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Genetic diversity within and among Pinus
pinaster populations: comparison between
AFLP and microsatellite markers
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Twenty-three populations of Pinus pinaster (13 Aquitaine populations and 10 Corsican populations)
were analysed at three microsatellite loci and 122 AFLP loci. The aims of the study were: (i) to
compare levels of within-population and among-population diversity assessed with both kinds of
markers; (ii) to compare Aquitaine and Corsican provenances of P. pinaster; and (iii) to know if both
markers gave the same information for conservation purposes. Classical population genetics statistics
were estimated and the ranking of populations obtained using different markers and/or parameters
were compared by computing Spearman’s rank correlations. Even though microsatellites showed a
higher within-population diversity, they showed the same level of differentiation as AFLP markers.
Moreover, both markers also showed a higher genetic diversity in the Aquitaine provenance and a
higher differentiation among Corsican populations. AFLPs and microsatellites gave different
population diversity rankings. Consequently, the results do not support the potential population

Received 15 May 2000, accepted 22 December 2000

identification within each provenance for conservation purposes.
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Introduction

Different marker systems are currently available for
monitoring genetic diversity in natural populations.
Examples of markers with contrasting properties are
AFLP markers (Vos et al, 1995) and microsatellites
(Tautz, 1989). First, AFLPs are considered to be
dominant and biallelic, whereas microsatellites are
codominant and usually reveal a high number of alleles.
Secondly, the AFLP technique provides many markers
randomly spread in the genome whereas, in a diversity
study, the number of analysed microsatellites is usually
low. Although mutation rates may be different for
different markers and may be considered ‘marker
specific’, other evolutionary factors such as migration
or drift affect the whole genome regardless of the
genomic regions that are monitored by different marker
systems. The comparative analysis between different
markers is therefore intended to reveal the balance
between different evolutionary forces contributing to
genetic diversity. In this paper, we compare the levels of
diversity within and among Pinus pinaster Ait. popula-
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tions estimated by both types of markers (AFLP and
microsatellites).

The natural range of P. pinaster is restricted to the
western part of the Mediterranean basin, including
continental France (mainly south-west and south-east),
Corsica, Spain, Portugal, continental Italy (Liguria and
Tuscany), Italian islands (Sardinia and Pantelleria),
Morocco and Tunisia. Previous genetic diversity studies
have been performed using terpene, protein and allo-
zyme markers (Baradat & Marpeau-Bezard, 1988;
Baradat ef al., 1991; Bahrman et al., 1992; Petit et al.,
1995; Bahrman et al., 1997). The results of these studies
indicated a subdivision of the species into three groups:
Atlantic (including south-west France, Portugal and
Galicia in Spain), peri-Mediterranean (including Anda-
lusia in Spain, Corsica, Maures in south-east France and
Liguria in Italy) and North African (Moroccan Atlas,
Algeria and Tunisia). They also suggested that the
species differentiated into regional “‘races” after the last
glaciation, beginning in the south-west of the Iberian
Peninsula. Salvador et al. (2000) studied the genetic
variability with 18 isozyme loci and concluded that the
southern Iberian range could be the putative recolon-
ization centre of the species after the last glaciation.
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Chloroplast microsatellites were recently used in P. pin-
aster for studying genetic diversity and colonization
processes of the species (Vendramin ef al., 1998; Ribeiro
et al., 2000). As a whole, few studies focused on the fine
scale description of genetic variability of P. pinaster
within regional ‘races’.

Maritime pine is a widely afforested species in France.
An intensive breeding programme is conducted with
breeding populations originating from the Aquitaine and
Corsican provenances. Natural resources of the species
might be threatened in France. In south-west France, the
artificial selection in the improvement programme may
cause a reduction of the genetic variability. In the south-
east, the threat may be due to the fires and to the bast
scale Matsucoccus feytaudi Duc., which is a specific pest
of P. pinaster (Burban et al., 1999). After proliferating in
south-east France, the pest recently appeared in Corsica
(Jactel et al., 1996) where it is spreading and producing
extensive damage (Jactel et al., 1998).

In this paper, 13 Aquitaine populations and 10
Corsican populations of P. pinaster were screened with
two different types of molecular markers: three nuclear
microsatellite loci and 122 AFLP loci. The first objective
of the study was to compare the levels of within- and
among-population diversity assessed by both types of
markers. The second objective was to analyse and
compare the genetic diversity of P. pinaster populations
from the Aquitaine provenance and from the Corsican
provenance. Finally, we intended to draw recommenda-
tions for conservation purposes based on the comparat-
ive analysis of genetic diversity with different markers.

