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Abstract — We constructed a high-density linkage map of maritime pine (Pinus pinaster Ait.) based on AFLP (Amplified Fragment Length Po-
lymorphism) markers using a three-generation outbred pedigree. In a first step, male and female maps were established independently with
test-cross markers segregating 1:1 (presence:absence of the amplified fragment in the full-sib progeny). In a second step, both maps were merged
using intercross markers segregating 3:1 in the progeny. A combination of MAPMAKER and JOINMAP softwares was used for the mapping
process. A consensus map was obtained and is available at URL http://www.pierroton.inra.fr/genetics/pinus/Map3/index.html. It covers
1441 cM and comprises a total of 620 AFLP markers on 12 linkage groups. The physical size of the maritime pine genome (51.5 pg/2C) was
measured by flow cytometry, providing a physical/genetic size ratio of 13.78 Mb/cM. This map will be used to dissect the genetic architecture
of economically (growth, wood quality) and ecologically (water-use efficiency) important traits into mendelian inherited components
(QTLs: Quantitative Trait Loci). It will also provide a framework to localize more informative markers (ESTs: Expressed Sequence Tags) to be
used as candidate genes in QTL detection experiments. The location of orthologous markers (ESTs and SSRs: Simple Sequence Repeats) will
also allow the study of the genome structure of closely related conifer species using a comparative genome mapping approach.

Pinus pinaster | genetic linkage map / AFLP / double pseudo-testcross / physical size

Résumé — Etablissement d’une carte génétique a haute densité du pin maritime 2 partir de marqueurs AFLP. Nous avons construit une
carte génétique du pin maritime (Pinus pinaster Ait.) en génotypant une famille de plein-fréres appartenant a la troisieme génération du pro-
gramme d’amélioration, avec des marqueurs AFLP. Dans un premier temps, les cartes des parents male et femelle ont été établies indépendam-
ment avec des marqueurs de type « test-cross » ségréguant dans les proportions 1:1 (présence:absence du fragment amplifié dans la famille de
plein-fréres). Dans un second temps ces deux cartes ont été fusionnées a I’aide de marqueurs de type « intercross », ségréguant dans les propor-
tions 3:1. La construction des cartes a été réalisée a 1’aide des logiciels de cartographie génétique JOINMAP et MAPMAKER. Une carte géné-
tique consensus des deux parents comprenant 12 groupes de liaison a finalement été obtenue et est accessible a I’'URL suivante :
http://www.pierroton.inra.fr/genetics/pinus/Map3/index.html. Elle couvre 1441 cM et comprend 620 marqueurs. Par ailleurs, la taille physique
du génome du pin maritime a été estimée par cytométrie de flux a 51.5 pg/2C, donnant un rapport taille physique/taille génétique de 13.78
Mb/cM. Cette carte sera maintenant utilisée pour étudier I’architecture génétique de caracteres d’intérét économique (croissance, qualité du
bois) et écologique (efficience d’utilisation de 1’eau). Il s’agira de localiser les zones du génome (QTL, Quantitative Trait Loci) impliquées dans
le contrdle génétique de ces caracteres complexes. La carte génétique fournira aussi un support pour localiser d’autres types de marqueurs, tels
que des genes (EST, Expressed Sequence Tags) qui seront utilisés comme marqueurs candidats pouvant correspondre aux QTL. La localisation
de marqueurs orthologues (EST et SSR, Simple Sequence Repeats) permettra d’étudier en outre la structure du génome des coniferes en utilisant
une approche par cartographie comparée.

pin maritime / carte génétique / AFLP / double pseudo-testcross / taille physique
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1. INTRODUCTION

