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Abstract The genetic linkage map of European beech
(Fagus sylvatica L.) that we report here is the first to our
knowledge. Based on a total of 312 markers (28 RAPDs,
274 AFLPs, 10 SSRs) scored in 143 individuals from a F1
full-sib family. Two maps (one for each parent) were
constructed according to a “two-way pseudo-testcross”
mapping strategy. In the male map 119 markers could be
clustered in 11 major groups (971 cM), while in the
female map 132 markers were distributed in 12 major
linkage groups (844 cM). In addition, four and one minor
linkage groups (doublets and triplets) were obtained for
the male and female map respectively. The two maps
cover about 82% and 78% of the genome. Based on the
position of 15 AFLP and 2 SSR loci segregating in both
parents, seven homologous linkage groups could be
identified. In the same pedigree we investigated the
association with genetic markers of several quantitative
traits: leaf area, leaf number and shape in 2 different
years, specific leaf area, leaf carbon-isotope discrimina-
tion and tree height. A composite interval-mapping
approach was used to estimate the number of QTLs, the
amount of variation explained by each of them, and their
position on the genetic linkage maps. Eight QTLs
associated with leaf traits were found that explained
between 15% and 35% of the trait variation, five on the
female map and three on the male map.

Introduction

European beech (Fagus sylvatica L.) is one of the most
important broad-leave trees in Europe. Pure and mixed
beech stands cover more than 12 million hectares, from
Southern Scandinavia to the Iberian, Italian and Balkan
Peninsulas, and from Southern England to Ukraine. Beech
prefers oceanic climates (no extreme winter temperatures,
cool and foggy springs and mild summers) with mean
annual rainfall higher than 1,500 mm. Beech does not
tolerate extreme water stress and grows better in deep and
well-drained soils (Teissieur du Cros 1981). In central
Europe, beech is a component of lowland forests, while in
the Mediterranean area it is a typical mountain species.

In spite of the importance of the species as timber, the
relationship between genetic markers and quantitative
traits has received relatively little attention (Bucci et al.
1999). This is probably due to the lack of breeding
programs for the species. Natural regeneration is exten-
sively used in managed forests and, if planting occurs,
material from natural seed sources is used. However,
selection by foresters does occur, for instance when
choosing seed-producing plants. Information on the
genetic control of adaptive traits will provide new tools
for foresters to enhance wood production and to preserve
adaptive capacity stands. QTLs could be thought of as
surrogates for adaptive traits. One of the most commonly
used strategy for identifying the genetic base of quanti-
tative trait loci (QTLs) is the study of their association
with anonymous markers.

Genetic mapping represents a new tool to help
traditional tree breeding methods through the identifica-
tion of quantitative trait loci (Bradshaw and Stettler 1995)
and their integration into marker assisted selection
programs (Plomion et al. 1996).

Molecular markers such as AFLPs, RAPDs, SSRs
and ESTPs have been used extensively for the prepara-
tion of linkage maps of a number of tree species. A
comprehensive list is available at http://dendrome.
ucdavis. edu and http://www.pierroton.inra.fr/genetics/
labo/mapreview.html. Within the Fagaceae family link-
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age maps have been published for the genus Castanea
(Kubisiak et al. 1997; Casasoli et al. 2001) and for the
genus Quercus (Barreneche et al. 1998).

For forest trees, given the high genetic load and long
generation time, segregating populations derived from
crosses between inbred lines are not available. To
circumvent this limitation a “two-way pseudo-test-cross”
approach is generally used to construct linkage maps and
for QTL analysis. QTLs have been mapped for growth
and yield, wood quality, water use efficiency (d 13C) and
bud phenology traits in forest trees (Bradshaw and Stettler
1995; Plomion et al. 1996; Frewen et al. 2000; Sewell et
al. 2000, 2002; Jermstad et al. 2001; Brendel et al. 2002).

