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Abstract The first linkage map established by Lanaud
et a. (1995) was used as a starting point to produce a
high-density molecular linkage map. A mapping popula-
tion of 181 progenies resulting from a cross between two
heterozygous genotypes, a Forastero and a Trinitario
(hybrid between Forastero and Criollo), was used for the
linkage analysis. A new DNA isolation protocol was es-
tablished, which allows enough good quality DNA to
construct a genetic map with PCR-based markers. The
map comprises 424 markers with an average spacing be-
tween markers of 2.1 cM. The marker types used were
five isozymes, six loci from known function genes, 65
genomic RFLPs, 104 cDNA RFLPs, three telomeric
probes, 30 RAPDs, 191 AFLPs and 20 microsatellites.
The use of new marker types, AFLP and microsatellites,
did not disturb the original order of the RFLP loci used
on the previous map. The genetic markers were distribut-
ed over ten linkage groups and cover 885.4 cM. The
maximum distance observed between adjacent markers
was 16.2 cM, and 9.4% of all loci showed skewed segre-
gation.
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Introduction

Theobroma cacao L. (2n=20) is native to Central and
South America and is one of the most economically im-
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portant perennial crops in the tropics. Its genome is
small (0.4 pg/1l C) (Lanaud et al. 1992; Figueira et al.
1992), and its germplasm is usually classified into three
distinct groups based on geographical and morphological
characters (Cheesman 1944): Forastero, Criollo and
Trinitario. The last group corresponds to hybrid forms
between the first two groups. Populations of the Foras-
tero group are highly diversified and are often used in
breeding programs, due to their vigor, precocity and re-
sistance to disease. Criollo types are generally less vigor-
ous but yield a fine chocolate. Until now, the main
breeding strategies have involved crosses between indi-
viduals of distinct genetic groups to obtain productive
trees combining resistance and quality traits.

The genetic determinism of most of the traits of inter-
est is generally not known, and mapping strategies are
crucia to increasing our knowledge and mastering of fa-
vorable traits during the different steps of selection.
Molecular mapping of the cocoa genome was recently
initiated (Lanaud et al. 1995; Crouzillat et al. 1996;
Risterucci et a.1996). The first cocoa genetic map com-
prised 195 markers, mostly restriction fragment length
polymorphisms (RFLPs) (Lanaud et al. 1995). RFLP
markers are laborious to use, especialy in cocoa, for
quantitative trait loci (QTL) analyses on large numbers
of progeny because of the difficulty in purifying of large
amounts of good quality DNA, which requires ultracen-
trifugation. Other highly reproducible markers, such as
those based on polymerase chain reaction (PCR) for ex-
ample, AFLPs and microsatellites, could advantageously
replace RFLP in cocoa mapping.

Microsatellites, also called simple-sequence repeats
(SSRs) (Tautz and Rentz 1984), are small repeats of two
tandemly arranged nucleotides. They are highly poly-
morphic and can be amplified by PCR (Mullis et al.
1986) with unique flanking primers (Beckman and
Soller 1990). They have been used in mapping severa
mammalian (Love et a. 1990; Weissenbach et al. 1992;
Serikawa et al. 1992) and plant genomes such as soy-
bean (Akkaya et al. 1992), rice (Zhao et al. 1993) and
maize (Senior and Heun 1993). Amplified fragment



length polymorphism (AFLP) markers (Vos et al. 1995)
are based on the detection of genomic selective restric-
tion fragments by PCR amplification (Zabeau and Vos
1992) and have also been used more recently for map-
ping annual plant genomes (Meksem et a. 1995;
Thomas et a. 1995; Cho et al. 1996; Keim et al. 1997)
or tree genomes (Marques et al. 1998; Remington et al.
1999). This method generates a large number of restric-
tion fragment bands, thereby facilitating the detection of
polymorphisms and improving the prospects for a high-
density cocoa genetic map. However, some authors have
noted an irregular distribution of these markers aong
chromosomes (Maheswaran et al. 1997; Vuylsteke et al.
1999).