Materials and methods

Plant material and DNA extraction

We sampled 13 populations in Aquitaine (south-west
France). Populations were selected on the basis of
historical records about their native origin [French
National Forest Office (ONF), personal communica-
tion]. From palynological data, Paquereau (1964) indi-
cates that P. pinaster appeared in Aquitaine about
8000 years ago and spread along the coast, where the
species constituted some monospecific pine forests
during the last 3000 years. The populations used in this
study most likely originated from original stands after
successive natural regenerations. Populations were sam-
pled to represent the natural genetic variation of this
species in south-west France.

The Corsican set of populations was selected among
30 previously collected populations (Durel & Bahrman,
1995). Ten of those populations, regularly distributed
along the island, were chosen to cover the range of
altitudes, from 10 m to 1105 m.

For the Aquitaine populations, needles were collected
from about 30 young trees (3-5-years-old) randomly
distributed over an area from 10 to 30 hectares for each
population. In the Corsican populations, one seedling
was sampled for each of about 30 open pollinated
progenies per population. The mother trees of the open
pollinated progenies were distributed on approximately
50 hectares. Genomic DNA was extracted from needles
as described by Doyle & Doyle (1990).

Microsatellite and AFLP markers

The 23 populations were screened with three nuclear
microsatellites (FRPP91, FRPP94 and ITPH4516) and
with two AFLP primer—enzyme combinations. Micro-
satellite amplifications were performed as described by
Mariette et al. (2001) and AFLP markers were obtained
following the protocol by Costa et al. (2000). Two
primer—enzyme combinations, EcoRl + ACC/Msel +
CCTG and EcoRI + ACG/Msel + CCCA, coded
PEC I and PEC 2, respectively, were used. They were
selected according to the number of amplified loci
(respectively 110 and 81) and the number of polymor-
phic loci (respectively 29 and 28) detected in a mapped
population (Costa et al., 2000). Microsatellite and
AFLP loci were scored with the RFLP-SCAN version 3.0
(Scanalytics) software.

Statistical analyses

Data analysis of microsatellite markers. For each locus,
the allelic richness (A4), the allelic frequencies, the
observed heterozygosity (Hg), the effective number of
alleles (Ag=1/(1 — Hg)) and the fixation index (Fis)
were calculated as described by Brown & Weir (1983).
The analysis of diversity was also performed using Nei’s
(1987) single-locus estimators: the within-population
gene diversity (H; within population i and Hg mean
value of H; over several populations), the total gene
diversity (Ht) and the coefficient of gene differentiation
among populations (Ggt). These parameters were com-
puted by using the DIPLOIDE program (Antoine Kremer,
Equipe de Génétique et Amélioration des Arbres
Forestiers, Cestas, France).

Data analysis of AFLP markers. To analyse AFLP
markers, we assumed that each AFLP amplification
product, regardless of its relative intensity, correspon-
ded to a dominant allele at a unique locus. Polymorphic
amplified loci were scored as ‘1’ for the presence and ‘0’
for the absence of a locus. Only loci with clearly
amplified bands were used for data analysis.

The analysis of genetic diversity with AFLP frag-
ments was done after estimating the frequencies of the

© The Genetics Society of Great Britain, Heredity, 86, 469-479.



alleles responsible for the presence and absence of
fragments. If p and ¢ are the alleles responsible for the
presence and absence of an AFLP fragment, and if Q is
the frequency of trees that do not exhibit the fragment,
then Q= q2(1 — Fis) tqFs, where Fig is the fixation
index. Assuming that the true value of Fig is known, an
asymptotically unbiased estimate of ¢ is obtained by the
use of a second order Taylor expression:

. Fs A ifet Q)
1230 Fw) 20 Ry S M)A [ N }
(1)

with A= Fi + 4(1 — Fi5)Q and N the number of trees
sampled per population.

The analyses were performed using the Fig value that
was estimated based on the average value from the three
microsatellites. We estimated the diversity over all loci
and we also restricted the analysis to loci that showed an
observed frequency smaller than 1 — (3/N), where N is
the sample size, as recommended by Lynch & Milligan
(1994). These authors showed that the bias introduced
on the estimation of g due to small sample size was
substantial when the null allele was rare. Hg, Ht and
Gst were computed by using the allelic frequencies as
estimated by formula (1).

Analyses were performed by using the HAPDOM
program (Antoine Kremer, Equipe de Génétique et
Amélioration des Arbres Forestiers, Cestas, France).

For both types of marker, diversity parameters were
estimated for each population and provenance (Corsica
and Aquitaine). Mean values were estimated over all 23
populations, over all the Aquitaine populations and
over all the Corsican populations.