Here we report the first linkage map for the genus
Fagus and a preliminary investigation of the relationship
between genetic markers (AFLPs, RAPDs and Mi-
crosatellites) and the variation of some important QTLs
such as growth, leaf size and shape, and carbon isotope
discrimination (d 13C).

Materials and methods

Plant material and DNA extraction

Our mapping population consisted of 143 full-sibs from a
controlled cross (Ceroni et al. 1997), part of a complete diallel
cross 4�4 carried out in 1996, using parent trees from a population
in northern Italy at 1,650 m a.s.l., just below the tree-line.
Individuals were grown for 6 years in well-watered soil and optimal
nutritional conditions in a nursery.

Genomic DNA was isolated from fresh buds and leaves using
the NucleoSpin Plant kit from Macherey-Nagel. DNA concentra-
tion was estimated by comparing the fluorescence intensities of
ethidium bromide-stained samples to those of l DNA standards, on
a 0.8% agarose gel.

RAPD analysis

We used 19 highly reproducible RAPD markers initially screened
for amplification and polymorphisms in the two parents of the
mapping population (Di Masso 1999). Procedures for detecting
RAPDs followed Williams et al. (1990). Fragments were separated
on 1.5% agarose gels, stained with ethidium bromide and observed
using ultraviolet light.

AFLP analysis

AFLP analysis was performed according to Vos et al. (1995) with
some modifications. Briefly, 300 ng of genomic DNA were
incubated for 2 h 300 at 37�C with 5 U of the endonuclease EcoRI
and 5 U of the endonuclease Tru9I in the universal One-Phor-All-
Buffer (Pharmacia). Next a 10 �l of a solution containing 5 pmol of
EcoRI-adapters, 50 pmol of Tru9I -adapters, 1 U of T4 DNA ligase,
1 mM of ATP in the universal One-Phor-All buffer were added, and
the incubation was continued overnight at room temperature.
Digested-ligated DNA fragments were diluted 1:4 in water and
used as the template for the first amplification reaction (pre-
amplification). Pre-amplification was conducted using standard
AFLP EcoRI and Tru9I primers with one additional selective
nucleotide at the 30end (EcoRI+A, Tru9I+C). The adaptor and
primer sequences used were based on the core primer designed as
described by Vos et al. (1995). Pre-amplification was performed in
20 �l of 1�Buffer, 1.5 mM of MgCl2, 0.2 mM of each dNTP,
5 pmol of each primer, 0.4 U of Taq DNA polymerase and 2 �l of

diluted restriction-ligation mixture. PCR amplification consisted of
20 cycles of a 30 s DNA denaturation at 94�C, 30 s annealing at
56�C, a 2 min primer extension at 72�C and a final-step of 30 min
at 60�C.

The pre-amplification products were diluted 1:10 in de-ionized
water and 5 �l were used in the selective amplification step
performed using various combinations of primer pairs having three
selective additional nucleotides at both EcoRI and Tru9I adaptor
sides. EcoRI primers (forward primer) were fluorescent labeled
with Cy-5 while Tru9I primers were unlabeled. Reaction mixture
was as described above for pre-amplification, with the difference
that only 0.8 pmol of the labeled EcoRI primer and 0.8 U of Taq
DNA polymerase were used. PCR amplification was performed for
36 cycles with a touchdown profile following Vos et al. (1995).
One-microliter of the AFLP products was added to 40 �l of de-
ionized formamide in the CEQ sample plate followed by 0.5 �l of
the CEQ DNA Size Standard-400 (P/N 608098) and run on a CEQ
2000 8-capillary Analysis System (Beckman Coulter). Samples
were injected onto a 33-cm capillary at 2.0 kV for 60 s and
electrophoresed at 6.0 kV for 35 min at 50�C. For loading samples
to a 96-well CEQ plate we used a liquid handling Laboratory
Automation Workstation (Biomek 2000).

