12 10 14 7 17 103 102
108 (GR)4(GGGR);  0.39 0.40 0.66 0.81 17 27 9 12 11 13 95 96
101 (TC),y(AC);5 0.79 0.78 0.85 0.84 19 11 31 31 17 16 105 105
20 (TC)yq 0.91 0.83 0.89 0.83 31 19 15 13 21 18 98 105
31 (GR)4 0.56 0.43 0.96 0.95 57 62 19 20 42 41 90 89
58(5) (GR)5, 0.48 0.58 0.89 0.96 39 69 44 47 30 41 91 100
36(2) (2G)1g 0.89 0.80 091 0.87 17 12 14 13 19 15 105 105
102(9) (AG);AA(RG),; 0.87 0.82 0.94 0.94 28 26 16 15 32 36 97 96
Average 0.69 0.64 0.84 0.79 24 25 15 15 20 20

*When available, linkage groups mapped in Quercus robur by Barreneche et al. (1998) are shown in brackets; tRepeat units and motif for
each cloned allele, after Steinkellner et al. (1997) and Kampfer et al. (1998); Calculations based on individuals from Portugal, Spain, France
Slovenia and Serbia only. Locus 7 is from Steinkellner et al. (1997), while Locus 7§ is from Kampfer et al. (1998). Locus 16 amplifies locus
3/64 and vice versa (this corrects a minor error in Steinkellner et al. (1997)). Locus 962 is located 71 base pairs downstream of locus 96.
Hg, = observed heterozygosity, H; = expected heterozygosity, V = variance in repeat number and 7 = number of analysed individuals.

eastern France (Q. pefraea 48°18’ N 4°28’ E, Q. robur 48°56’ N
5°01" E), Serbia (Q. petraea 45°20° N 19°50" E, Q. robur 44°59’ N
19°23” E) and Slovenia (Q. petraea 46°36’ N 16°20" E, Q. robur
46°25'N 16°10’E). Individuals were also sampled randomly
in mixed populations from Ireland (53°03" N 8°24" W, pre-
dominantly Q. petraea, 53°04’ N 8°50’ W, predominantly Q.
robur). These leaves were then classified morphologically
in the laboratory according to: petiole length (expressed as
aratio of leaf lamina length), basal shape of the lamina and
abaxial laminar pubescence. This sampling scheme allows
a biogeographical perspective to be given to the inter-
pretation of the genetic differences among the species. A
total of 12 populations were genotyped with 20 micro-
satellite loci. These loci were derived in part from Steinkellner
etal. (1997) and in part from Kampfer et al. (1998). PCR
(polymerase chain reaction) primers for three loci (36,
58 and 102) were redesigned using the oLico (National
Biosciences, Inc.) primer analysis software. These primer
sequences were as follows: 36f 5-GAT CAA AAT TTG
GAA TAT TAA-3, 36r 5-TCG TGG AGG TTA GTC CCN
TTT-3';58f5-AAT TGA GAG TGA CAG AAA GAG-3’, 58r
5-TTC TTT TTC CTA ATC TCA ACT-3" and 102f 5-AAG
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CTT TCC AAT TGC ATA AAC-3’,102r 5-ATG TAC AAT
GTG TTG ACT ACT-3". Ten microsatellite loci used in this
study have been mapped to six of 12 haploid chromosomes
in Q. robur by Barreneche et al. (1998). Linkage groups for
these loci and the repeat units/motifs for each locus are
shown in Table 2. In addition to the 20 microsatellites
genotyped, one neighbouring microsatellite to locus 96
was amplified using a nested PCR to eliminate PCR artefacts.
PCR products from external primers 962f 5-GTG ATG
AAT TGG ACA GTA G-3/, 962r 5-CTA AAA CTG NTT
CTC TTT C-3’ were reamplified with an internal primer
962f int. 5-GAT GTG ACT GGG AAT TTC-3" and primer
962r.

For loci with high Fg; values (at least twofold higher
than the average Fgp), additional individuals from both
species in four Italian populations were genotyped to check
the presence of specific alleles in this refugial peninsula. Q.
petraea individuals were sampled from Monte San Nicolao
44°14’ N 9°42’ E and Monti della Laga 42°41" N 13°36" E (n =
17), while Q. robur individuals were sampled from Torbiera
di Trana 45°02" N 7°25'E and Castel Porziano 41°45’ N
12°25" E (n = 14) (Fig. 1, Table 1).



