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Abstract

Diversity and differentiation among three populations representing the geographical
domains commonly recognized within the natural distribution area of 

 

Picea abies

 

 were ana-
lysed by using a set of 292 AFLP (amplified fragment length polymorphism), SSR (single
sequence repeat) and ESTP (expressed sequence tags polymorphism) markers. As usually
observed in forest trees, results showed high within-population diversity (

 

H

 

S

 

 reaching 0.79)
and low among-population differentiation (

 

G

 

ST

 

 ≈≈≈≈

 

 2%). The genomic organization of differ-
entiation was then investigated on the basis of a subsample of 150 AFLP, SSR and ESTP
mapped markers. The number of the loci differentiating the Baltico-Nordic from the central
European populations (25 loci) and, within the central European populations, the
Alpine from the Hercyno-Carpathian populations (12 loci), were different. These 37 differ-
entiated loci, with individual 

 

G

 

ST

 

 values ranging from 0.008 to 0.20, were evenly distributed
on all linkage groups and mostly followed the neutral expectations, suggesting genome-
wide effects on differentiation. Nine of them however behave as ‘outlier’ loci indicating
possible locus-specific selective effects. Contribution of ongoing evolutionary forces and
historical effects to the geographical differentiation of the species are discussed.
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Introduction

 

In general, forest trees are highly polymorphic plant species
and, in contrast with most herbaceous species, they typically
display low among population differentiation (Hamrick

 

et al

 

. 1992; Müller-Starck 

 

et al

 

. 1992; Hamrick 2004). These
distinctive characteristics are certainly connected to specific
biological traits of these species, such as long generation
time, predominant outcrossing and high level of long-
distance gene flow via pollen (Hamrick 

 

et al

 

. 1992; Hamrick
& Godt 1996).

As in other species, genetic variation in forest trees is
strongly influenced by ongoing evolutionary forces such
as mutation, genetic drift, gene flow and natural selection.
But in such species with long generation time, historical
events also play a crucial role. Indeed, the number, geo-
graphical location and size of glacial refugia, the routes of
postglacial expansion and the possible occurrence of
secondary contacts between populations migrated from

different refuge sites, have been shown to have important
consequences on the genetic structure of many forest tree
species (Taberlet 

 

et al

 

. 1998; Austerlitz 

 

et al

 

. 2000; Petit 

 

et al

 

.
2003; Jaramillo-Correa 

 

et al

 

. 2004). Furthermore, the
dramatic intensification of human activities during the last
centuries has increasingly impacted the forest biodiversity,
even though documented studies are often missing (Ledig
1992).

 

Picea abies

 

 (L.) Karst. is one of the most important conifer-
ous species of Europe from both ecological and economical
points of view. It covers a wide distribution range, stretch-
ing from western Europe to the Ural Mountains and from
Fennoscandia to Greece. Based on palynological, geograph-
ical and morphological traits, this wide natural range is
commonly divided into three domains generally considered
as resulting from postglacial expansion from three putative
refuges (Huntley & Birks 1983; Schmidt-Vogt 1986), i.e. (i) the
Baltico-Nordic domain deriving from a refuge putatively
located in the Moscow area, (ii) the Hercyno-Carpathian
domain issued from a refuge localized in the Carpathian
mountains and (iii) the Alpine domain colonized from a
refuge situated in the Dinaric Alps.
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Genetic variation in this species has been investigated
by using nuclear, mitochondrial and chloroplast DNA
markers (Lagercrantz & Ryman 1990; Bucci & Vendramin
2000; Vendramin 

 

et al

 

. 2000; Sperisen 

 

et al

 

. 2001; Collignon

 

et al

 

. 2002; Bastien 

 

et al

 

. 2003). As in most forest tree species,
nuclear markers revealed high within-population diversity
and low population differentiation (Lagercrantz & Ryman
1990; Collignon 

 

et al

 

. 2002). Cytoplasmic markers, either
paternally (chloroplast markers) or maternally (mitochon-
drial markers) inherited, were more informative and allowed
to clearly distinguish two groups of populations, namely a
northern group consisting of the populations of the Baltico-
Nordic domain and a central European group including the
populations of the Alpine and Hercyno-Carpathian domains
(Vendramin 

 

et al

 

. 2000; Sperisen 

 

et al

 

. 2001). The random
amplified polymorphic DNA (RAPD) analysis carried out
by Collignon 

 

et al

 

. (2002) corroborated this dual genetic
structure: 33% of scored markers showed significant differ-
entiation between the northern and central European prov-
enances. These results indicate early divergence of the
Baltico-Nordic populations and argue in favour of a repro-
ductive isolation during the glacial times that was after-
wards partially maintained during the postglacial expansion.