PCR fragment sizes were obtained by comparison with internal
size standards by using the local Southern algorithm (Southern
1979). Data were then exported to GENOGRAPHER software for
scoring (version 1.6, abailable from http://hordeum.oscs.mon-
tana.edu/genographer/). Lanes were normalized considering the
total signal intensity of the lane.

A total of 43 primer combinations were used to screen the
mapping population based on a pre-screening of 80 combinations.
The density, complexity and number of polymorphic AFLP
fragments were used as selection criteria. The AFLP marker name
refers to the primers used: the first two letters refer to the last two
selective nucleotides of the EcoRI primer, the following two letters
refer to the last two selective nucleotides of the Tru9I primer, and
the last numbers refer to the molecular weight of the polymorphic
band scored.

For one AFLP combination (E-AAC/T-CTT) 18 individuals
previously run on the CEQ 2000 were also run on a LI-COR 4000
automated sequencer to compare AFLP reproducibility between
different detection systems (fluorescent samples resolved by
capillary electrophoresis and by slab gel electrophoresis).

SSR analysis

Seven nuclear microsatellites developed for Fagus by Pastorelli et
al. (2003) were used in this study. PCR and separation conditions
are reported in Pastorelli et al. (2003). Two SSRs developed in
Quercus, QrZAG31 and Quru0A01 (Kampfer et al. 1998; Aldrich
et al. 2002) and one SSR developed in Castanea sativa, CsCAT14
(Marinoni et al. 2003), were also used. These SSRs were amplified
using fluorescent IRD labeled primers (IRD800). Amplification
reactions were performed in a total volume of 10 �l containing
1�Buffer, 2.5 mM of MgCl2, 0.2 mM of dNTPs, 3 pmol of IRD-
labeled primer, 3 pmol of unlabeled primer, 0.5 U of Taq
polymerase and 20 ng of DNA. Amplification conditions were as
previously described (Kampfer et al. 1998; Aldrich et al. 2002;
Marinoni et al. 2003). Gel electrophoresis was performed on a LI-
COR 4000 automated sequencer. Samples were electrophoresed on
25-cm-long 8% polyacrylamide gels containing 6 M urea.

Segregation analysis and map construction

Mendelian segregation was tested using c2 goodness-of-fit to a 1:1
ratio at a 5% and 1% significance level.

Linkage analysis was performed using MAPMAKER/EXP 3.0
(Lander et al. 1987) and JOINMAP 3.0 (Van Ooijen and Voorrips
2001) software. Maps were constructed according to a two-way
pseudo-testcross strategy (Grattapaglia and Sederoff 1994). RAPD,
AFLP and SSR markers, segregating 1:1 and 1:1:1:1 in the
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offspring, were used for the construction of parental maps.
Preliminary grouping of marker loci (two-point analysis) was
performed using MAPMAKER (LOD threshold 3.0, maximum
recombination fraction 0.40). Markers were ordered within linkage
groups using a multipoint analysis (minimum LOD 2.0). Markers
that could not be ordered were reported as accessory markers linked
to a specific marker on the map and were not included in the
estimation of the overall genetic length of the maps. Distances
between adjacent marker loci were calculated from recombination
fractions using Kosambi’s mapping function. Markers that showed
a departure from the 1:1 ratio (0.01<P<0.05) were also used for
map construction but their position was defined after establishing
gene order for the other markers. MAPMAKER does not accept
mixed segregation data. Intercross dominant markers (i.e. AFLP
and RAPD markers segregating 3:1) were given an approximate
location on both maps using JOINMAP. Intercross markers
segregating in both parents were used to align the two parental
maps but were not used to integrate the two maps.

Genome length (L) was estimated from partial linkage data
using the equation:

L ¼ n n� 1ð Þd=k;

where n is the number of framework markers, n(n�1) the number of
pair-wise comparisons, d the maximum distance between two
adjacent framework markers in centimorgans at a certain minimum
LOD score, and k the number of markers pairs with a LOD value at
the same minimum LOD score (Hulbert et al. 1988; Chakravarti et
al. 1991). A LOD score of 3.0 was chosen to estimate genome
length. Only pair-wise comparisons between framework markers
were considered to avoid an overestimation of genome size.