552 G. MUIR and C. SCHLOTTERER

Microsatellite analysis

Microsatellite loci were amplified following standard
protocols (Schlotterer 1998). Briefly, end labelled (32P) PCR
primers were used in a 10 puL reaction volume (1.5 mm
MgCl,, 200 um, dNTPs, 1 um of each primer, 20-100 ng
template DNA and 0.5 U Tag polymerase). The cycling
profile consisted of an initial denaturation step of 3 min
followed by 35 cycles of 1 min at 94 °C, 1 min at 45-60 °C
(depending on the primer combination) and 1 min at
72 °C. A final extension at 72 °C for 45 min was used to
assure a quantitative terminal transferase activity of the
Tag polymerase. PCR products were then separated on a
7% denaturing polyacrylamide gel (32% formamide, 5.6 M
urea) and sized by running a two-base pair (bp) ‘slippage-
ladder” as well as a PCR product of a M13 clone of known
length next to the amplified microsatellites (Schlotterer &
Zangerl 1999).

Cloning and sequencing

Microsatellite loci with a base substitution interrupting
the repeat unit have a lower mutation rate (Jin et al. 1996;
Petes et al. 1997). To exclude the possibility that a base
substitution interrupting a microsatellite was responsible
for any differential patterns of variability in either species,
we sequenced a sample of alleles (1 = 37) from individuals
across Europe at the three most differentiated loci (as
determined by Fg;), and two reference loci (exhibiting low
Fgr values). Homozygous individuals were amplified
and sequenced in both directions. Direct sequencing was
performed using BigDye terminator chemistry (Applied
Biosystems) according to manufacturer’s instructions and
run on an ABI 377 automated sequencer.

To determine the ancestral character states of base sub-
stitutions within the microsatellite array and their flanking
regions, PCR products of the three most differentiated
loci and two reference loci were amplified and subse-
quently cloned into M13mp19 (Yanisch-Perron et al. 1985).
These products were amplified from single individuals of
Quercus cerris L. and Quercus palustris Muench (growing
in the Vienna region). Q. palustris is regarded as a closer
relative to Q. petraea and Q. robur than Q. cerris (Manos et al.
1999).

The standard 20 pL ligation mix contained 20-100 ng
of phosphorylated PCR product, 100 ng M13mp19, 1 U T4
ligase (Promega) and 1 x T4 ligation buffer (Promega).
Ligation was carried out at 18 °C overnight. Clones were
transformed into XL1 blue Escherichia coli competent cells
(Stratagene). Clones carrying inserts were identified with
blue/white selection. Sequencing templates were prepared
from overnight cultures of positive clones using standard
protocols (Sambrook et al. 1989). Multiple clones from each
locus were sequenced using BigDye chemistry.

Data analyses

Individuals from different geographical populations were
pooled into two groups based on phenotypic classification,
one for Q. petraea and one for Q. robur (Muir et al. 2000).
Diversity indices and general statistics were calculated
using MSANALYSER 3.12 (Dieringer & Schlotterer 2003). Using
the same program, we determined ©, an unbiased estimate
of Wright's Fixation Index (Weir & Cockerham 1984), to
identify the most informative loci separating the two species.
The significance of pairwise ©-values (referred to as Fgpin
the text) was tested by permuting genotypes among groups.
This method of permutation does not rely on Hardy-
Weinberg assumptions (Goudet ef al. 1996).

A hierarchical analysis of molecular variance (AMova)
using the program, ARLEQUIN (Schneider et al. 2000) was
employed to examine the partitioning of microsatellite
variance into components derived from species differences
and those derived from geographical location. The total
variance was partitioned into covariance components result-
ing from: within populations, among populations within
species and among species.

The average repeat length per locus was calculated either
indirectly by subtracting the flanking region or directly,
when the microsatellites had been sequenced. Estimates of
0 (the neutral mutation parameter 4N u, where N, is the
effective population size and p is the neutral mutation rate)
were calculated in bNasP 3.52 (Rozas & Rozas 1999) from
the average pairwise nucleotide diversity (rr; Tajima 1983).

Testing for gene flow in a biogeographical setting

Gene flow was analysed in a biogeographical setting by
comparing the Fg; values of neighbouring species pairs
(focal groups) with more distantly located pairs (as a result
of the geographical distance between populations, the
Spanish/Portuguese species pair was omitted). One Fg;
value was chosen randomly from a distantly located
species pair to use as an independent distance measure
with respect to each of the five focal groups. Five Fg; values
(one from each of the focal groups) and five values
from long-distance comparisons were used to compare
differences.