Differentiation analyses within the central European
group did not lead to such straightforward conclusions
(Lagercrantz & Ryman 1990; Bucci & Vendramin 2000;
Collignon 

 

et al

 

. 2002). For instance, polymorphism analysis
at one mitochondrial minisatellite locus (

 

mh

 

 44) did not
reveal a consistent relationship between the genetic structure
and the geographical origin of the populations (Bastien 

 

et al

 

.
2003). Two major haplotypes were detected, but they were
found in populations from both the Alpine and Hercyno-
Carpathian domains, although a preferential haplotype-
domain association could be observed. The 

 

upgma

 

 clustering
based on RAPD data did not better separate the populations
from the Alpine and Hercyno-Carpathian domains than
mtDNA analysis. The dendrogram showed an intricate
pattern, even though small distinct clusters consistent with
geographical origin could be discerned (Collignon 

 

et al

 

.
2002). Higher differentiation however was revealed when
cluster analysis on quantitative traits was performed, sug-
gesting that adaptation to local environment had occurred
(Collignon 

 

et al

 

. 2002).
It can thus be suspected that the differentiation patterns

observed between the northern and central European groups
of populations and, within the central European group,
between the populations of the Hercyno-Carpathian and
Alpine domains, result from different combinations of
evolutionary forces and historical effects.

In molecular studies of genetic diversity, population
parameters are usually estimated from the polymorphism
observed at putatively neutral marker loci. The data gener-
ally reveal a great variation in the level of differentiation
among loci. If we focus on coniferous species, Yang 

 

et al

 

.

(1996) and Tani 

 

et al

 

. (2003) reported 

 

G

 

ST

 

 values at isozyme
loci ranging from 0.0001 to 0.06 and from 0.006 to 0.12 in

 

Pinus contorta

 

 and 

 

Pinus parviflora

 

, respectively. The corre-
sponding values of mean differentiation were 0.019 and
0.044. In 

 

Picea mariana,

 

 Isabel 

 

et al

 

. (1995), recorded individual

 

G

 

ST

 

 values at RAPD loci comprised between 0.0 and 0.13,
for a mean differentiation value of 0.03. These examples
clearly indicate that some loci can behave very differently
from the rest of the genome.

The distribution across the genome of these ‘outlier’ loci
(Luikart 

 

et al

 

. 2003) can be of much interest to distinguish
between locus-specific and genome-wide effects. Indeed,
under a standard neutral model, genetic drift and migration
should affect all loci, while mutation and natural selection
are expected to differ among loci. Outlier loci can thus be
considered as genomic signatures of natural selection. The
relevance of this approach has been convincingly illustrated
in human genetics (Akey 

 

et al

 

. 2002; Kayser 

 

et al

 

. 2003).
Akey 

 

et al

 

. (2002) in particular, calculated individual 

 

F

 

ST

 

values and examined the distribution at genome, chromo-
some and individual gene level of more than 26 000 single
nucleotide polymorphism (SNP) loci. From this analysis,
they were able to identify 174 candidate genes subject to
selection that provided a frame for a first natural selection
map of the human genome. This approach could help
investigate the mechanisms underlying genetic variation.

In forest trees, such an approach has been used to study
the interspecific differentiation between two sympatric and
interfertile European white oaks (

 

Quercus robur

 

 and 

 

Quercus
petraea

 

). Twenty outlier loci distributed over nine linkage
groups (the haploid number of chromosomes is 12 in both
species) were identified, indicating genome-wide selective
effects in species divergence (Scotti-Saintagne 

 

et al

 

. 2004).
In this study, we applied a similar approach to analyse

the geographical differentiation observed within the natural
distribution area of 

 

Picea abies

 

. We first carried out a multi-
locus analysis of the genetic variation using AFLP (amplified
fragment length polymorphism), SSR (single sequence
repeat = microsatellite) and ESTP (expressed sequence tags
polymorphism) mapped and unmapped markers. Then, in
order to investigate the genomic organization of molecular
variation, we considered the differentiation at each mapped
locus individually. Tests of selective neutrality were
performed and the distribution across the genome of the loci
significantly involved in the genetic variation was examined
using the saturated genetic map recently published by
Acheré 

 

et al

 

. (2004).