Quantitative traits and QTL mapping

Quantitative traits were measured on the same progeny for the
construction of the linkage map.

As a consequence of ongoing mortality, the number of
individuals was not the same for all traits. Leaf area was estimated
from individual leaf length and width. The relationship between
leaf area, and length and width, was calibrated for each year using
50 leaves with known area (measured in scanned leaf images). Leaf
counts were available for 1999 and for 2002. Leaf shape was
estimated using the leaf length-width ratio. Dry weight was
determined drying leaves at 70�C for 24 h. Specific leaf area
(SLA) was calculated from the ratio of total leaf area and total leaf
dry mass. Height was measured for the 118 surviving seedlings at

the end of the growing season in year 2002. Carbon isotope ratios
were estimated on leaves collected in the fall of 2001. Leaves were
dried for 48 h at 70�C and ground using mortar and pestle. For each
individual a sub-sample of 0.1 mg was analyzed for 13C compo-
sition using an elemental analyzer “on line” with a gas-isotope-ratio
mass spectrometer (ThermoFinnigan Delta plus XP). Carbon
isotope composition was calculated (d 13C) following Craig
(1957). Quantitative trait measurements were transformed to obtain
normal distributions.

QTL analysis was performed using QTL Cartographer 1.12
(Basten et al. 1994, 2002). Composite Interval Mapping (CIM)
analysis (Zeng 1994) was performed separately on each map using
background markers (from both maps) associated with the trait
found using simple and stepwise regression. CIM includes neigh-
boring markers and uses the remaining background markers as co-
factors in order to remove the effects of multiple QTLs. The
number of background markers employed varied from 1 to 5.
Significant thresholds (with overall P=0.05) were established using
a permutation test (1,000 runs) (Churchill and Doerge 1994)
including a permutation of the background markers (Basten et al.
2002).

Results

Molecular markers

For map construction we used a total of 33 polymorphic
RAPD markers obtained from 19 primers [1.7 (€0.9 SD)
polymorphic bands per primer]. Of the 33 RAPD loci
scored 27 were in a testcross configuration (14 in one
parent and 13 in the other), while six were segregating in
both parents (Table 1).

A total of 80 primer combinations compatible with the
E+A/T+C pre-amplification were screened by selective
amplification of DNA from the two parents and six
progenies. The 43 for which we observed reproducible
polymorphisms were used for the construction of the map.
Of the 319 AFLP loci scored, 272 were heterozygous in
one parent and null in the other (139 and 133 respectively:
testcross configuration segregating 1:1), while 47 were

Table 1 Segregation type and number of markers used for map construction

Marker Polymorphic
loci

Polymorphic
bands/primer

Distorted loci at
P�0.01

Mapped markersa Unlinked markers

Tree-44 Tree-45 Tree-44 Tree-45

RAPDs

1:1 segregation 27 1.4 3 6 10 (+1) 6 1
3:1 segregation 6 0.3 2 - - 4 4

Total RAPD number 33 1.7 5 6 10 10 5

AFLPs

1:1 segregation 272 6.3 41 102 (+3) 82 (+9) 17 18
3:1 segregation 47 1.1 4 20 21 23 22

Total AFLP number 319 7.4 45 122 103 40 40

SSRs

1:1 segregation 6 - 2 2 1 1
1:1:1:1 segregation 4 - 2 4 2 -

Total SSR number 10 4 6 3 1

Total number 362 50 132 (+3) 119 (+10) 53 46

a The number of mapped markers refers to groups with more than three markers. In parentheses, the total number of markers are in triplet
or doublets
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segregating in both (intercross configuration segregating
3:1) (Table 1).