Bayesian admixture analysis

A model-based clustering method implemented in the
program STRUCTURE (Pritchard et al. 2000) was used to
assign individuals probabilistically to homogenous clusters
(K populations) without consideration of sampling localities.
Estimated posterior probabilities for the simulated model
fitting the data were calculated assuming a uniform prior
for K, where K € {1, 2, 3, 4}. To minimize the effect of the
starting configuration during the Monte Carlo simulation,
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we simulated 50 x 103 updates of the Markov chain before
data for the parameter estimation were collected from
another 10¢ iterations. Three independent runs of the
Markov chain, each of least 106 updates were performed to
assure convergence of the chain and homogeneity among
runs for each prior of K. The posterior probabilities of K
were then calculated using Bayes’ rule. The program was
run without population identifiers (USEPOPINFO = 0)
and in the admixture mode (NOADMIX = 0). As larger
sample sizes were available in Ireland, we used one
population from each species located 29 km apart. A third
approximately equidistant population of Q. petraea was
added as a ‘distance’ control. If demography rather than
species differences was responsible for any population
structure, then the prediction for K would be three rather
than two. A minimum of 24 individuals (83 in total) from
each Irish population was genotyped.

The species, populations and individuals used for each
analysis, respectively, are shown in Table 1.

Results

Twenty polymorphic microsatellites were screened for
both species in six populations covering the species dis-
tribution in Europe (Fig. 1, see also Muir ef al. 2000). Genetic
differentiation among both species was low (Fg; = 0.050),
but highly significant (P < 0.0001) when all loci were
considered jointly. A separate analysis of individual loci
indicated that all 20 microsatellite loci detected a signi-
ficant (P < 0.05) differentiation between Quercus petraea
and Quercus robur (Table 3). To discount the possibility that
this differentiation merely reflects substructure within
species, we took advantage of the hierarchical sampling while
partitioning the total variance according to species and
geographical location. This hierarchical analysis (Amova)
indicated that 15 of the 20 loci were significantly different
among species. Given the moderate sample sizes for indi-
vidual populations, the slight reduction in the number
of significant loci under the AMovA is not unexpected.
Ten of the microsatellite loci surveyed in this study are
mapped in Q. robur (Barreneche et al. 1998). Based on these
loci, we observed significant differences among the two
species for six (out of 12) haploid chromosomes. Both
analyses (Fgr and AMOVA) suggest that the differentiation
between the two species is not limited to a few loci, but is
spread throughout the genome.

Testing for gene flow in a biogeographic setting

To investigate the extent of gene flow and drift among the
two species, we compared the Fg; values of neighbouring
species pairs with more distantly located pairs. If gene flow
is an important evolutionary force, then the differentiation
of neighbouring species pairs (e.g. Q, robur vs. Q. petraea in

© 2005 Blackwell Publishing Ltd, Molecular Ecology, 14, 549-561
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Table 3 Pairwise Fg values between Quercus petraea and Quercus
robur for the 20 investigated microsatellite loci

Wright's fixation P-values (10 000
Locus index (Fgp) replicates)
110 0.023 <0.0001
1/5 0.032 <0.0001
7 0.110 <0.0001
16 0.022 < 0.0001
9 0.017 <0.0001
119 0.056 <0.0001
15 0.011 0.0205
1/2 0.054 < 0.0001
46 0.062 <0.0001
*7 0.023 <0.0001
87 0.067 <0.0001
96 0.232 < 0.0001
112 0.162 <0.0001
108 0.036 <0.0001
101 0.012 0.0031
20 0.017 0.0003
31 0.010 0.0008
58 0.041 <0.0001
36 0.040 <0.0001
102 0.008 0.0017
All 0.050 <0.0001

Locus 7 is from Steinkellner ef al. (1997) while Locus *7 is from
Kampfer et al. (1998).

Ireland, 29 km apart), should be lower than for distantly
located pairs (e.g. Q. robur in Ireland vs. Q. petraea in
Slovenia, 896 km apart). However, we found no significant
difference among neighbouring species pairs (Fg; = 0.082)
and more distant species pairs (Fg; = 0.104, P = 0.42 Mann—
Whitney U-test). Within the limits of low statistical power
(limited number of species pairs), this is an observation which
suggests low differentiation among populations within
species and also low rates of gene flow between species.