Levels of differentiation (Gst) were calculated among
all 23 populations, among the Aquitaine populations,
among the Corsican populations and between the
Aquitaine provenance and the Corsican one.

Comparison of diversity and differentiation between the
Corsican and Aquitaine provenance. Resampling meth-
ods were used to estimate the differences between the
two provenances [Aquitaine (4) and Corsica (C)] for the
parameters Ag, Ho, Hs, Ht, Fis and Gst. For example,
in the case of Hg, bootstrapping was used, where all the
individuals were resampled with replacement within
each population of each provenance 4 and C, and
Hg was computed in each provenance as well as the
difference of Hg computed for each provenance
(HS — HEY). Resampling was repeated 1000 times.
The distribution of (HY — HECT) was then compared
with the null hypothesis (H{ — HE®" = 0). Sampling
variances were obtained by bootstrapping over individ-
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uals in populations for Ag, Ho, Hs, Ht and Fig and by
bootstrapping over populations for Ggt. The sample
sizes in the Aquitaine and in the Corsican provenances
were uneven, therefore the rarefaction method as
described by Petit ez al. (1998) was used for estimating
the unbiased allelic richness at each locus, using 50, 100
and 200 as sample sizes for each provenance.

Comparison of allele frequencies among populations
within provenances. The geographical pattern of the
studied populations was analysed by using the principal
component analysis (PCA) and Mantel tests. PCA was
performed using the allele frequencies for each micro-
satellite and the frequencies of loci obtained in the
genotypic AFLP analysis. In the case of microsatellites
only allele frequencies of the five most frequent alleles
were used. The Acp program (Philippe Baradat, Equipe
de Génétique et Amélioration des Arbres Forestiers,
Cestas, France) was used to compute the PCA analysis.

Mantel tests were performed for comparing the
pairwise population geographical distance (in kilo-
metres) with the pairwise population genetic distance
matrix (Nei, 1978). The strength of the relationship
between both matrices was measured using the Mantel
matrix-correspondence test (Mantel, 1967; Sokal, 1979).
The null hypothesis refers to the absence of association
between the elements of the pairs of matrices. A
normalized Z-test was performed in which the observed
value after 999 permutations should be significantly
larger than that expected by chance in order for an
association to be accepted as valid. The program used to
compute Mantel tests was TFPGA version 1.3 (Mark P.
Miller, Northern Arizona University, U.S.A.).

Intra- and inter-marker comparisons. Diversity assessed
at different markers results from either ‘marker specific’
factors (such as mutation) or ‘marker non-specific’
factors (as for example drift or migration). Hence one
would expect that values of diversity of a given
population as assessed with different markers should
be different. However, if two populations went through
different evolutionary histories involving drift and
migration, then they would differ for their level of
diversity in a same manner for two different kinds of
markers. In other words, one expects congruent ran-
kings of the populations between markers. As a result,
the comparative analysis of diversity between markers is
not based on the comparison of levels of diversity within
a population, but on the comparison of the ranking of
different populations by correlation analysis.

For each type of marker (AFLP or microsatellites),
A, Ag, Ho and Hg were estimated for each population
(and provenance). Estimates of these diversity statistics
were then compared between populations by computing
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Spearman’s rank coefficient correlation (Sokal & Rohlf,
1995). A significant correlation would indicate con-
gruence between different factors and the impact of
‘marker non-specific’ factors on levels of diversity.
Conversely, lack of correlation is likely to reveal that
‘marker specific’ factors are sufficiently different between
populations to generate different levels of diversity.

Results

Within-population diversity

Microsatellites. Considering all the 23 populations, the
three microsatellites showed a high level of polymorph-
ism with an average allelic richness 4 of 27.33, ranging
from 23 to 31 alleles. Ho was 0.645, ranging from 0.584
to 0.690, and Ht was 0.832, ranging from 0.742 to 0.903
(Table 1).

AFLP markers. For the PEC I and the PEC 2, 56 and 66
amplified loci were analysed, respectively. The number
of polymorphic loci in at least one population was 23
(41%) for PEC I and 36 (55%) for PEC 2. Thus, on a
whole, 122 loci were analysed and 48% of them were
polymorphic.

Using the fixation index Fig obtained from microsat-
ellites to estimate allelic frequencies (eqn 1), the total
diversity was 0.161 for PEC 1, 0.194 for PEC 2 and

0.179 for all the studied loci. Using only the 36
polymorphic markers, as suggested by reducing the
number of loci from Lynch & Milligan (1994), the levels
of diversity were increased [0.321, 0.297 and 0.305 for
PEC 1, PEC 2 and both PECs, respectively (Table 2)].