The two detection methods (capillary electrophoresis
by CEQ 2000 and slab gel electrophoresis by the LI-COR
4000 automated sequencer) gave consistent fingerprint
patterns for all samples.

All tested microsatellites (ten) were polymorphic in the
two parental trees. In the mapping population, six were in
testcross configuration (three in one parent and three in
the other) and four were fully informative. No significant
deviation from the expected Mendelian ratio was ob-
served.

Segregation distortion and map construction

Twenty-nine markers showed limited segregation distor-
tion (0.01<P<0.05) and were used for mapping. Fifty
markers (45 AFLPs and 5 RAPDs) with high segregation
distortion (P�0.01) were discarded (Table 1). We used a
total of 312 markers (28 RAPDs+274 AFLPs+10 SSRs)
for linkage analysis, of which 265 were in 1:1 and 1:1:1:1
configuration. In the female map 112 test-cross markers
(71 framework and 41 accessory) were grouped in 12
linkage groups, with more than three markers) (nine
markers per group, with a length size of 844 cM on
average and marker distance of 12 cM). One triplet was
also obtained while 26 markers were unlinked. In the
male map 98 test-cross markers (66 framework and 32
accessory) were grouped in 11 linkage groups, with more
than three markers (nine markers per group, length size of
971 cM on average, and marker distance of 14 cM). Two
doublets and two triplets were obtained while 20 markers
were unlinked. The distance between adjacent markers
varied from 2.2 to 36.8 cM in the female map and from
3.4 to 35.1 cM in the male map. Using JOINMAP an
additional 47 (43 AFLPs+4 RAPDs) intercross dominant
markers (3:1 ratio) were added to the two parental maps
but their relative positions were used as additional anchor
loci only. In both maps no linkage with framework loci

was found for 21 intercross loci. Accessory markers were
located next to their closest framework markers (Fig. 1).
Twenty markers with limited distortion (0.01<P<0.05)
were positioned on the linkage maps: ten in the female
and ten in the male one.

Considering only framework markers, the female map
spanned 844 cM and the male map 971 cM. Since our
estimate of beech genome size is 1,081 (female) and
1,185 (male) cM, the 71 framework loci of the female
map covered about 78% while the 66 framework loci of
the male map covered 82% of the genome.

Based on the position of 15 AFLP and two SSR loci
which segregated in both parents, seven homologous
linkage groups could be identified. (Fig. 1).

QTL analysis

For each phenotypic trait, mean, standard deviation and
sample size are reported in Table 2. Beside the expected
significant correlations between height, leaf area and leaf
number within each year, significant correlations were
found between leaf number measured in 1999 and 2002
(r=0.29, P=0.03) and leaf area measured in 1999 and
2002 (r=0.38, P<0.01). Specific leaf area (SLA) was
correlated with leaf area in 2002 as expected from the
formula (r=0.35, P<0.001). Correlation between leaf
shape in the 2 years was not significant. Leaf number
and area measured in 1999 were significantly correlated
with d 13C measured in 2001 (leaf number r=0.45,
P<0.01; leaf area r=0.50, P<0.001).

By Composite Interval Mapping [(P<0.05) set by the
permutation test] we found eight QTLs: five on the
female map and three on the male map. Results are
reported in Table 3. Three QTLs (leaf area in 1999 and
2002, and SLA) were located on a single region on LG1-F
between AFLP markers acgg229 and atcc197. Additive
QTL effects for leaf area in 1999 and 2002 have opposite
signs but their location seems to be more than 7 cM apart.
In the genomic window between 115 and 130 cM on
LG1-F, estimated additive effects for leaf area change
sign from negative to positive in both years (although not
always significant). Similar results were also found in the
single marker analysis (data not reported). A further QTL
for leaf area for 2002 is located in a homologous linkage
group (LG1-M) on the male map. Two other QTLs for
specific leaf area (SLA) are located in different linkage
groups. No QTL was found for height, and d 13C.