Estimates of admixture in mixed populations

To further substantiate the absence of gene flow among
the two species, we derived estimates of admixture pro-
babilistically using Bayesian statistics in individuals from
both species sampled in Ireland. In total, 83 individuals were
genotyped from three equidistant (c. 40 km) populations.
Based on phenotypic classification, one population sample
consisted only of Q. petraea individuals, while the Q. robur
population contained 10% Q. petraea individuals. The third
population was predominantly Q. petraea with 1% Q. robur.
This mixture allowed interspecies gene flow to occur
within populations as well as among populations. Hence,
the sampled individuals should reflect the ongoing level of
hybridization between the two species. The highest posterior
probability was obtained for two clusters (K = 2, Table 4)
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Table 4 Estimated posterior probabilities of K assuming four
genetic clusters

K* InP(X| K) P(X| K)t
1 ~7409.7 ~0
2 ~7176.0 ~1
3 -7196.2 ~0
4 ~7200.5 ~0

Calculations based on 83 individuals of Quercus petraea and
Quercus robur from Ireland. *Number of clusters assumed using
STRUCTURE. TAssuming a uniform prior for K, where K € {1, 2, 3, 4}.

50 4

40

30 1

20 4

No. of individuals

Moo

0- 0.11- 0.21- 0.31- 0.41- 0.51- 0.61- 0.71- 0.81- 0.91-
0.05 0.15 0.25 0.35 045 055 0.65 0.75 0.85 0.95

Degree of admixture

Fig. 2 Frequency distribution of admixed genotypes in two popu-
lations of Quercus petraea and one population of Quercus robur
from Ireland. Admixture proportions are for an optimal K =2
(Table 4), determined using the program, STRUCTURE. The degree
of admixture for each individual represents the frequency of non-
Q. petraea alleles (unshaded) and non-Q. robur alleles (shaded).

rather than three, confirming that species differences
rather than demography were responsible for the observed
population structure. Using the admixture model in the
STRUCTURE program, we also estimated the probability of
ancestry for each individual in one of two groups: Q. petraea
vs. Q. robur. The majority of individuals had high probabilities
of ancestry in only one of the two groups corresponding to
their phenotype. A low number of individuals were found
to score in both groups. Hence, we detected little evidence
of admixture among the two species. The degree of indi-
vidual admixture varied between 0.5% and 20.3% (mean
admixture coefficient = 0.037, Fig. 2). No individual had
admixture coefficients larger than 21%, a proportion that is
unlikely to have been realized by an F; hybrid. Further-
more, the individual with the highest admixture proportion
occurred in the only population consisting of phenotypic-
ally pure Q. petraea (i.e. the population with the lowest
opportunity for interspecific gene flow). Hence, this ana-
lysis supports the low rates of gene flow inferred from the

comparison of Fg values among neighbouring species pairs
and distantly located pairs.

Loci displaying high Fy; values

A closer inspection of the locus-specific Fg; values revealed
three loci (96, 112 and 7), which had values up to one order
of magnitude higher than the remaining 17 (Table 3). As
such loci may be good candidates for genomic regions
carrying genes responsible for adaptive differences between
the two species, we characterized these loci at the sequence
level. For comparison, we included two loci that had
low Fg; values (9 and 110). Several alleles were sequenced
covering the allelic spectrum in both species. Cloned
sequences from Q. palustris and Q. cerris individuals were
used to infer the ancestral character states. Interestingly,
for all loci sequenced, we failed to detect species-specific
alleles. All sequence variants were shared among Q. petraea
and Q. robur, a pattern that is consistent with either shared
ancestral sequence polymorphism or gene flow among
the two species. Hence, based on the sequence data, no
unambiguous differentiation between the two species for
all five loci emerged. A formal test for differentiation is not
possible, as the sequenced alleles were selected based on
their size class and occurrence in the two species.

Four of the sequenced loci had only low levels of poly-
morphism in the flanking region (r varied between 0 and
0.0056 within species). In contrast, locus 7 exhibited high
levels of polymorphism among the sequenced alleles.
Excluding the microsatellite region, the average pairwise
nucleotide difference within Q. petraea and Q. robur sequences
was 0.057 and 0.063, respectively. Comparison to a more
distant relative, Q. cerris, revealed that this outgroup was
identical to some Q. petraea/Q. robur sequences, indicating
that the second class predates the split of Q. petraea/Q, robur
(see Appendix for table of polymorphic sites).