 

Materials and methods

 

Plant material and DNA isolation

 

Analyses were performed on a sample of 92 trees originating
from the three geographical domains usually recognized
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within the natural distribution range of 

 

Picea abies

 

, with
30 trees for the Baltico-Nordic domain (D1), 33 for the
Hercyno-Carpathian domain (D2) and 29 for the Alpine
domain (D3). These trees were collected in the international
IUFRO provenance test 1964/1968 (Krutzsch 1974) located
in the Amance forest (northeastern France). Each tree
represented a distinct provenance. The same sample was
previously used for RAPD (Collignon 

 

et al

 

. 2002) and
mtDNA (Bastien 

 

et al

 

. 2003) studies of genetic variation in
this species. Total DNA was isolated from frozen needles,
using the DNeasy Plant Mini Kit (QIAGEN), according to
the manufacturer’s recommendations.

 

Choice of mapped AFLP, microsatellite and ESTP markers

 

To analyse genetic diversity, we selected AFLP, SSR and
ESTP markers evenly distributed over the 12 linkage groups
of the consensus map of 

 

P. abies

 

 published by Acheré 

 

et al

 

.
(2004). Distribution of markers was analysed by comparing
the observed number of markers per 5-cM interval with
the expected Poisson distribution frequencies using a
chi-squared test as described in Acheré 

 

et al

 

. (2004).
Regarding AFLP markers, we chose 15 highly polymorphic

primer-enzyme combinations (PECs) which generated a
total of 345 segregating markers in the mapping progeny of
Acheré 

 

et al

 

. (2004). These PECs were named a1, a2, a3, a4,
a7, a8, a9, a10, a13, a22, a24, a41, a43, a44 and a45, as in
the original publication by Acheré 

 

et al

 

. (2004). To identify
homologous fragments generated by a given PEC, ampli-
fication products of the parents and six individuals
representing the mapping progeny were loaded on each
polyacrylamide gel together with those of the D1, D2 and
D3 tree samples. It has been well established that most
comigrating AFLP fragments from individuals of the
same species are homologous (Rouppe van der Voort

 

et al

 

. 1997; Waugh 

 

et al

 

. 1997; Virk 

 

et al

 

. 2000). The AFLP
markers identified were then designated by the name of
the PEC followed by the size of fragment in base pairs,
e.g. a1-186.

For microsatellites we selected 25 primer pairs developed
by Pfeiffer 

 

et al

 

. (1997), Hodgetts 

 

et al

 

. (2001), Scotti 

 

et al

 

.
(2000, 2002a, b) and Besnard 

 

et al

 

. (2003) from different

 

Picea

 

 species, and for ESTPs two primer pairs designed by
Schubert 

 

et al

 

. (2001) from 

 

P. abies

 

 cDNA sequences. We
checked that all these SSR and ESTP markers were single
locus, codominant and multiallelic. Experimental protocols
were as described in Acheré 

 

et al

 

. (2004).

 

Data analysis

 

Sampled trees from each of the D1, D2 and D3 domains were
considered as populations. Data obtained with the dominant
(AFLP) and codominant (SSR and ESTP) markers were
analysed separately.

The polymorphic AFLP fragments were scored inde-
pendently as present (1) or absent (0) and a binary matrix
constructed. This matrix was first used to carry out a pheno-
typic analysis of differentiation. The genetic structure within
the 92 sampled trees was depicted using a correspondence
analysis (CA) based on the chi-squared distances between
paired individuals (

 

ntsys

 

-

 

pc

 

 2.02; Rohlf 2000) and the
differentiation among populations (

 

Φ

 

ST

 

) estimated by an
analysis of molecular variance (

 

amova

 

) carried out on a
matrix of squared standard Euclidean distances between
all pairs of AFLP phenotypes (Excoffier 

 

et al

 

. 1992). Signif-
icance was obtained by using 500 permutations.