Comparison of diversity in Aquitaine and Corsica

At the single population level, Aquitaine populations
showed higher within-population diversity levels than
Corsican populations. This result was significant at the
5% level both for microsatellites (Table 1) and AFLP
markers (Table 2). However, locus FRPP94 showed a
significantly higher effective number of alleles and
within-population diversity for Corsican populations
(Table 1). The fixation index within Corsican popula-
tions was significantly higher for locus FRPP9I and
over all loci (Table 1).

At the provenance level, the Aquitaine provenance
showed significantly higher levels of diversity than the
Corsican one, both for microsatellite and AFLP mark-
ers (Table 1 and Table 2). However, loci FRPP94 and
PEC 1 showed significant higher diversity parameters
for the Corsican provenance.

With 50, 100 and 200 as sample sizes for each
provenance, the rarefaction method gave a higher
number of alleles in Corsica for FRPP9I (27.4 in
Corsica and 21.5 in Aquitaine for a sample size of 200)

Table 1 Genetic diversity statistics for microsatellite loci in Corsican and Aquitaine populations of Pinus pinaster

A Ho Hr
FRPPYI 31 0.661 0.849
FRPP94 23 0.584 0.742
ITPHA4516 28 0.690 0.903
Three loci 27.33 0.645 0.832
AP AT AEP AET HO HS HT FIS
FRPPY9] Aquitaine 11.31% 25 5.43* 5.79% 0.805* 0.827* 0.829% 0.026*
Corsica 8.60 30 2.14 2.12 0.434 0.523 0.531 0.170
FRPP94 Aquitaine 6.62 ™ 14 2.69% 2.82% 0.534* 0.641% 0.647* 0.167™
Corsica 7.60 20 4.25 4.86 0.661 0.772 0.796 0.144
ITPH4516 Aquitaine 12.69* 25 7.29% 8.22% 0.741% 0.871% 0.883* 0.149*
Corsica 8.70 20 4.37 5.76 0.605 0.765 0.829 0.210
Three loci Aquitaine 10.21* 2133 424%  4.62% 0.693* 0.780% 0.786% 0.114*
Corsica 8.3 23.33 3.07 3.52 0.567 0.687 0.718 0.175

A, allelic richness; Ap, allelic richness at the population level; A, allelic richness at the provenance level; Agp, effective number of alleles at
the population level; AgT, effective number of alleles at the provenance level; Hp, observed heterozygosity; Hs, mean within-population
diversity; Hr, total gene diversity; Fig, fixation index within populations.

* Significantly different at the 5% level between the Aquitaine and the Corsican provenance.

™ Values estimated for Aquitaine and Corsica are not significantly different at the 5% level.
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Table 2 Genetic diversity statistics for
AFLP loci in Corsican and Aquitaine

Total diversityf Total diversityf

populations of Pinus pinaster PEC ] 0.161 0.321
PEC 2 0.194 0.297
Two PECs 0.179 0.305
Hgt Hrt Hst Hri
PEC 1 Aquitaine 0.140™ 0.147* 0.326%* 0.374™
Corsica 0.149 0.156 0.286 0.375
PEC 2 Aquitaine 0.180%* 0.183* 0.303* 0.353%*
Corsica 0.168 0.178 0.240 0.318
Two PECs  Aquitaine 0.162"° 0.166" 0.310* 0.361*
Corsica 0.159 0.168 0.255 0.340

Hg, mean within-population diversity; H, gene diversity at the provenance level.
+The analysis is genotypic.

1 The analysis is genotypic and restricted to loci whose observed frequency is less than
1 — (3/N) with N the population sample size, following Lynch & Milligan (1994).

* Significantly different at the 5% level between the Aquitaine and the Corsican

provenance.

™ Values estimated for Aquitaine and Corsica are not significantly different at the 5% level.

and for FRPP94 (18.3 in Corsica and 11.7 in Aquitaine).
In contrast, ITPH4516 showed more alleles in the
Aquitaine provenance (22.4 in Aquitaine and 18.8 in
Corsica). The Corsican provenance showed a higher
mean allelic richness (4 =23.33) than the Aquitaine
provenance [A =21.33 (Table 1)].

Considering the distribution of allelic frequencies of
microsatellites, the provenances did not share the same
common alleles for FRPP91 and for ITPH4516 (Fig. 1).
For FRPP91, one allele showed divergent frequencies in
Corsican and Aquitaine provenances (0.680 in Corsica
and 0.004 in Aquitaine). For all loci, each provenance
exhibited private alleles: for FRPP91, one rare allele was
specific to Aquitaine and six were specific to Corsica; for
FRPPY4, three alleles were found in Aquitaine against
nine in Corsica and for ITPH4516, cight alleles were
found in Aquitaine vs. three in Corsica (Fig. 1). Corsica
showed a higher number of rare alleles (18 against 12 in
Aquitaine).