Polymorphism at microsatellite loci with high Fe values

Two of the three loci with the highest Fg; values also showed
the most pronounced differences in heterozygosity among
the two species. Locus 96 and 112 differed by 0.48 and 0.45,
respectively, while the average difference across loci was
0.11. Locus 96 had a reduced heterozygosity in Q. robur
while locus 112 had low levels of variability in Q. petraea.
A separate analysis of the individual populations of each
species indicated that this reduction in heterozygosity is a
species-wide phenomenon (Table 5). Gene diversity for
most geographical populations shows a pattern of lower
variation in one species at these loci across Europe. This
pattern was confirmed in other refugial populations addi-
tionally sampled from Italy (Table 5).

The statistical significance of the reduction in variability
was evaluated by using the InRH test statistic, which is
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Table 5 Diversity indices by species and population for locus 96
and 112

No. of
Locus 96 Hy* Hgt Vi alleles n§
Species/population
Q. robur Ireland 050 055 24 7 24
Q. petraea Ireland 073 089 23 16 30
Q. robur Portugal 029 037 21 6 17
Q. petraea Spain 081 0.8 28 10 16
Q. robur sw France{ 029 033 23 6 14
Q. petraea sw France 082 084 25 8 11
Q. robur eastern France 050 054 26 6 14
Q. petraea eastern France 093 091 17 10 14
Q. robur Italy 038 041 33 5 13
Q. petraea Italy 1.00 091 27 13 16
Q. robur Slovenia 006 032 20 4 17
Q. petraea Slovenia 067 084 17 9 12
Q. robur Serbia 033 036 14 5 15
Q. petraea Serbia 088 092 38 12 17
No. of
Locus 112 Hy  Hg \4 alleles n
Species/population
Q. robur Ireland 070 074 11 8 24
Q. petraea Ireland 020 025 1 5 30
Q. robur Portugal 0 0 0 1 18
Q. petraea Spain 012 011 0 2 17
Q. robur sw France 0.60 0.51 5 5 15
Q. petraea sw France 036 0.32 0 3 11
Q. robur eastern France 093 080 17 7 15
Q. petraea eastern France  0.67  0.52 0 3 15
Q. robur Italy 071 08 28 11 14
Q. petraea Italy 057 0.54 3 7 14
Q. robur Slovenia 081 087 13 9 16
Q. petraea Slovenia 031 035 2 4 13
Q. robur Serbia 080 089 15 9 15
Q. petraea Serbia 018 027 1 3 17

*H, observed heterozygosity; tHy, expected heterozygosity; 1V,
variance in repeat number; §# = number of analysed individuals;
and {sw, southwestern.

specifically designed to identify loci with a reduction in
variability below neutral expectations (Kauer ef al. 2003;
Schlotterer & Dieringer in press). Both loci (96 and 112)
with pronounced differences in heterozygosity between Q.
petraea and Q. robur significantly deviated from the remainder
of the genome (P = 0.016 and P = 0.030, respectively).

In each case, for the species displaying reduced poly-
morphism, the predominant allele class coincided with short
microsatellite alleles. The 136 allele at locus 96 consisted of
six repeats, while the 88 allele at locus 112 consisted of nine
repeats (Fig. 3, Appendix). The same allele structure was
found in both species. The high frequency of these shorter
alleles resulted in a smaller average repeat number in one
species at these two loci (Table 2). Given that the microsatellite
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mutation rate is highly correlated with repeat number
(Brinkmann et al. 1998), the low variability in one of the
species could be explained by the fixation of a short allele
by genetic drift and an associated low mutation rate, rather
than a selective sweep. To test this, we analysed an addi-
tional microsatellite locus in 158 individuals (Table 1,
Fig. 3), which is located 71 bp downstream of locus 96.
If the significant InRH value is an artefact of different
mutation rates in the two species, a flanking locus should
show neither the same pattern of reduced variability nor a
high Fg; value. However, we detected a high Fg; value
(0.33, P < 0.0001) between the two species at this flanking
locus and, in common with its neighbour (96), low gene
diversity in Q. robur (Table 2). The mean repeat number
was almost identical in both species (locus 962, Table 2).
Hence, while the differentiation between the species at
locus 96 and 112 is associated with the high frequency
alleles with shorter repeats, the differentiation is most
likely not an artefact of the shorter repeat length in one
species. Rather, the strong reduction in variability may be
caused by a selective sweep.