A genotypic analysis was then performed using those
AFLP markers with frequency lower than 1 – (3/

 

N

 

), where

 

N

 

 is the sample size, as recommended by Lynch & Milligan
(1994) to reduce bias in estimating the population genetics
parameters (Isabel 

 

et al

 

. 1995, 1999; Szmidt 

 

et al

 

. 1996;
Krutovskii 

 

et al

 

. 1999). Allelic frequencies were calculated
assuming Mendelian segregation and Hardy–Weinberg
equilibrium. The mean diversity within population (

 

H

 

S

 

),
the total diversity (

 

H

 

T

 

) and the differentiation at each locus
(

 

G

 

ST

 

: Nei 1973) were computed with the 

 

popgene

 

 version
1.31 software (Yeh 

 

et al

 

. 1997). The significance of differen-
tiation was estimated by using the 

 

spagedi

 

 version 1.1
software (Hardy & Vekemans 2002). The procedure is based
on the comparison of observed values of differentiation
(

 

F

 

ST

 

) with the corresponding frequency distributions obtained
by means of 10 000 random permutations of individuals
among populations (95% confidence interval).

Regarding the codominant SSR and ESTP markers,
fragment size was estimated with the 

 

geneimagir

 

 software.
The allele distribution among populations was compared
for each polymorphic locus with Fisher exact test, using

 

genepop

 

 version 3.3 software (Raymond & Rousset 1995).
Diversity (

 

H

 

S

 

, 

 

H

 

T

 

) and differentiation (

 

G

 

ST

 

) estimates were
calculated from allele frequencies by using the 

 

fstat

 

 version
2.9.3 5 software (Goudet 2002). Significance of differentia-
tion at each locus was tested by a log-likelihood (G) based
exact test (Goudet 

 

et al

 

. 1996) computed with 

 

genepop

 

.
Identification of AFLP, SSR and ESTP outlier loci was

carried out following the Beaumont and Nichols’ approach
(1996) that uses computer simulation to model neutral loci
with the 

 

fdist

 

2 software. An infinite alleles mutational
model was used. The simulated data was used to derive 

 

F

 

ST

 

using Cockerham & Weir’s formula (1987). The distribution
of 

 

F

 

ST

 

 as a function of heterozygosity was characterized by
estimating the 0.05, 0.50 and 0.95 quantiles of the distribu-
tion. In a first step, the neutral expectation was based on
the overall mean value of 

 

F

 

ST

 

 calculated from all markers.
Markers with 

 

F

 

ST

 

 values outside the 0.95 limits correspond-
ing to the null hypothesis were then removed and a new
analysis was performed with a recalculated mean value of

 

F

 

ST

 

. Markers with 

 

F

 

ST

 

 values that fell outside the 0.95 limits
after this second analysis were considered as outlier loci.
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Comparison of HS, HT and GST obtained with dominant
and codominant markers was performed with the non-
parametric Mann–Whitney rank sum test applied to single-
locus estimates of these parameters. The GST distributions
for the dominant and codominant markers were compared
with Fisher exact test after grouping of GST values into 10
classes with an interval of 0.01.

Results

Genetic diversity

AFLP markers. A total of 265 polymorphic were scored from
the 15 selected PECs. The number of fragments polymorphic
in at least one population ranged from 4 to 39 per PEC (17.7
per PEC on average). Of these 265 AFLP markers, 143 were
homologous to mapped loci of the saturated genetic map
of Acheré et al. (2004) based on similarity of fragment size.
The genome position of the remaining 122 was unknown
(unmapped markers).

When the Lynch and Milligan’s restrictions (1994) for
dominant markers were applied, the number of poly-
morphic AFLP markers was reduced to 203. The mean
diversity within populations (HS) and the total diversity
(HT) amounted to 0.378 and 0.389, respectively. The genetic
diversity estimates (HS or HT) did not differ significantly
whether the mapped (117) or unmapped (86) markers were
considered (Mann–Whitney rank sum test; P > 0.05).

SSR and ESTP markers. All the analysed SSRs and ESTPs
were found to be polymorphic in the D1, D2 and D3 popu-
lations. The 25 microsatellites revealed a high number of
alleles, ranging from 5 to 55 per locus (25 on average). For both
ESTPs, the number of alleles was similar to that reported
by Schubert et al. (2001), e.g. 5 alleles of 212–230 bp and 4
alleles of 368–420 bp for PA0034 and PA0043, respectively.

Microsatellite markers revealed high genetic diversity,
with HS and HT values of 0.789 and 0.796, respectively
(Table 1). With the ESTP markers, genetic diversity was
lower (HS = 0.493 and HT = 0.505; Table 1). Altogether these
values were significantly higher than those obtained with
the dominant AFLP markers (Mann–Whitney rank sum
test; P < 0.001).