Maritime pine (Pinus pinaster Ait.) is the most economi-
cally and ecologically important conifer species in the
southwestern Europe, where it covers about 4 millions hect-
ares. In France, INRA (Institut National de la Recherche
Agronomique) started a breeding programme of maritime
pine in the early sixties to provide foresters with improved
varieties for growth and straightness. This program has now
reached its third generation. Although positive genetic gains
are obtained through classical breeding strategies [5], there is
a great need to improve selection efficiency. Indeed, forest
tree selection faces three major stumbling blocks: (i) late se-
lection age (12 years of age for maritime pine, [32]), (ii) com-
plex traits with low to medium heritabilities [17, 31, 48], (iii)
and late flowering (8 years of age for maritime pine). The de-
velopment of molecular marker techniques provides new
tools to detect the genomic regions involved in the genetic
control of quantitative traits (QTLs, Quantitative Trait Loci,
[59]), which, in turn, will improve selection efficiency and
will increase genetic gains per unit of time. A prerequisite of
this strategy is the availability of a saturated genetic linkage
map for the studied species.

Previous reviews have described the specificity of the
different mapping strategies used in forest trees [14, 42]. A
comprehensive review of inheritance and mapping studies in
conifers, indicating the type of pedigree and marker techniques
used, is also available at: http: /www.pierroton.inra.fr/genet-
ics/labo/mapreview.html. Chronologically, inheritance and
mapping studies were performed using the mega-
gametophyte, a nutritive haploid tissue surrounding the em-
bryo of gymnosperm seeds and corresponding to the female
inheritance transmitted to the embryo [63]. Markers used by
the forest tree geneticists in the 70’s and 80’s were isozymes
[1]. However, a large proportion of the genome could not be
covered by a too few number of loci. The use of this haploid
tissue climaxed in the mid-90’s, when randomly amplified
polymorphic DNA (RAPD, [68]) became the most popular
marker technique to produce genetic maps for plant species.
In particular, the haploid megagametophyte of conifer seeds
avoided the drawback of the dominant nature of RAPDs. The
“megagametophyte-RAPD” strategy was used in several co-
nifer species, including P. pinaster [44], from which the first
conifer saturated map was published. In the late 90’s, RAPDs
were progressively abandoned with the availability of a more
reliable technique: Amplified Fragment Length Polymor-
phism (AFLP, [66]), which was used in several conifer spe-
cies such as pinyon pine [62], loblolly pine [51] and maritime
pine [18, 53]. Although very popular in the forest geneticist
community, the megagametophyte approach faces two major
limitations. First, it requires the development of specific pop-
ulations and is not applicable to QTL analysis for mature
traits in existing plantations. Indeed, the megagametophyte is
a temporary tissue that can only be collected from the seed-
ling stage during the germination of the embryo. Therefore,

the dissection of the genetic architecture of adult trait would
require several years to start. In addition, only the maternal
effect of QTL can be estimated [45, 46]. Second, the haploid
progeny cannot be considered as a “perpetual” mapping pop-
ulation, because of the relatively low amount of DNA that
can be extracted from this tissue. Consequently, it will pre-
vent a high number of markers, as well as markers requiring a
high amount of DNA such as RFLPs (Restriction Fragment
Length Polymorphisms, [8]), from being mapped over time.

Conversely, adult trees can be grafted and propagated by
cuttings, and diploid progenies can constitute “perpetual”
population, analogous to Recombinant Inbred Lines in crop
plants. Carlson et al. [11] were the first to show that RAPD
primers could be screened for informative markers segregat-
ing in a 1:1 ratio in diploid tissue of full-sib progenies. This
idea was extended by Grattapaglia and Sederoff [24] to con-
struct parental maps of an interspecific eucalyptus hybrid
family, in a mapping strategy named “two-way pseudo-
testcross”. It was further used in conifers [3, 33] with RAPDs
and AFLPs.

Although dominant biallelic markers (RAPD and AFLP)
continue to be the most easy-to-use technique, they present
major limitation since they cannot capture the multiallelic na-
ture of QTLs. Alternatively, other research groups started to
use codominant markers such as RFLPs [10, 19, 54],
PCR-RFLP [26], ESTs (Expressed Sequence Tags) [12, 47,
61] and more recently SSRs (Simple Sequence Repeats) [19,
22,43], allowing gene action to be precisely defined (estima-
tion of additive and dominant effects of QTLs, [55]) and pro-
viding anchor points in comparative mapping experiments
[39].