In the investigation described in this paper we used
the first linkage map established by Lanaud et al. (1995)
as a starting point to produce a more saturated linkage
map that includes isozyme, RFLP, AFLP, microsatellite
and RAPD markers and to evaluate the potential of
AFLP and microsatellites markers in cocoa mapping.

Materials and methods
Mapping population

The progeny analyzed resulted from a cross between a UPA402
female parent and a UF676 male parent. UPA 402 is an upper am-
azon Forastero clone obtained from a sib mating involving IMC
60 and Na 34, two Forastero genotypes collected in Peru. UF 676
isaTrinitario selection derived from the United Company’s breed-
ing program in Costa Rica. UPA 402 has a higher level of homo-
zygosity than UF 676, based on pedigree and previous molecular
analyses (Lanaud et a. 1995). A mapping population of 181 prog-
enies was used for the linkage analysis, planted in the Ivory Coast
(IDEFOR/DCC).

Isozyme analysis

Isozyme analysis was performed using five enzyme systems ac-
cording to protocols described by Lanaud (1986, 1987). These in-
cluded acid phosphatase (ACP), isocitrate dehydrogenase (IDH),
malate dehydrogenase (MDH), phosphoglucose isomerase (PGl),
phosphoglucomutase (PGM).

DNA isolation

A new DNA isolation protocol was used to obtain the small quan-
tities of DNA needed for microsatellite and AFLP analysis. DNA
was isolated from fresh adult leaves. One gram of tissue frozen in
liquid nitrogen and powdered with a mortar was mixed with 5 ml
of extraction buffer (1.4 M NaCl, 100 mM Tris HCI pH 8.0,
20 mM EDTA, 10 mM Na,SO;, 1% PEG 6000, 2% MATAB) pre-
heated to 75°C. The extract was then homogenized for 10 swith a
vortex and incubated 30 min at 75°C; after being cooled to 20°C,
an equal volume of chloroform-isoamyl alcohol (24:1 viv) was
added, followed by emulsification. The tube was then centrifuged
at 7000 g for 30 min and the supernatant was precipitated at
—20°C overnight after the addition of an egqual volume of isopro-
panol. The DNA was removed with a glass hook and re-suspended
in 1 ml of 0.7 M NaCl, 50 mM TRIS-HCI, 10 mM EDTA, pH 7.0
buffer. After total re-suspension, a QIAGEN genomic-tip was per-
formed as recommended by the supplier.
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RFLP analysis

cDNA clones and genomic Pstl clones from libraries constructed
at CIRAD (Lanaud et al. 1995) were screened, along with ten ge-
nomic Pstl clones provided by Nestlé (Crouzillat et al. 1996). A
cloned telomeric probe library, obtained according to Kilian and
Kleinhofs (1992), was screened on Southern blots of parental
DNA restricted with EcoRI, EcoRV, Bglll, Hindlll and Xbal. In
addition three cloned genes were used: histone (H4Cl4), isolated
from maize (Philipps et al. 1986), alcohol dehydrogenase (Adhl),
isolated from maize (Gerlach et a. 1982), and the rRNA gene
(pTA71), isolated from wheat (Gerlach and Bedbrook 1979).
Three bands obtained from RAPD patterns were also used as la-
beled RFLP probes. DNA fragments were extracted from low-
melting agarose gel and hybridized, without cloning, onto the re-
stricted DNA. RFLP procedures were performed according to the
protocol described by Lanaud et al. (1995).