Discussion

We employed a microsatellite screen to investigate the
magnitude and extent of genome differentiation among
the two species. Consistent with previous allozyme, RAPD
(randomly amplified polymorphic DNA) and AFLP (ampli-
fied fragment length polymorphism) studies (Zanetto et al.
1994; Bodénes et al. 1997; Coart et al. 2002), we observed that
most of the variation was shared between the two species.
In the following, we discuss several scenarios and the extent
to which they may account for the high proportion of
shared alleles between Q. robur and Q. petraea and for the
significant genetic differentiation between the two species.

High rates of gene flow

Previously, Streiff et al. (1999) documented relatively high
rates of gene flow among the two species. Interspecific
hybridization was detected in 23 out of 310 offspring
(7% of cases in a parentage analysis of a mixed population).
Such high rates of gene flow are expected to prevent genetic
differentiation (Slatkin 1987). Nevertheless, we observed a
significant differentiation between the two species not only
for the joint analysis of all loci, but also for the majority
of individual loci. This result clearly indicates that the
differentiation between Q. petraea and Q. robur is not
confined to some regions of the genome, but is putatively
a genome-wide effect. Consequently, our results are not
compatible with high rates of gene flow between the
two species and strong selection acting on a few loci. One
possible explanation for this apparent discrepancy is that
the study of Streiff ef al. (1999) was based on acorns that have
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Fig. 3 Microsatellite allele frequency spectra at loci with high Fg; values and two reference loci (with low Fg; values: 9 and 110). Locus 962
is located 71 base pairs downstream of locus 96. Quercus petraea (unshaded), Quercus robur (shaded). Nucleotide sequences for a sample of

these alleles (1 = 37) are given in the Appendix.

not been subjected to environmental selection. Assuming
postzygotic selection against hybrids in the wild, estimates
derived from acorns may overestimate hybridization.

Low rates of hybridization

If genetic drift operates against the homogenizing effect of
gene flow, the maintenance of a genome-wide difference
between the two species could be explained by low rates of
hybridization (e.g. Craft et al. 2002). While we note that the
parameters for which such a scenario could be envisaged
are not yet evaluated, for the sake of argument, we assume
this is a realistic scenario. Given that a single migrant per
generation is sufficient to prevent population differen-
tiation by drift, even low levels of gene flow should be
detectable. Hence, in the presence of low levels of gene

flow, neighbouring populations should be more similar
than distantly located ones. Our analysis did not indicate
such an effect. Similarly, we detected very low levels of
admixture between Q. robur and Q. petraea in three equi-
distant, partially mixed populations. While we cannot rule
out that hybridization occurs at a low rate, we were not
able to detect it in our analyses. To discount the possibility
that our observations result from insufficient statistical
power, more species pairs may be required to detect small
but significant differences in Fg among neighbouring and
distantly located populations.

Shared ancestral variation

Allele sharing between two species may also result from
shared ancestral variation. This phenomenon has been
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extensively documented for closely related Drosophila
species (Kliman & Hey 1993) and is particularly pronounced
for recently diverged species with large effective population
sizes (Pamilo & Nei 1988). Moreover, shared ancestral
variation could also result in a pattern of low, but signi-
ficant differentiation between species. Given that our
analyses did not provide strong support for interspecific
gene flow, shared ancestral variation should be seriously
considered as an alternative explanation for the high
frequency of shared alleles in combination with a genome-
wide genetic differentiation among the two species. Sup-
port for shared ancestral polymorphism is provided by
the DNA sequence analysis at locus 7. We detected
substantial sequence divergence in the flanking region
of this microsatellite and both species harboured diverg-
ent alleles. Furthermore, an allele from Q. cerris had more
sequence similarity to one of the allelic classes than the
other. These observations suggest that both Q. petraea and
Q. robur have retained substantial levels of ancestral
variation that could predate the species split to relatives
such as Q. cerris.