This brief review of the history of molecular marker devel-
opment can give us insights on how to proceed in the devel-
opment of a molecular genetics project in maritime pine. In a
first step we identified a three-generation outbred pedigree
comprising 202 individuals and segregating for traits of inter-
est. Second, we quickly established a fully saturated map
based on AFLP markers. Third, we are now mapping QTL for
traits of interest and developing SSRs and ESTPs (EST
Polymorphisms) to provide more informative markers which
should be easily transferred to other pedigrees of maritime
pine and other pine species, with the main objective of QTL
validation [39]. The main goal of this paper is to present a sat-
urated map of maritime pine which corresponds to the second
step of this strategy.

2. MATERIALS AND METHODS

2.1. Mapping population

A three-generation outbred pedigree (9.103.3 x 10.159.3) was
used to construct the genetic map (figure 1). The two parental trees
were mated in 1980 and seeds from the controlled cross were sown
in spring 1982. They produced 202 progeny seedlings that were
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Q 3 Q 3 Plus tree
V+ V- V+ V-
Accessions 0159 3115 0601 5101
Second
9.103.3 10.159.3 generation
202 Third
progeny generation

Figure 1. Mapping pedigree: 202 full-sibs belonging to the third gen-
eration of the maritime pine breeding programme (V+: vigorous trees,
V-: less vigorous trees).

planted in autumn 1982. The four grand parents were “plus trees”
phenotypically selected for stem growth and straightness in the local
provenance of the Landes de Gascogne, and grafted in clonal or-
chards. These grand parents were tested in a polycross progeny test
and classified according to their breeding value as Vigor “+” (for
vigorous trees) and Vigor “-” (for less vigorous trees). The progeny
was located in Malente (Gironde, France) on a semi-humid podzolic
soil. Spacing was 4 m between rows and 1.1 m between individual
trees, i.e. 2 272 trees ha™'. This full-sib family belongs to a progeny
test of the third generation breeding population.

2.2. AFLP assay and gel electrophoresis

Genomic DNA was extracted as described by Doyle and Doyle
[21]. AFLP markers were obtained following the protocol of Costa
et al. [18] with slight modifications: the EcoRI primers used for se-
lective amplification were radio labelled for 1.0 h at 37 °C in
1 X OPA buffer (Pharmacia), 9.5 U of T4 kinase (Pharmacia),
100 uM of primer and 10 uCi of y’P-ATP. The reaction was stopped
by incubating the reaction mix for 10 min at 80 °C. After selective
amplification, 4 pl of denaturated template was loaded, after one
hour of pre-run, on to 52 cm gels composed of 4% 19:1 acrylamide:
bis-acrylamide, 7 M urea and 1 X TBE. The run was performed at
80 W for 150 min or more, depending on the primer combination.
The gel was fixed after running in 10% acetic acid for 20 min, rinsed
in distilled water and dried overnight at 50 °C. Finally, gels were ex-
posed on Konica AX autoradiographic film for about 8 days.

Fifty-two primer-enzyme combinations (PEC, see table I) were
chosen on the basis of their repeatability, pattern (i.e. ease of scor-
ing) and level of polymorphism. Presence or absence of AFLP frag-
ments was directly scored on the gel image (figure 2).

Polymorphic AFLP fragments were named considering (1) the
PEC used; (2) the fragment length, and (3) the quality of the scoring:
“a” for intense bands, “b” for weak bands, and “c” for the bands that
were difficult to score. A table of correspondence between the locus
ID and the PEC wused is available online at URL:
http://www .pierroton.inra.fr/genetics/pinus/Map3/marker_table.html.