AFLP markers also showed private alleles. Consider-
ing both PECs, seven polymorphic loci exhibited bands
in Aquitaine which were absent from Corsica. No
specific allele was found in Corsica.

Subdivision of genetic diversity
among populations and between provenances

The average differentiation among all populations was
11.1% for the microsatellite markers (Table 3), varying
from 6% for FRPP94 to 18.2% for FRPP91. For AFLP
markers the level of differentiation was 10.2% for the
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genotypic analysis, when all 122 loci were considered,
and reduced to 6.1%, following Lynch & Milligan
(1994). The differentiation levels estimated with the two
primer—enzyme combinations were found to be signifi-
cantly different. The PEC 2 showed a significantly
higher differentiation than the PEC I (data not shown).

The genetic differentiation assessed with microsatellite
markers was significantly higher than the differentiation
assessed with AFLP markers only when we used the
Lynch & Milligan (1994) method of analysis.

The differentiation among Corsican populations was
higher than the differentiation among Aquitaine popu-
lations with both microsatellite and AFLP markers
(Table 3). The difference was significant for microsatel-
lites and for the analysis of AFLP when the 122 loci
were considered.

The differentiation between provenances (9.2% for
microsatellites and 4.9% for AFLP markers) represen-
ted more than half of the total differentiation (Table 3).

Comparison of levels of diversity assessed
with different measures (A and H;)

Allelic richness and expected heterozygosity estimated
with microsatellite loci within each population exhibited
similar rankings of populations within each provenance.
The rankings of populations given by A calculated over
all microsatellites were positively and significantly
(5% level) correlated with rankings given by H;, both
for Aquitaine populations (rg=0.765, P=0.018) and
for Corsican populations (rs=0.710, P=0.035). In the
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Locus FRPP91

B A quitaine [[] Corsica

Locus FRPPY94

06

H A quitaine ] Corsica

Locus ITPH4516

Corsica

B A quitaine

Fig. 1 Microsatellite allelic frequencies for Corsican and
Aquitaine populations of Pinus pinaster used in the paper.

Aquitaine populations, the correlation was also signifi-
cantly positive for each microsatellite.

For Corsican populations, pairwise comparison of
diversity statistics between loci did not always indicate
congruent results. For FRPP9I, the ranking given by
Hg was positively and significantly correlated with the
ranking given by Ho on FRPP94. The ranking given by
A on FRPP9] was also positively and significantly
correlated with the ranking given by Ho on FRPP94
and by Ho on ITPH4516. The same analysis was
performed for the Aquitaine provenance and no corre-
lation was ever found.

Comparison of levels of diversity assessed
with different markers

For each type of analysis, the rankings of populations
given by PEC ] and PEC 2 were not significantly
correlated for both Aquitaine and Corsican populations
(Table 4). Rankings given by PEC [ and PEC 2 were
checked separately but were never significantly correla-
ted (Table 5); they were positively and significantly
correlated, as expected, with rankings given by both
PECs, in general.

When comparing H; values given by microsatellites
and AFLP markers, no positive and significant corre-
lation was found (Table 4).

Geographical pattern

The two first axes of the principal component analysis
separated Aquitaine populations from Corsican ones
(Fig. 2).

Mantel tests performed on Aquitaine populations did
not detect any geographical pattern with AFLP markers
or with microsatellites. A significant correlation
(r=0.360, P=0.018) between the genetic distances
matrix and the geographical distances matrix was found
for Corsican populations when microsatellites were
used.

Discussion

Maritime pine is a highly polymorphic species as shown
by the values of diversity measures and comparisons
with other species. For example, in this study, the
average value of Hp for microsatellites was 0.645 and
the average value of 4 was 27.33. These values are
similar to the values found in other pine species (Smith
& Devey, 1994; Echt et al., 1996). The ultimate aim of
this study was to derive conservation decisions based on
a comparative survey of genetic diversity conducted
with different markers. The comparative analysis was
intended to reveal the differential impact of ‘marker
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Table 3 Levels of differentiation (with

T
standard deviations) among Aquitaine Gst

Aq vs. Cor Aq Cor
Gst Ggr Gsr

and Corsican populations of Pinus
pinaster

Three microsatellites
AFLP (two PECs)t
AFLP (two PECs)i

0.111 (0.012) 0.092 (-)
0.102 (0.004) 0.066 (-)
0.061 (0.003) 0.049 (-)

0.009 (0.004)
0.032 (0.005)
0.017 (0.004)

0.044 (0.008)
0.054 (0.008)
0.027 (0.005)

Gy Nei’s Ggr among all 23 populations; GE2 V> €°F, Nei’s Ggr between Aquitaine
provenance and Corsican provenance; GSA{J‘, Nei’s Gst among 13 Aquitaine populations;
GSY, Nei’s Ggr among 10 Corsican populations.