Table 2 Mean, standard deviation and sample size for each phenotypic trait

Year
Trait

1999 2001
d13C

2002

Leaf no. Leaf area
(cm2)

Leaf shape Height
(cm)

Leaf no. Leaf area
(cm2)

Leaf shape SLA
(cm2g�1)

Mean 27.61 287.82 1.64 �29.67 86.08 161.73 1716.18 1.64 220.5
SD 13.89 163.08 0.13 1.18 31.08 95.56 1080.70 0.09 40.1
No. 90 90 90 101 115 97 97 100 97

Fig. 1 Genetic linkage map of F. sylvatica. Female and male
linkage groups are indicated with “F” and “M”, respectively. Re-
coded markers are marked by “r”. Loci showing segregation
distortion at 0.01<P<0.05 are indicated by a star (*). Accessory
markers (testcross and intercross) are listed beside their closest
framework marker with the distance in cM. Intercross dominant
markers are underlined; bridge markers are interconnected with
bold lines. Map units (cM) shown on the left of each linkage group
were calculated by Kosambi mapping function
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Discussion

Marker variation and the linkage map

To our knowledge no previous genetic linkage map for
the genus Fagus has been reported. It is known that AFLP
markers reveal a larger number of polymorphic bands
than other techniques like RAPDs. In tree species the
average number of fragments per primer combination
ranged from six (Salix, Tsarouhas et al. 2002) to 26
(Larix, Arcade et al. 2000), while for RAPD polymorphic
fragments per assay ranged from 1.3 (Pinus thunbergii,
Kondo et al. 2001) to 4.8 (Pinus pinaster, Costa et al.
2000). In our study the average number of fragments per
primer combination was 7.4 and 1.7 for AFLPs and
RAPDs, respectively. RAPD reproducibility is a weak
aspect of this technique (Isabel et al. 1999; Troggio et al.
2001). We only used highly reproducible RAPD markers
(Di Masso 1999). SSRs markers produced well-scorable
bands [no or weak stutter bands, quality 1 or 2 (Smulders
et al. 1997)] with a high level of polymorphism typical of
these markers. We found null alleles at three loci (FS1-25,
FS4-46, FS1-03). The presence of null alleles in SSRs is a
weakness in a marker otherwise considered optimal from
most other standpoints. In beech we found a frequency of
null alleles higher than that reported for other species.
(Scotti et al. 1999).

We only used markers with relatively minor distortion
(between 1% and 5%). High levels of segregation
distortions have frequently been reported in tree species.
In two different interspecific crosses in Populus (Cervera
et al. 2001) the percentage of AFLP markers showing
segregation distortion varied from 18.8% to 7.8%. In
Salix (Tsarouhas et al. 2002) and in Quercus (Barreneche
et al. 1998) 18% and in Eucalyptus (Marques et al. 1998)
approximately 15% of the segregating loci showed
significantly skewed segregation.

We found 12 linkage groups for the female map and 11
for the male map. The number of groups is close to the
number of chromosomes (2n=24; Ohri and Akuja 1991).
This is in line with what was reported for other broad-leaf
trees: in C. sativa (2n=24) 12 linkage groups have been
identified for both the female and male framework maps,
with a total length of 720 and 721 cM (76% and 68% of
the genome) (Casasoli et al. 2001); in Quercus robur
(2n=24) 12 linkage groups have also been identified for a

total length of 893 and 921 cM in the female and male
genomes (a 85–90% genome coverage) (Barreneche et al.
1998); in Salix (2n=38) two maps have been constructed
from an interspecific cross and 26 and 18 major linkage
groups found with a 70–80% genome coverage (Tsarouhas
et al. 2002). Intercross dominant markers (which segre-
gate in both parents in a 3:1 ratio) were only used to
identify homology between parental maps, and were
mapped as accessory markers in the two parental maps.
Intercross dominant markers provide limited information
for estimating recombination frequency (Maliepaard et al.
1998). Of the 47 intercross dominant AFLP and RAPD
loci, 15 (32%) were found associated with framework
markers in both maps (LOD>3.0). Twenty one did not
show any strong and unambiguous linkage with frame-
work markers segregating 1:1; probably because of the
low information content of the linkage between marker
pairs segregating 1:1 and 3:1.