Progeny

Figure 2. Example of AFLP profile showing the three types of segre-
gation. Lanes 1 and 2 correspond to the parents (female and male) and
other lanes correspond to the full-sib progeny. (A) Inter-cross marker,
heterozygous in both parents and segregating 3:1 in the progeny; (B)
Test-cross marker, heterozygous in the male and absent in the female,
and segregating 1:1 in the progeny; (C) Test-cross marker, heterozy-
gous in the female and absent in the male, and segregating 1:1 in the

progeny.

2.3. Mapping procedure

We used the two-way pseudo-test cross mapping strategy to con-
struct the linkage maps [24]. Markers were subdivided into two
groups considering their segregation patterns. The first group com-
prised markers in the testcross configuration between the parents
(heterozygous in one parent and homozygous null in the other),
which presented a 1:1 segregation ratio in the progeny. The second
group concerned markers heterozygous in both parents, and there-
fore segregating in a 3:1 ratio in the progeny. Mendelian segregation
of the markers was tested by chi-square tests (P >0.01). The few dis-
torted 1:1 and 3:1 markers were discarded from further analysis.

[P

They generally belonged to the “c” quality score category.

Because of the low information content between pairs of markers
segregating in the 1:1 and 3:1 configuration [52], a preliminary
grouping of the 1:1 markers only was performed for each parent us-
ing MAPMAKER software [34] with a LOD threshold of 6. Our ob-
jective was to construct precise parental maps with 1:1 markers to
compare with the results obtained later with JOINMAP. The two pa-
rental maps based on 1:1 and 3:1 markers were built using
JOINMAP v1.4 software [57] with a minimum LOD of 3 used as
grouping criterion and then aligned based on 3:1 markers. Whenever
the ordering of 3:1 markers was disturbed, the corresponding mark-
ers were discarded until a good ordering was obtained. A consensus
map was finally built using all 1:1 and selected 3:1 markers using
JOINMAP. Linkage groups were drawn using MAPCHART [65].
Recombination rates were converted to map distances in
centiMorgans (cM) using the Kosambi mapping function.

2.4. Physical size measurement

DNA content of embryos or megagametophytes was assessed by
flow cytometry. Ten seeds were first imbibed overnight and then
dissected to separate the megagametophyte from the embryo.
Triticum aestivum (2C = 30.9 pg, [35]) was used as an internal
standard. Pinus tissues and hexaploid wheat leaf were chopped to-
gether with a razor blade in Galbraith buffer [23] slightly modified
by the addition of 10 mM metabisulfite, 1% (w/v), Triton X-100 and
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Table I. List of AFLP primer pairs used to construct the maritime
pine genetic map and number of polymorphic fragments.