Genetic differentiation

Results of the correspondence analysis (CA) carried out at
the whole range level (92 trees from the three geographical
domains) using the frequencies of the 265 AFLP markers
are shown in Fig. 1. The two first axes accounted for 7.3%
of the total variation. A clear separation of the Baltico-
Nordic trees (D1) was observed along axis 1. Trees of the
central European populations (D2, D3) were mixed together,
forming a distinct composite group.

The analysis of molecular variance (amova) based on
the whole 265 AFLP markers, showed that 95.6% of the
molecular variation was found within populations and 4.3%
among populations. The two-level variance partitioning
indicated a higher differentiation (ΦST = 5.2%; P < 0.002)
between the Baltico-Nordic (D1) and central European (D2
+ D3) groups than between the D1, D2, D3 (ΦST = 4.3%;
P < 0.002) or the D2, D3 (ΦST = 1.9%, P < 0.002) populations.

The differentiation between the three populations, as
measured by the SSR and ESTP codominant markers or by
the 203 AFLP dominant markers in conformity with the
Lynch and Milligan’s restrictions (1994), was significant,
with overall GST values of 0.009, 0.025 (Table 1) and 0.029,
respectively. The frequency distribution of individual GST
values of the AFLP markers (Fig. 2) differed significantly
from that of the microsatellites (Fisher test; P = 0.0008).

Table 1 Genetic diversity and differentiation between the D1, D2
and D3 populations at 25 SSR and 2 ESTP loci
 

Marker Loci References HS HT GST Lg

SSR UAPgAG150(A) [5] 0.799 0.807 0.011 1
EAC6E09 [3] 0.920 0.928 0.008 1
SpAGC2 [1] 0.897 0.917 0.022* 2
PAAC3 [2] 0.949 0.953 0.004 2
EAC6B01 [3] 0.940 0.947 0.007 3
UAPsTG25 [5] 0.544 0.576 0.055* 3
EAC7H7 [3] 0.934 0.938 0.004 5
SpAC1F7 [1] 0.573 0.579 0.010 5
SpAC1H8 [1] 0.935 0.945 0.010 5
SpAGC1 [1] 0.682 0.684 0.002 5
EAC1D10 [3] 0.980 0.982 0.002 5
SpAC1B8 [1] 0.984 0.983 −0.001 6
SpAG2 [1] 0.913 0.918 0.005 6
EATC2C01 [4] 0.943 0.945 0.002 7
pgGB5 [6] 0.755 0.759 0.005 7
EAC1G5 [3] 0.977 0.981 0.004 8
EATC1D02A [4] 0.795 0.804 0.011* 9
paGB8 [6] 0.960 0.965 0.006 10
pgGB7 [6] 0.569 0.584 0.027* 10
UAPgCA91 [5] 0.406 0.407 0.003 11
EATC1B2 [4] 0.303 0.303 −0.001 11
EATC1E3 [4] 0.317 0.327 0.029* 11
UAPgCA24 [5] 0.965 0.972 0.008 11
paGB3 [6] 0.766 0.767 0.001 12
PAAC19 [2] 0.925 0.929 0.004 12
Overall 0.789 0.796 0.009*

ESTP PA0043 [7] 0.634 0.657 0.036* 5
PA0034 [7] 0.352 0.353 0.005 9
Overall 0.493 0.505 0.025*

[1], Pfeiffer et al. 1997; [2], Scotti et al. 2000; [3], Scotti et al. 2002a; 
[4], Scotti et al. 2002b; [5], Hodgetts et al. 2001; [6], Besnard et al. 
2003; [7], Schubert et al. 2001; HS, mean within-population 
diversity; HT, total gene diversity; GST, genetic differentiation; 
*significant differentiation at 5% level; Lg, linkage group number 
(Acheré et al. 2004).
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Two-thirds of AFLPs displayed GST values > 1%, compared
to only one-third for SSRs. Five AFLPs (2.46%) showed
among population differentiation exceeding 10%. Compar-
ison of GST calculated from mapped or unmapped AFLP
markers did not reveal significant difference (Mann–
Whitney rank sum test, P > 0.05).

Genomic distribution of differentiation

Given the dual structure of genetic variation within the
natural distribution range of the species confirmed by the
data reported in the previous paragraph, we first examined
the genomic distribution of differentiation between the D1
and D2 + D3 pooled populations. One hundred and fifty-
two mapped markers (125 AFLPs, 25 SSRs and 2 ESTPs;
Fig. 3), representing about 20% of the total markers posi-
tioned on the saturated linkage map of Acheré et al. (2004),
were found to be polymorphic. Comparison of the observed
and expected Poisson distributions indicated that these
polymorphic markers are randomly distributed over the
12 linkage groups (χ2 = 1.30; 3 d.f.; P < 0.05; with 7–18
markers per linkage group) with an average spacing
between two adjacent markers of 13.4 cM (Fig. 3).