The strongest evidence put forward for gene flow
between Q. petraea and Q. robur is the phylogeographical
pattern observed for the chloroplast. Spatially, individuals
from both species share haplotypes more readily than
would be expected by chance (Dumolin-Lapegue ef al.
1997; Petit et al. 1997). This nonrandom distribution is dif-
ficult to reconcile with the shared ancestral polymorphism
hypothesis. Nevertheless, gene flow is difficult to quantify
in the chloroplast genome as the latter represents a single
locus. Regardless of the number of sites assayed, all poly-
morphisms recover only one genealogy, the clonally inher-
ited chloroplast (Dumolin ef al. 1995). As such, the patterns
of polymorphism at this locus may reflect selection acting
on the chloroplast or even drift.

Microsatellites have a relatively high mutation rate and
are prone to produce homoplastic alleles (Ellegren 2000;
Schlotterer 2000). The identification of species-specific
microsatellite alleles is thus complicated by alleles which
may be identical in state rather than by descent. Nevertheless,
in Q. petraea and Q. robur, loci with high F¢; values have on
average, short microsatellites. Hence, if the split between the
two species is relatively recent, any resultant homoplasy
may be small. Equally, assuming a lower mutation rate for
nucleotides, then the time for species-specific mutations to
have accumulated is small and all mutations are thus shared.

Evidence for directional selection

Two loci had a particularly strong reduction in variability
in one of the two species. As selective sweeps reduce
variability at genomic regions flanking the selected site,
such reductions in variability are often interpreted as
evidence for the recent spread of a linked beneficial
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mutation (Maynard Smith & Haigh 1974; Schl6tterer 2003).
However, while the reduction in variability is species-
specific, it occurs in all three glacial refugia. Hence, one
has to assume that the spread of the beneficial mutation
occurred before the beginning of the last glaciation and the
contraction to refugia. Assuming a mutation rate for plant
microsatellites, which is in the order of 104 per generation
(Thuillet et al. 2002; Vigouroux et al. 2002), it appears unlikely
that the acquisition of new mutations would not have erased
the signal of a selective sweep. DNA sequencing, however,
indicated that the most frequent allele at both loci had only
a very small (six and nine) number of repeats in the species
with low heterozygosity. Hence, these alleles are probably
significantly more stable as microsatellite mutation rate is
highly correlated with the number of repeats at a given
allele (Weber 1990; Brinkmann et al. 1998). This observation
could explain why the signature of a (putative) selective sweep
is still detectable, even if it predates the last glaciation.

We note that one of the loci exhibiting a reduction in vari-
ability (96) maps to leaf quantitative trait loci differentiating
the two species identified by Saintagne ef al. (2004).
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Appendix

Tables of polymorphic sites

Locus 96 (175 bp)
Allele size

136 £gg-TGAGAGAGAGAG-—————=————=—————————————— -
140 . . . ~AGAGAGAGAGAGAGAG-————=—====————————————————————
142 . . . ~AGAGAGAGAGAGAGAGAG-—============—=—————————————
144 . . . ~AGAGAGAGAGAGAGAGAGAG-——==========—=—=————————————
148 . . . "TGAGAGAGAGAGAGAGAGAGAGAG-—————==—=—==————————————
168 . . . ~"TGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAG--—
Q. pal. . . . ~"TGAGAGAGAGAGAGAGAGAGAG-————————————————————— aag
Q. cer. aattTGAGAGAGAGAGAGAG-————=——=————=———————————————— aag

Locus 112 (106 bp)
Allele size

88 AGAGAAAA-GAGAGAGAGAGAGAGAG-————————————————
90 AGAGAAAAAGAGAGAGAGAGAGAGAGAG———————————————
94 AGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAG-——-————————
96 AGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAG--—-—————
98 AGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAG--—-—-—-—
104 AGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAG---
Q. pal. AGAGAAAAGGAGAGAGAGAGAGAGAGAAAGAG-————=-—=———~
Q. cer. AGAGAAAGGGAGAGAGAGAGAG-———————=——==——=—— taa
Q. cer. AGAGAAAGAGAGAGAGAGAGAGAG-——————=———————— taa

Locus 7 (204 bp)
Allele size
131

132

140

151

151

153

158 AAAAAAA-GAAAA---GAAAAGAAAAGAGAGAGAGAGAGAGAGAG- === === === == e e
158 HKK A A KK A KK KA XK AR GAAAAGAAAAGAGAGAGAGAGAGAGAGAG -~ === === === === ———mm e m
163 AAAAAA--GAAAA---GAAAAGAAAAGAGAGAGAGAGAGAGAGAGAGAGAG