PEC Number of Number of Number of  Total
amplified  markers se- markers se- (1)+(2)
fragments gregating 1:1 gregating 3:1
1) 2)
1 E+ACA/M+CCAG 140 10 7 17
2 E+ACA/M+CCGA 130 9 7 16
3 E+ACG/M+CCGC 108 8 1 9
4 E+ACG/M+CCAG 60 9 5 14
5 E+ACG/M+CCGT 95 10 1 11
6 E+ACG/M+CCTA 56 4 8
7 E+ACG/M+CCCA 112 5 3 8
8 E+ACG/M+CCAA 118 12 1 13
9 E+ACG/M+CCTG 62 26 3 29
10 E+ACC/M+CCAG 140 13 5 18
11 E+ACC/M+CCTG 126 9 5 14
12 E+ACC/M+CCGT 70 7 1 8
13 E+ACC/M+CCTA 145 10 4 14
14 E+ACC/M+CCGA 110 8 2 10
15 E+ACT/M+CCGC 130 2 11
16 E+ACT/M+CCAG 110 11 1 12
17 E+ACT/M+CCTG 120 14 7 21
18 E+ACT/M+CCGT 130 7 5 12
19 E+ACT/M+CCCA 136 4 4 8
20 E+ACT/M+CCTA 105 9 6 15
21 E+ACAA/M+CCTA 95 6 9 15
22 E+ACAA/M+CCAC 100 6 5 11
23 E+ACAA/M+CCGC 140 9 3 12
24 E+ACAA/M+CCCA 140 12 5 17
25 E+ACAA/M+CCGA 110 4 5 9
26 E+ACAA/M+CCTT 136 17 4 21
27 E+ACAA/M+CCTG 70 9 4 13
28 E+ACAA/M+CCAG 75 10 4 14
29 E+ACAA/M+CCAT 110 12 4 16
30 E+ACAC/M+CCAA 100 9 2 11
31 E+ACAC/M+CCAT 130 16 10 26
32 E+ACAC/M+CCTA 100 7 2 9
33 E+ACAC/M+CCTT 100 12 8 20
34 E+ACAC/M+CCTC 90 9 3 12
35 E+ACAC/M+CCAG 123 9 3 12
36 E+ACAC/M+CCAC 100 13 4 17
37 E+ACAG/M+CCTG 114 15 4 19
38 E+ACAG/M+CCTA 107 9 3 12
39 E+ACAG/M+CCAT 104 18 9 27
40 E+ACAG/M+CCAA 99 14 3 17
41 E+ACAG/M+CCGA 120 6 12
42 E+ACAG/M+CCTC 110 5 7 12
43 E+ACAG/M+CCGT 130 3 6 9
44 E+ACAG/M+CCGC 145 5 14
45 E+ACAT/M+CCAG 115 10 7 17
46 E+ACAT/M+CCTA 110 15 9 24
47 E+ACAT/M+CCAT 132 7 6 13
48 E+ACAT/M+CCTC 143 20 9 29
49 E+ACAT/M+CCTG 105 2 6 8
50 E+ACAT/M+CCAC 138 13 9 22
51 E+ACAT/M+CCCA 145 6 8 14
52 E+ACAT/M+CCGA 115 7 7 14
TOTAL 5854 513 253 766

1% (w/v) polyethylene glycol (PEG) 8000. After addition of 5 units
mL™" RNase A (Roche, France) and 50 ug mL™ propidium iodide
(Sigma-Aldrich, France), nuclei were filtered through a 75 pm ny-
lon filter in order to eliminate cell debris. Samples were left 30 min
on ice before measurements.

Assuming a linear relationship between fluorescence ratio and
amount of DNA, total 2C DNA content was evaluated using the leaf
2C DNA value of hexaploid wheat. For each sample, measurements
were made on 2 500 nuclei with duplication. Fluorescence analysis
of the stained nuclei was performed on an Epics V cytometer
(Beckman-Coulter, Roissy, France) with an argon laser at 488 nm
for propidium iodide. The cytometer linearity was checked and ad-
justed before each set of run.

3. RESULTS AND DISCUSSION

3.1. AFLP markers

The 52 PECs used in this study provided 766 non-distorted
AFLP markers. The number of polymorphic fragments
ranged from 8 to 29 with an average of 15 polymorphic mark-
ers per combination. 253 (33%) markers segregated in the 3:1
ratio and 513 (66%) in the 1:1 ratio. A total of 251 (32.8%) of
these 513 markers were heterozygous for the male parent and
262 (34.2%) for the female parent.

In a short time, and for a rather low cost, the AFLP method
provided a sufficient amount of polymorphic markers to satu-
rate the genome of maritime pine. In spite of its large genome
size, the use of appropriate PECs allowed the production of
easy-to-score AFLP gels. The use of Pst-Mse PECs has been
reported to provide less complex gel patterns but also yields
non-randomly distributed markers in conifers [43]. Pstl is
sensitive to methylation and the use of this endonuclease may
target low-copy clustered regions. To avoid this problem and
ensure full genome coverage, we used Eco — Mse PECs. By
using two selective nucleotides in the pre-amplification step
(EcoRI + 2, Msel + 2), and three to four nucleotides in the se-
lective amplification step (EcoRI + 3 / +4 Msel + 4), we could
circumvent the complexity of the pine genome to produce
clear AFLP patterns [15, 25].