Differentiation analysis revealed significant overall GST
between the D1 and D2 + D3 populations (P < 0.05), with
values of 0.018, 0.008 and 0.027 for AFLP, SSR and ESTP
markers, respectively. However, only 25 out of the 152
mapped loci (16%) were significantly involved in the
differentiation. These 25 differentiated loci (17 AFLPs, 7
SSRs and 1 ESTP) were evenly distributed (χ2 = 0.82; 2 d.f.;
P < 0.05) over 11 of the 12 linkage groups of the map (1–4 per

linkage group; Fig. 3). No significantly differentiated loci
were detected on linkage group 4. On linkage group 2, four
differentiated loci (3 AFLPs and 1 SSR) occurred in a
32-cM interval, with in-between distances of 4.6, 10.9 and
16.7 cM (Fig. 3). However the comparison with the expected
Poisson distribution indicated that this linkage group did not
contain any cluster of markers (χ2 = 0.23; 2 d.f.; P < 0.05).

Application of the Beaumont and Nichols’ procedure
(1996) to the 152 markers allowed us to identify three
outlier loci (2 AFLPs and 1 SSR; mean FST value: 0.026). To
avoid bias in the differentiation estimate, the mean FST value

Fig. 1 The first two axes of the correspond-
ence analysis (CA) computed from the AFLP
data: distribution of the 92 trees according
to their original domain (1, Baltico-Nordic
domain; 2, Hercyno-Carpathian domain;
3, Alpine domain). Trees labelled by one
asterisk showed several missing data. Their
origin (domain 3) has been confirmed by
mtDNA data (Bastien et al. 2003).

Fig. 2 Distribution of GST values of the 203 AFLP and 25 SSR
analysed markers.
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Fig. 3 Location and GST values of the analysed markers along the 12 linkage groups of the consensus map by Acheré et al. (2004).
Black bars correspond to the differentiation between the D1 and D2 + D3 pooled populations.

 Significant differentiation at 5% level.
 Outlier loci.

– White bars indicate to the differentiation between the D2 and D3 populations.
 Significant differentiation at 5% level.
 Outlier loci. 

Underlined markers were only used in one of the analysed differentiations.
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was recalculated after removal of these three highly diver-
gent loci (recalculated FST value = 0.020). One additional
outlier AFLP locus could then be detected. In total, four
loci showing FST values exceeding the 0.95 limits of the
simulated distribution of differentiation under selective
neutrality were found (Fig. 4a). These four outliers, puta-
tively affected by natural selection, were all significantly
involved in the differentiation between the D1 and D2 + D3
populations, representing 16% of the differentiated loci.
They were scattered across four different linkage groups
(Lg 2, Lg 7, Lg 8 and Lg 9; Fig. 3).

In a second step of the analysis, we examined the
genomic distribution of the differentiation between the D2
and D3 central European populations. One hundred and
fifty mapped markers (123 AFLPs, 25 SSRs and 2 ESTPs;
Fig. 3) were found to be polymorphic. They were randomly
distributed (χ2 = 6.07; 4 d.f.; P < 0.05) over the 12 linkage
groups of the map (9–18 per linkage group), with an average
spacing between two adjacent markers of 13.6 cM.

Mean differentiation as revealed by AFLPs was significant
(overall GST: 0.017; P < 0.05), but not when SSR and ESTP
markers were used (overall GST: 0.002 for both). The number
of loci significantly involved in the differentiation decreased
to 12 (10 AFLPs and 2 SSRs; Fig. 3), representing 8% of the
polymorphic markers. They were evenly scattered (χ2 =
0.195; 2 d.f.; P < 0.05) across nine linkage groups (1–2 per
linkage group), with a minimum distance of 19 cM (Fig. 3).