QTL mapping

Using a pseudo-testcross approach we carried out a
preliminary investigation of the linkage relationship
between molecular markers and loci that control quanti-
tative traits in F. sylvatica.

QTL mapping is problematic in forest trees. F2 would
be the ideal mapping population for outcrossing species.
In forest trees, since the F2 population is in general not
available, two-generation pedigrees are used. For this type
of mapping population a pseudo-testcross configuration
has been shown to be effective (Bradshaw and Stettler
1995). It is common practice to produce a separate QTL
analysis for each parent.

In our study we focused on the analysis of quantitative
traits related to biomass production (height, leaf traits)
and to water use efficiency (d 13C measurements that
provide time-integrated estimates of water use efficien-
cy). The investigated traits have obvious adaptive value
(Parkhurst and Loucks 1972; Sun et al. 1996).

The genetic control of height and leaf traits is hard to
evaluate because of the low heritability of these traits. Our
data do not allow meaningful heritability estimates.
Narrow-sense heritability in four full-sib families of
Eucalyptus was estimated as 0.19 for height and 0.36 for
leaf area (Byrne et al. 1997). For d 13C, narrow-sense

Table 3 Results of QTL analysis with Composite Interval Mapping (CIM)

Trait Linkage
group

Position
(cM)

Marker Likelihood
ratio

Estimated additive
effect (a)

% of explained
variance

No. leaves 1999 LG3-M 28.0 Fs1–03 28.0 0.92 30
Leaf area 1999 LG1-F 120.3 acgg229 15.6 �5.7 40
Leaf area 2002 LG1-F 127.8 atcc197 20.6 13.6 32
Leaf area 2002 LG1-M 73.4 actg101 15.9 13.4 30
Leaf shape 2002 LG11-F 5.7 cacc265 14.2 �0.067 26
SLA LG1-F 116.3 acgg229 12.2 �27.6 34
SLA LG10-F 46.4 agcc080 22.5 �35.7 42
SLA LG8-M 45.4 attc154 17.4 �41.0 22
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heritability estimates in Picea mariana (Johnsen et al.
1999) and in P. pinaster and (Brendel et al. 2002) were
0.54 and 0.17 respectively.

We found eight QTLs for leaf number, leaf area and
shape, and SLA, each explaining about 30% of the total
phenotypic variance while no QTLs have been identified
for height and d 13C. Considering both the female and
male map, it appears that there is a cluster of QTLs
related to leaf characteristics on linkage group 1. Clus-
tering of QTLs has been described for hybrid poplar
(Bradshaw and Stettler 1995; Wu et al. 1997). In
particular, in the latter study a cluster for various leaf
traits was observed. Clusters of QTLs were observed also
for different species of the genus Eucalyptus for wood
traits, growth traits (Grattapaglia et al. 1996; Verhaegen
et al. 1997) and leaf area traits (Byrne et al. 1997), for
blight resistance in the genus Castanea (Kubisiak et al
1997) and for wood traits in Pinus taeda (Sewell et al.
2000). Bradshaw and Stettler (1995) suggest for their
QTLs that the combination of position and mode of action
could indicate pleiotropy of a single QTL as the origin for
the QTL clustering, and is more likely than simple linkage
to explain the correlations between some of the traits. In
our study, the clustered QTLs for leaf traits (mean leaf
dimension, leaf area and SLA for year 2002) could
suggest the possible presence of only one QTL having
pleiotropic effect on different traits. QTLs for leaf area for
1999 and for 2002 have positive and negative effects in
the 2 years. Although in the same linkage group they map
about 7-cM apart, indicating that we probably located two
different QTLs.