Remington et al. [51] reported a significant effect of the
composition of the selective extensions. They showed that
the amount of CpG was negatively correlated with the num-
ber of polymorphic fragments. In this study, although a slight
decrease was also observed, an analysis of variance (not
shown) test showed that there were no significant relation-
ship between the number of polymorphic bands and the CpG
content in both EcoRI and Msel primers (P-value = 0.21).

3.2. Linkage map

Some polymorphic markers were discarded from the link-
age analysis because they were distorted (P < 0.01). It should
be noticed that the observed level of distorsion was not
significantly greater than that expected by chance alone. In
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respect to the 3:1 markers, only a subset (42%) that showed
the same order in the parental maps were kept. Six hundred
and twenty markers were finally used to construct the consen-
sus linkage map (figure 3). The map consisted of 12 linkage
groups, corresponding to the 12 haploid chromosomes of
P. pinaster.

The total lengths obtained for the female, the male and the
consensus maps using JOINMAP and MAPMAKER soft-
wares are presented in table I1. The total genetic length calcu-
lated using MAPMAKER software on the female map
(1 807 cM) is not significantly different from those described
by Plomion et al. [44] and Costa et al. [18] on the same spe-
cies (1 860 cM and 1 873 cM, respectively). On the other
hand, the comparison between the total genetic lengths ob-
tained with JOINMAP or MAPMAKER are different, even if
the same mapping function (Kosambi) was used in both soft-
ware. Qi et al. [49] in barley and Sewell et al. [54] in loblolly
pine reported the same phenomenon, which can be attributed
to how the software packages calculate the genetic distances:
in any case the assumed level of interference differs slightly
from the true interference.

3.3. Physical versus genetic size

Improvements of the extraction buffer allowed analysis of
fair quality with a highly reproducible fluorescence index
(2Cpinus’2C yunaara)- Analysis of P. pinaster embryo tissues
yielded DNA histograms with coefficients of variation in the
2C peaks ranging from 2 to 4%. Hexaploid wheat was used as
an internal standard because its genome size is relatively high
and thus more convenient in the assessment of large genome.
The mean DNA value (2C) for P. pinaster was 51.49 £0.51 pg.
The ratio between the fluorescence peak of nuclei isolated

Table III. Genome characteristics of 15 plant species.

Table II. Total genetic lengths and number of linkage group (LG) ob-
tained for female, male and consensus maps using two different map-
ping softwares.

JOINMAP MAPMAKER
Female 1218 cM (12 LG) 1807 cM (12 LG)
Male 1297 cM (15 LG) 1541 cM (16 LG)
Consensus 1407 cM (12 LG) -

from the diploid P. pinaster embryos and the corresponding
megagametophyte haploid tissue was equal to 1.92.

The Pinaceae presents the widest range and diversity of
DNA contents in all gymnosperm families [30, 37, 40, 41].
P. pinaster, with a 2C DNA value of 51.49 pg/2C (25.7 x 10’
base pair per 1C) is close to most of the Pinus species. The
highest DNA reported in Pinus genus and also in gymno-
sperm is 63.5 pg/2C in Pinus lambertiana [37]. For the mo-
ment, it is not clear if the large diversity of the Pinus genome
sizes procures an advantage to environmental conditions as
hypothesised by Wakamiya et al. [67].

Table Il compares the genetic and physical size of mari-
time pine and several other plant genome, including forest
trees belonging to angiosperms (oak [6], poplar [16], euca-
lyptus [36]) and gymnosperms (Loblolly pine [54]). The two
pine species show higher physical lengths compared to the
other species, which translates into a much larger physi
cal/genetic size ratio (e.g.: 13.78 Mbp/cM in P. pinaster
versus 0.22 Mbp/cM in Arabidopsis thaliana). Figure 4 shows
the relationship between the number of crossing-over and the
mean physical size of a chromosome. The number of cross-
ing-over is highly negatively correlated with chromosome
size (R =-0.88, P < 0.01). As the number of crossing-over
occurring during the meiosis does not differ strongly between