1 The analysis is genotypic.

1 The analysis is genotypic and restricted to loci whose observed frequency is less than
1 — (3/N) with N the population sample size, following Lynch & Milligan (1994).

Table 4 Spearman’s rank correlation analysis among diversity values obtained with different markers in Pinus pinaster

Hit (PEC 2)

H;f (2 PECs) Hf (PEC 1) H; (microsatellites)

Hit (2 PECs)  H;t (PEC 1)
Aquitaine
H;t (2 PECs)
Hit (PEC 1) 0.830* (0.004)
Hit (PEC 2) 0.703* (0.015) 0.258 (0.376)

Hii (2 PECs) 0.955*% (0.001)  0.839* (0.004)

H;i (PEC 1) 0.582* (0.045) 0.764* (0.080) —0.011 (0.962)
H;i (PEC 2) 0.874* (0.003) 0.588* (0.043)
Corsica
H;t (2 PECs)
H;¥ (PEC 1) 0.442 (0.191)
H;t (PEC 2) 0.845*% (0.012) 0.146 (0.675)

H:t (2 PECs) 0.733* (0.030)
Hii (PEC 1) 0.018 (0.971)
Hi (PEC2) 0.733* (0.029)

0.212 (0.537)

0.067 (0.856)

0.569* (0.050)

0.874* (0.003)

0.760* (0.024)
0.539 (0.110) —0.243 (0.455)
0.863* (0.010)

~0.220 (0.441)

0.016 (0.962)
~0.445 (0.121)
~0.272 (0.341)
~0.060 (0.827)
~0.462 (0.108)

0.713% (0.014)

0.831* (0.004)  0.319 (0.274)

—0.370 (0.260)
~0.127 (0.689)
-0.517 (0.117)
—0.430 (0.191)
~0.248 (0.445)

0.248 (0.445)

0.248 (0.467)
0.867* (0.010) —0.212 (0.513)

Each Spearman’s rank correlation is followed by the associated probability.

H;: within-population diversity.
T The analysis of AFLP markers is genotypic.

1 The analysis of AFLP markers is genotypic and restricted to loci whose observed frequency is less than 1 — (3/N) with N the population

sample size, following Lynch & Milligan (1994).
* Significant positive correlation at the 5% level.

specific’ factors vs. ‘marker non-specific’ factors on
diversity. In addition, as conservation should be based
on genetic diversity at the whole genome level, the
comparative analysis will provide insights on the
genomic heterogeneity for diversity and differentiation.
Therefore, we will first discuss congruencies and dis-
crepancies between markers, and then consider their
consequences on conservation strategies.

Congruent results of differentiation obtained
with microsatellites and AFLPs

As for diversity, some evolutionary factors such as
migration may have an impact on differentiation
regardless of the marker, whereas others (such as
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mutation) may be considered as ‘marker specific’. For
most markers, the contribution of mutation to differ-
entiation has generally been ignored because mutation
rates of traditional isozyme markers are negligible
when compared to migration rates. This may not be
the case when comparing microsatellites and AFLP.
Because microsatellite markers show higher mutation
rates than other molecular markers (Weber & Wong,
1993), they are expected to exhibit lower levels of
differentiation. Furthermore, as reported by Estoup
et al. (1995), homoplasy due to the high mutation rate
may increase the underestimation of differentiation. On
the other hand, the dominant property of AFLP
markers is also responsible for a bias in the estimation
of differentiation. Jenczewski et al. (1999) showed, both
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Table 5 Comparison of diversity in Corsican and Aquitaine populations of Pinus pinaster