The Beaumont and Nichols’ test for neutrality (1996)
applied to the 150 polymorphic markers allowed the
detection of three outlier AFLPs (mean FST = 0.020). After
recalculation of the mean FST without these three divergent
loci (recalculated FST value = 0.015), two additional outlier

Fig. 3 Continued

Fig. 4 Distribution of FST values calculated from mapped loci
as a function of heterozygosity (HS). The quantiles have been
estimated following Beaumont & Nichols (1996). (a) Differentiation
between the D1 and D2 + D3 populations. (b) Differentiation
between the D2 and D3 populations. Outlier loci are referenced as
in Fig. 3.
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AFLPs were identified. The total number of outlier loci
identified was thus of five, all AFLPs (Fig. 4b). These
outlier AFLPs were significantly involved in the D2 vs. D3
differentiation, representing 42% of the differentiated
loci. They were distributed on five different linkage groups
(Lg 4, Lg 5, Lg 6, Lg 8 and Lg 9; Fig. 3) and differed from
those involved in the D1 vs. D2 + D3 differentiation.

Discussion

Molecular differentiation

Diversity estimates obtained in this study by using AFLP,
SSR and ESTP data confirmed that the organization of
genetic variation in Picea abies is similar to that observed
in most forest tree species: the major proportion of gene
diversity is harboured within populations, whereas the
geographical differentiation is low (Hamrick et al. 1992;
Hamrick & Godt 1996). We found for instance that the
mean within-population diversity (HS) was 0.79, while the
differentiation (GST) estimated from AFLP data was only
0.029, in good consistency with the low values previously
found with allozymes (0.05; Lagercrantz & Ryman 1990) or
RAPDs (0.04; Collignon et al. 2002).

Beyond this general observation, it is important to notice
that results obtained from different types of markers showed
some discrepancies. This ‘marker effect’ affected in par-
ticular the diversity estimates which were higher when
calculated from multiallelic and codominant SSR markers
than from biallelic and dominant AFLP markers. Conversely,
genetic differentiation was higher when inferred from AFLP
markers as compared to SSRs. The same observations were
made in Quercus petraea and Quercus robur by Mariette et al.
(2002) and interpreted as a consequence of the higher
mutation rate of microsatellites compared with AFLP and
other types of markers in general (Weber & Wong 1993).
Homoplasy among scored alleles of microsatellites can
accentuate this underestimation of differentiation (Estoup
et al. 1995).

Consistent with the multilocus analysis, the locus-per-
locus examination of GST, revealed a significantly higher
variation in amplitude for AFLP dominant markers than
for microsatellite codominant markers. Their distribution,
however, did not follow a general L-shaped curve, as
reported in the studies of Mariette et al. (2002) and Scotti-
Saintagne et al. (2004) on Q. robur and Q. petraea. We found
66% of AFLP markers showing GST values > 1% compared
to only 29% in Scotti-Saintagne et al. (2004). This difference
clearly suggests that the number of genomic regions
involved in the intraspecific differentiation of a wide-
ranging species such as P. abies is greater than that of the
loci contributing to the interspecific divergence between
the two sympatric and interfertile oak species studied by
these authors.

Genomic differentiation

Several evolutionary forces such as mutation, random genetic
drift, gene flow or natural selection influence variation
across genomes and populations (Gaut et al. 2000). Selection
and mutation have locus-specific effects while genetic drift
and gene flow act at genome-wide scale (Lewontin &
Krakauer 1973; Luikart et al. 2003).

In this study, we investigated the genomic organization
of diversity on the basis of about 150 mapped markers (123/
125 AFLPs, 25 SSRs and 2 ESTPs) evenly distributed over
the nuclear genome of P. abies. The phenotypic analysis of
the AFLP markers allowed us to distinguish the Baltico-
Nordic population (domain D1) and the central European
populations (domains D2 and D3), whereas D2 and D3 were
significantly, but more weakly differentiated. This dual
structure of genetic variation was fully consistent with
previous results inferred from RAPDs (Collignon et al. 2002),
cytoplasmic markers (Vendramin et al. 2000; Sperisen et al.
2001; Bastien et al. 2003) or quantitative traits (Collignon
et al. 2002). Therefore, we first considered differentiation
between the D1 and D2 + D3 pooled populations and then
between the D2 and D3 populations. The genomic organiza-
tion of differentiation appeared to be quite different. Indeed,
results clearly showed that the differentiation between the
Baltico-Nordic and central European pooled populations
affected a significantly higher number of loci (25 loci, 16%
of markers) than the differentiation among the central
European populations (12 loci, 8% of markers) (Z-test, 5%
level, U > 1.96). These 25 and 12 loci were scattered across
the genome and their respective position on linkage groups
was different. The minimal distance between these 25 loci
or between these 12 loci was 4.6 cM. In this species with a
particularly high genome size (18.6 pg ≈ 18.6 × 109 bp ≈
2000 cM per 1C: Siljak-Yakovlev et al. 2002; Acheré et al.
2004), this distance represents as much as 43 Mb (physical/
genetic size ratio of 9.3 Mb/cM).