Species Physical size Genetic length (cM) Chromosome  Mean genetic size per Physical/genetic size ratio
(Mb) (MAPMAKER estimates) number chromosome (cM) (Mb/cM)

1 Arabidopsis thaliana 150" 675" 5 135 0.22
2 Prunus persica 300" 7122 8 90 042
3 Oryza sativa 450" 1490” 12 125 0.3

4 Populus deltoides 550" 2300"" 19 121 0.23
5 Eucalyptus grandis 600" 1370 11 125 043
6 Brassica rapa 650" 1850 10 185 0.35
7 Quercus robur 900" 1200 12 100 0.75
8 Lycopersicon esculentum 980" 1280"°" 12 107 0.76
9 Solanum tuberosum 1540 1120 12 93 1.37
10 Zea mays 2500 1860 10 186 1.34
11 Lactuca sativa 2730 1950 217 1.4

12 Triticum tauschii 4200 1330 190 3.15
13 Hordeum vulgare 5500 1250 178 44

14 Pinus taeda 21000 1700™ 12 141 12.35
15 Pinus pinaster 25700 1850 12 154 13.78
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Figure 4. Relationship between the number of crossing-over and the
mean physical size per chromosome in 15 plant species. The corre-
spondence between the number and the 15 species is presented in
table I11.

species (table III), species with small chromosomes will
present a larger amount of recombination per unit of physical
size.

4. PERSPECTIVES

The new maritime pine genetic map provides a very useful
tool for further genetic analysis. First, this map will serve as a
framework to locate comparative anchor tags for compara-
tive genomics. Although AFLP markers have been shown to
be poorly transferable between pine species, orthologous
markers such as RFLPs, ESTPs [61] or SSRs can be used as
anchor-points between the different maps already available
for conifer species. ESTs which have been mapped in Pinus
taeda [26, 61] and ESTs from P. pinaster cDNA libraries are
currently being located in the AFLP map of maritime pine as
part of the Conifer Comparative Genome Project (CCGP;
http://dendrome.ucdavis.edu/Synteny/index.html). The aim
of CCGP is to compare conifer genetic maps with the P. taeda
reference map by providing orthologous markers. A hierar-
chical approach based on different PCR-based methods is
used to detect polymorphism in ESTs: PCR fragment length
and conformation in denaturing or non-denaturing gel condi-
tions (SSCP [47] and DGGE [60]) are first used because of
their low or medium cost and time efficiency. More powerful
methods such as point mutation detection by systematic se-
quencing, or such as the prospecting of variation in the
non-coding regions flanking the ESTs [12], will also be used
to increase polymorphism rate.

As for the “intraspecific mapping comparison”, some of
the AFLP markers will be transferable between pedigrees
of maritime pine, but to compare maps constructed based on
different genetic backgrounds (e.g.: using experimental de-
sign such as factorial and diallel), SSRs will be the marker of
choice. Their multiallelic nature will also allow tagging mul-
tiple alleles at QTLs. Development of a battery of SSRs for
maritime pine is therefore a priority.

Secondly, genomic regions controlling adaptive and eco-
nomically important traits are currently being studied in

maritime pine. These include QTLs for growth, wood quality,
end-uses properties and water use efficiency [9]. These stud-
ies are based on a skeleton map based on evenly spaced AFLP
markers genotyped on the whole mapping pedigree (202
full-sibs; Pot, unpublished). The ESTs described in the previ-
ous paragraph will also provide positional candidate genes,
i.e. whose position coincides with mapped QTLs. However,
because of the high physical/genetic size ratio in conifers, it
will be of great importance to find the actual genes underly-
ing QTLs of interest, before any attempt of using this infor-
mation in Marker-Assisted Breeding Program. The location
of candidate genes will also contribute to the establishment of
a “functional” genetic map.

In an integrative study, it will be essential to use the same
markers (ESTs) for comparative mapping and the candidate
gene approach, in order to validate the candidate gene-QTL
co-locations between phylogenetically related species [39].
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