The percentage of total variance explained by our leaf
trait QTLs is in the range of what was observed in other
tree species. In Eucalyptus (Byrne et al. 1997) two QTLs
for leaf area (each explaining between 8.9 and 11.6% of
the phenotypic variance) were identified. In an inter-
specific cross in Populus, QTLs that underlie various leaf
traits (i.e. leaf area, shape, orientation, color) and growth
(accounting for a relatively large part of trait variation)
have been found (Bradshaw and Stettler 1995; Wu et al.
1997). In hybrid poplar, the percentage of explained
variance for leaf traits was between 18 and 62.6% (Wu et
al. 1997). In Salix (Tsarouhas et al. 2002) ten QTLs for
growth-related traits were identified (each explaining
between 14 and 22% of the phenotypic variance).

Our results could be useful for the identification of
genotypes linked to faster growth rate in the first
developmental stages, a very important trait for seedling
establishment in naturally regenerated forests, as often
European beech forests are.

QTLs for d 13C in forest tree species were first reported
by Brendel et al. (2002). The four significant QTLs
explained nearly one-third of the phenotypic variation
observed for this trait. Two significant QTLs were found
for ring width. No co-location of QTLs for d 13C and
growth was found, whereas a strong genetic correlation
between d 13C and tree growth (height and diameter) was
found for P. mariana (Johnsen et al. 1999), but not when
water availability was high. In agreement with the results

reported by Johnsen et al. (1999), we found significant
phenotypic correlations for leaf traits measured in 1999
and d 13C. For d 13C, which was demonstrated to be
highly correlated in plants with water use efficiency
(WUE) (Farquhar and Richards 1984), the absence of
QTL location could be related to the lack of variability for
the trait in parent trees. Alternatively this can be due to
the high plasticity of the trait, that could show variation
only in water depletion condition, a condition not reached
in our experiment (Silim et al. 2001).

We did not find QTLs for height. In poplar and
Eucalyptus (Bradshaw and Stettler 1995; Byrne et al.
1997), leaf area traits clustered in the same linkage groups
with height, suggesting the presence of closely linked
genes or one gene having a pleiotropic effect on both
height and leaf area. In beech we cannot reach firm
conclusions: the absence of QTLs can be due to a lack of
variability for this trait in the parents of the controlled
cross progeny or simply to the small size of our sample
(Beavis 1995), and not necessarily to lack of genomic
clustering for these genes.

The small size of our sample could also lead to an
underestimation of the number of QTLs per trait and to an
overestimation of the phenotypic effect associated with
each QTL. From simulation studies, Beavis (1995)
demonstrated that the power of QTL detection in
experiments with small sample sizes decreases as the
number of QTLs increases. The estimation of the size of
the phenotypic effect is similarly biased, with an
estimated effect much greater than the actual simulated
effect.

QTL stability over years was evaluated by comparing
the locations of putative QTLs for traits measured in
different years. The genomic region associated with leaf
traits detected in 1999 was close to the one detected in
2002, but the sign of the effect is opposite. This has been
previously reported in forest trees. Bradshaw and Stettler
(1995) and Kaya et al. (1999) did not find the same QTLs
in consecutive growing seasons for height growth or basal
area in hybrid Populus, or for height or diameter
increment in P. taeda. Similarly, QTLs for total height
in P. pinaster for different developmental stages were
located on distinct linkage groups (Plomion et al. 1996).
To explain this phenomenon, Plomion et al. (1996)
hypothesized that maturation in forest trees may induce a
progressive shift of the genetic control of growth traits,
which may provide an explanation for the low year-to-
year correlation. Verhaegen et al. (1997) proposed that a
set of regulatory genes may differentially control the
temporal expression of the genes controlling a trait;
alternatively, a different set of regulatory factors may be
involved at different stages of development.
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