177 ok ok ok kK ok ok ok o ok ok K ok ok ok o ok ok ok ok ok ok ok ok o ok ok ok ok ok ko o ok ok ko ok o ok ok ko kK ok ok ok

181 ok ko Kk ok kK ok Kk o ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok o ok ok o ok ok o ok ok ko ok ok ok ok ok ok ok ok ok o ok ok ko ok ok ok ok ok ok

181 AAAAAA--GAAAA---GAAAAGAAAAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAG

183 AAAAAA--GAAAA---GAAAAGAAAAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAG

Q. cer. AAAAAAAA-AAAAAAA-————————=— GAGAGAGAGAGAGAG-—=========—————————————————

aagaacccagaacatcagagt.ta.
aagaacccagaacatcagag. tt. .
--aagaacccagaacatcagag
aagaacccagaacatcagag. .t..
aagaacccagaacatcagag. .t..
aagaacccagaacatcagag.t...
aagaacccagaacatcagag.t..cc

[e]

(e}

pet.

N oy W NN

pet,

Pw NN W

rob

16

[N i V]

rob,

(5)
(6)

(5)
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Appendix Continued

Locus 9 (264 bp)
Allele size

186 aAGAGAGAGAGAGAGAGAGAG-———========—====—— tcagtc-—--------m acca-ggca
190 . AGAGAGAGAGAGAGAGAGAGAGAG -~~~ === == === ... . T T
192 . AGAGAGAGAGAGAGAGAGAGAGAGAG-—— === === = ===, . ... .~ o= N
194 . AGAGAGAGAGAGAGAGAGAGAGAGAGA G-~ — === == === . . . . . . " T T o= T
196 . AGAGAGAGAGAGAGAGAGAGAGAGAGAGAG -~ — === === . . .. .~ T T o= R
198 . AGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAG—— == === . . . . .~ o T oo oo = T
200 . AGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAG— = === . . . . . s~ oo oo o o o - ... -...
Q. pal. EAGAGAGAGAGAGAGAGAGAGA-————=————=——~- cacag...... agtcccttctcagggctgggcttggetggectaataataactttatttggtttagaggggga. .a. . .g
Q. cer. .AGAGAGAGAG-————————————————————————————_ . ... agttccttctcetgggetggect----—--------- aataattgtatttggtttagaggggga----aa.

Locus 110 (260 bp)
Allele size

193 AC-AGAGAGAGAGAGAG——— == == = = = = a-ag
206 .« ~AGAGAGAGA T AGAG— === === === aagggttttattt.-..
208 . . ~AGAGAGAGAGAGAGAG-— === === === aagggttttattt.-..
212 .« ~AGAGAGAGAGAGAGAG- — === == === == oo aagggttttattt.-..
228 . . ~AGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAG-—————=———=—————————————————— aagggttttattt.-..
Q. pal. . . aAGAGAGAGAGAGAGAGAGAGAGCGAGAG-————————————————————————————————————— aagggttttatt-.-.a
0. cer. ta-AGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAG- - ——-———=-—— aagggttttattttac.
Q. cer. . . ~AGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGaagggttttattttac.

pet,

pet,

N

rob,

[ O U I S N R

(2)
(3)
(3)

Sequence alignment for a sample of microsatellite alleles at locus 96, 112, 7, 9 and 110 (see also Fig. 3). The complete microsatellite is shown in uppercase for each allele, respectively, while

polymorphic sites upstream and downstream of the microsatellite are shown in lower case letters. At locus 112 and 110, the two Q. cerris (cloned) alleles correspond to heterozygous

individuals. The number in brackets after the locus number is the sequence length. ‘Allele size’ refers to the PCR product length determined by microsatellite typing, ‘pet,” and ‘rob,” are
the number of individuals sequenced from each species, respectively. The numbers in brackets under the heading ‘n’ are the number of sequenced clones (always from single individuals).
Invariant sites are marked with dots and gaps are marked with dashes. At locus 7, the upstream sites from the microsatellite are missing from the 132, 153 and also one of the 158 alleles

(marked with *). In addition, an ambiguous repeat length is present for the 177 and 181 alleles despite cloning of these alleles (also marked with *).

19§ SIVO NI NOILVIIVA TVILSAONY dIIAVHS



Copyright of Molecular Ecology is the property of Blackwell Publishing Limited and its
content may not be copied or emailed to multiple sites or posted to a listserv without
the copyright holder's express written permission. However, users may print,
download, or email articles for individual use.