Among the 37 significantly differentiated loci however,
important variation of the GST values could be observed
(from 0.008 to 0.20; Fig. 3). Most of them fit the neutral
model expectations according to Beaumont and Nichols’
approach (1996). However eight AFLPs and one SSR
significantly deviated from the neutral model and could be
considered as outlier loci (Luikart et al. 2003) probably
subjected to selection. Detection of such outlier loci indicates
locus-specific effects in the within species differentiation.
Complementary approaches such as the detection of co-
localization of outlier loci with QTL (quantitative trait loci)
for adaptive traits, or the analysis of outlier loci distribution
in natural populations showing clinal variation for pheno-
typic characteristics, could confirm the involvement of
natural selection at these loci.

Four of these outlier loci, three AFLPs and one SSR located
on distinct linkage groups, differentiated the Baltico-Nordic
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from the central European group and, five, all unlinked
AFLPs, distinguished the Alpine from the Hercyno-
Carpathian populations. Their respective proportion among
the significantly differentiated loci did not differ signifi-
cantly (Z-test, 5% level, U < 1.96). Selective effects involved
in both analysis of differentiation seem therefore to have
comparable impact on molecular adaptation.

Finally, the results clearly indicate that all differentiated
loci are not similarly affected by evolutionary forces. Most
loci, evenly distributed over the linkage groups, probably
reflect genetic drift and genome-wide gene flow effects that
occurred during the quaternary history of the species. A
higher number of loci (21) was involved in the differentia-
tion of the Baltico-Nordic (D1) and central European
populations (D2 + D3), than in the differentiation of the
Hercyno-Carpathian (D2) and Alpine (D3) populations
(seven loci). This difference can be interpreted as a greater
long-term genetic legacy of refugial isolation of Baltico-
Nordic populations compared to the others. Much data
indeed, including molecular studies of mitochondrial or
chloroplast polymorphism (Vendramin et al. 2000; Sperisen
et al. 2001; Bastien et al. 2003) argue in favour of an early
divergence of the Baltico-Nordic domain, probably resulting
from an ancient separation. However, secondarily, high
levels of gene flow have probably partially counterbalanced
the long-term consequences of refugial isolation. Such
exchanger has occurred intensively among the populations
of the Hercyno-Carpathian and Alpine domains (D2 and
D3) which probably met during their postglacial expansion
and exchanged genetic material or completely admixed
(Bergmann 1991). This resulted in a reduced number of
genomic regions involved in differentiation and a partial
erasing of the genetic signature of Pleistocene isolation of the
Carpathian and Dinaric refuges. Long-distance wind dis-
persal of pollen has certainly favoured such introgressions,
but ancient and repeated anthropic actions have also been
implicated (Ledig 1992; Jeandroz et al. 2004).

The detection of nine outlier loci indicates that selective
effects acting differentially in the different geographical
domains also occurred, probably in connection to local
adaptation to specific environmental conditions within the
Nordic and central European populations. Indeed, owing
to the wide latitudinal and longitudinal extension of its
natural distribution range, P. abies is subjected to varied
environmental pressures that can favour directional
selection for some traits (Collignon et al. 2002). Assuming
that the sample of 150 mapped markers used in this study
represents a good coverage of the genome, the proportion
of loci that might be under the effect of selection reaches
2.5% to 3.3%. These percentages are of the same magnitude
than those recently reported by Campbell & Bernatchez
(2004), who found that in lake whitefish (Coregonus clupea-
formis) ecotypes, 1.4% to 3.2% of scored AFLP markers
could be implicated in the adaptive differentiation. But, on

the other hand, they are lower than the 12.7% detected by
Scotti-Saintagne et al. (2004) in the divergence between
Q. petraea and Q. robur. This higher percentage indicates that
the number of genomic regions subjected to selection is
probably higher in the interspecific divergence of these two
oak species than in the intraspecific variation of P. abies.

In the future, although AFLP represents an important
source of markers in term of genome covering, an extensive
mapping of coding loci (ESTP) should improve the identi-
fication of outlier loci and allow a better understanding of
the genetic basis of adaptation in this species.
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