AFLP AFLP
Aquitaine Micro-satellites Aquitaine 122 loci Aquitaine (Lynch & Milligan)
Usagére de Biscarosse 0.798 A Leége 0.172 A Lit-et-Mixe 0.331 A
Hourtin 0.776 A Lit-et-Mixe 0.171 A Lege 0.331 A
St-Julien-en-Born 0.775 A St-Julien-en-Born 0.17TAB St-Julien-en-Born 0.330 A B
Pointe de Grave 0.771 A Vielle-St-Girons 0.168 A B Vielle-St-Girons 0.328 A B
Lege 0.765 A Ste-Eulalie-en-Born 0.167ABC Ste-Eulalie-en-Born 0.318 A B
Mimizan 0.763 A Pointe de Grave 0.163ABCD Carcans 0.312A B
Carcans 0.762 A Carcans 0.163ABCD Mimizan 0.312A B
Lit-et-Mixe 0.759 A Mimizan 0.162ABCD Pointe de Grave 0.311 AB
Lacanau 0.758 A Hourtin 0.161 ABCD Domaniale de Biscarosse 0.306 ABC
Domaniale de Biscarosse 0.752 A Boulevard des Allemands 0.158 BCD Hourtin 0.299 ABC
Boulevard des Allemands 0.751 A Domaniale de Biscarosse 0.154 CDE Usagere de Biscarosse 0295 BC
Ste-Eulalie-en-Born 0.750 A A Usagere de Biscarosse 0.151 DE Boulevard des Allemands 0.293 C
Vielle-St-Girons 0.744 A Lacanau 0.144 E Lacanau 0.269 C

AFLP

Corsica Microsatellites Corsica AFLP 122 loci Corsica (Lynch & Milligan)
Vero 0.751 A Pineto 0.168 A Ominanda 0.288 A
Tova 0.714 A B Ominanda 0.167 A Pineto 0.274 A B
Cagna 0.709 ABC Cagna 0.165 A Ventilegne 0.267 ABC
Pinia 0.679 ABC Ventilegne 0.164 A Restonica 0.264 ABC
Pineto 0.679 ABC Bonifatu 0.159AB Cagna 0.260 A B C
Aullene 0.662 BC Aullene 0.158 A B Aullene 0.250 BCD
Ventilegne 0.636 BC Vero 0.158 A B Tova 0.245 CD
Restonica 0.630 BC Restonica 0.154 B Vero 0.244 CD
Bonifatu 0.624 C Tova 0.153 B Bonifatu 0.241 CD
Ominanda 0.599 C Pinia 0.150 B Pinia 0.220 D

Populations having the same letter do not show a significant difference in their level of diversity.
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Fig. 2 Principal component analysis on Pinus pinaster popu-
lations: @ Aquitaine populations; A Corsican populations.

with simulation and experimental results, that Fst is
biased upward when using RAPD phenotypes to
estimate allelic frequencies and Krutovskii er al.
(1999) showed that RAPDs can reasonably estimate
population differentiation if sample sizes are larger
than about 30 individuals. In our case, sample sizes
were around 30 individuals for each population and
some loci were fixed for the presence of amplified loci
so an overestimation of differentiation for AFLPs
cannot be excluded. Despite these expected discrepan-
cies, our results lead to similar conclusions for genetic
differentiation assessed with microsatellite and AFLP
markers. Although ‘absolute values’ of differentiation
may slightly differ between markers, they lead to
similar conclusions (Table 3): (i) when all populations
were considered, a high differentiation among popula-
tions was found both with microsatellites and AFLP
markers; (ii) furthermore, both markers indicate that a
predominant part of the total differentiation is due to
the subdivision between the Aquitaine and Corsican
provenances; and (iii) lastly the two markers reveal that
there is more differentiation among the Corsican
populations than among the Adquitaine populations.
The congruent results obtained with different markers
most likely indicate that marker differences (mutation
rates, homoplasy, estimation biases) had only a minor
impact on differentiation. Conversely, migration and
drift may still be the prevailing factors involved. This is
illustrated by the contrasting difference between the
Aquitaine and Corsican forest conditions. The Aqui-
taine populations were sampled within a broad con-
tinuous forest occupying a flat area of about 1 million
hectares. In contrast, the Corsican populations came
from an heterogeneous discontinuous forest distributed
in mountainous regions. Consequently there is likely to
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be more gene flow among stands in Aquitaine than in
Corsica.

Interestingly our results (Table 3) could be compared
with previous reports based on different markers, but
also on different sampling of populations. Ggt values
estimated on six populations chosen throughout the
range of the species (Petit et al., 1995) were 0.170, 0.161
and 0.139, respectively, for protein, isozyme and terpene
loci. Since the sampling area was larger, differentiation
was also higher. However this study also indicated
congruent results of differentiation across three different
marker systems.

Congruent results of diversity obtained
with microsatellites and AFLPs

Among the different evolutionary factors that have an
impact on genetic diversity, mutation can be considered
as ‘marker specific’. However there are other factors
such as genetic drift and migration that can be consid-
ered as ‘non-marker specific’. For example, a reduction
in population size in a given population will decrease the
level of diversity for any marker (AFLP and microsat-
ellites) regardless of its mutation rates. As a result, one
would expect that populations that had different evolu-
tionary histories would also differ in their levels of
diversity, following a similar trend for both markers.
Most of the diversity measures estimated with different
markers showed a significantly lower level in Corsican
populations than in Aquitaine populations (Table 1 and
Table 2). For microsatellites, the Corsican populations
showed a lower allelic richness than the Aquitaine ones
but the alleles tended to be different in each population.
For AFLPs, there are more pronounced differences
between the two provenances for the analysis restricted
to the polymorphic markers (according to the rules of
Lynch & Milligan, 1994) than for the analysis conducted
on the whole set of data.

The congruent results of diversity levels between the
two markers suggest that population differences in
diversity are more related to ‘marker non-specific’ than
‘marker specific’ causes. Among the former, population
history may be advocated to interpret these results. The
frequent occurrence of fire over large areas, the more
severe climatic conditions in Corsica and the mountain-
ous topography may have induced repetitive sequences
of restriction and expansion of maritime pine forest,
leading to progressive genetic erosion. Furthermore
genetic erosion can not be prevented by gene flow from
the continent, as Corsica is isolated by a few hundred
kilometres from France or Italy. An alternative hypo-
thesis, and not exclusive with the previous one, may be
that the number of founder populations that became
established on the Corsican island was limited.
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Discrepancy between AFLPs and microsatellites
for measuring within-population diversity

If the estimates of levels of diversity with different
markers were congruent for the comparison between
the Corsican and Aquitaine provenances, they do not
lead to the same conclusions for the comparison of
populations within each of the two provenances. There
is no significant correlation among the diversity esti-
mates calculated for the AFLPs and microsatellites
(Table 4). Considering AFLP markers alone, a striking
result was that the two primer—enzyme combinations
provided different rankings of populations, particularly
in Corsica. Furthermore, rankings given by two differ-
ent microsatellite loci were rarely significantly and
positively correlated. When marker systems were com-
pared, neither A nor H,, estimated by microsatellites,
gave similar rankings to H; estimated by AFLP
markers. The discrepancy found between markers
may be due to either biological and/or technical causes.
‘Marker non-specific’ factors (drift, migration, popula-
tion history) did not differ sufficiently between different
populations to generate different levels of diversity.
This would result in the lack of differentiation for
population diversity. Hence populations within the
Corsica or Aquitaine provenance would be homogen-
eous for their level of diversity due, for example, to
intensive and equal gene flow, and the absence of drift
within each provenance. This hypothesis is supported
by the statistical multipopulation comparison of diver-
sity (Table 5), showing that, except with microsatellites
in Corsican populations, no diversity difference could
be detected among populations. The technical inter-
pretation is related to the sampling used. The difference
in levels of diversity may be so small among popula-
tions that our sampling strategy did not allow the
detection of any significant differences. All differences
among diversity estimates are therefore so small that
the ranking observed is only generated by the noise of
the estimation.

Conservation implications

The comparative analysis of genetic diversity with
different markers has provided interesting insights not
only into the organization and subdivision of diversity
but also into the genetic mechanisms that contributed to
the extant structure of diversity. All markers indicated
that the Corsican and Aquitaine provenance are
strongly differentiated. This is suggested by the high
Ggr values between the two provenances and by the
principal component analysis (Fig. 2). It is also illustra-
ted by the important differences in allele frequencies for
the microsatellite locus FRPP91 (Fig. 1). Conservation

actions are therefore recommended to save diversity for
each of the two provenances. Our results indicate
however, that sampling of candidate populations or
trees for conservation should be achieved differently in
the two provenances. The Aquitaine provenance is
characterized by a low differentiation for allele frequen-
cies (extremely low Gst values) and a low differentiation
for within-population diversity, and these results are
again consistent across markers. As a result ex sifu or
in situ conservation could be based on a random sample
of trees throughout the Aquitaine area. On the other
hand the Corsica provenance is characterized by a
higher population differentiation for allele frequencies
(Gst values) and a slightly higher differentiation for
within-population diversity. Consequently, it is expected
that different populations may contain different alleles,
as suggested by the distribution of allelic richness among
populations. Sampling guidelines for conservation
would therefore recommend concentrating on a few
populations that would sample the total diversity. At
this stage, our results indicate that a more intense
monitoring of diversity should be conducted in the
Corsican provenance in order to identify the candidate
populations for conservation. To conclude on the
conservation issue, we would also recommend comple-
menting the present study with a parallel investigation
on adaptive traits (drought, pest and insect resistance)
and other economic traits (growth and form) before a
definite strategy is adopted.
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