AFLP analysis

AFLP were performed using the Life Technologies AFLP analysis
system | (Gibco BRL, Gathersburg, Md., USA) as recommended
by the supplier. Genomic DNA (250 ng) was restricted with 2.5 U
EcoRl and 2.5 U Msel in a 25-pl reaction mixture containing
5 mM TRIS-HCI (pH 7.5), 5 mM magnesium acetate, 25 mM po-
tassium acetate for 2 h at 37°C; the enzymes were then inactived
at 70°C for 15 min. Twenty-five microliters of a mixture contain-
ing 5 pmol EcoRI adapter, 50 pmol Msel adapter, 1 U T4 DNA li-
gase, 0.4 mM ATP in 10 mM TRIS-HCI (pH 7.5), 10 mM magne-
sium acetate, and 50 mM potassium acetate was added. The liga-
tion mixture was incubated at 20°C for 2 h. As 5-pl aliquot of a
tenfold-diluted ligation was amplified for a preselective amplifica-
tion using a pair of primers based on the sequences of the EcoRI
and the Msel adapters, including one additional selective nucleo-
tide at the 3" end (EcoRI+1 and Msel+1). The selective amplifica-
tion reaction was performed with EcoRI+3 and Msel+3 primers.
EcoRI+3 primers were labeled by phosphorylating the 5° end with
V-[33P]-ATP using a T4 polynucleotide kinase (Gibco BRL). This
primer was mixed with 1 or 2 Msel+3 primers, dNTPs, 10xPCR
buffer (100 mM TRIS-HCI pH 8.3, 15 mM MgCl,, 500 mM KClI)
and 0.5 U Taq polymerase (Eurobio, Les Ulis, France), then 15 pl
of the mix was added to 5 pl of 50-fold-diluted preamplified
DNA. Amplifications were performed using an MJ Research
(Water Town, Mass., USA) PTC 100 thermal cycler. One cycle
was performed at 94°C for 30 s, 65°C for 30 s and 72°C for 60 s,
followed by 12 cycles with a 0.7°C lower annealing temperature
for each cycle and 23 cycles at 94°C for 30 s, 56°C for 30 s and
72°c for 60 s. After the addition of 20 pl of loading buffer (98%
formamide, 10 mM EDTA, bromophenol blue, xylene cyanol), the
mixes were denatured at 92°C for 3 min, and 3 pl of each sample
was loaded onto a 5% polyacrylamide gel with 7.5 M urea and
electrophoresed in 0.5% TBE buffer at 55 W for 1 h 40 min. The
gel was dried for 30 min at 80°C and exposed overnight to X-ray
film (Fuji RX).

Microsatellite analysis

A genomic library enriched in SSRs was constructed for micro-
satellites analysis using a modified version of the protocol of
Karagyozov et a. 1993 (Lanaud et al. 1999). The primers were
end-labeled with y-[33P]-ATP, and amplification was performed in
a MJ Research PTC 100 Thermal cycler on 20-pl reaction mix-
tures containing 10 ng of cocoa DNA, 0.2 mM dNTP mix, 2 mM
MgCl2, 50 mM KCI, 10 mM TRIS-HCI (pH 8.3), 0.2 uM primer
(5" end labeled with y-[33P]-ATP) and 1 U Taq polymerase (Euro-
bio). The samples were denatured at 94°C for 4 min and subjected
to 32 repeats of the following cycle: 94°C for 30 s, 46°C or 51°C
for 1 min and 72°C for 1 min. The samples were analyzed under
the same electrophoresis and developing conditions as those used
for AFLP. After screening on the parents, 20 microsatellites were
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analyzed on the mapping population. EMBL accession numbers of
the microsatellites are listed in Table 1.

5 Sribosomal DNA analysis

The spacer of the 5S ribosomal DNA was mapped by amplification
of cocoa DNA with consensus primers (D’Hont et a. 1995) fol-
lowed by an Hpall restriction, and analyzed in 2% TBE agarose gel.

Random amplified polymorphic DNA (RAPD) analysis

A modified version of the protocol of Williams et al. (1990) was
applied using primers provided by Operon Technologies. Amplifi-
cation products were analyzed in 2% TBE agarose gel (Lanaud et
al. 1995).

Table 1 EMBL accession humber and linkage group localization
of microsatellite markers

Marker name Linkage group EMBL accession no.
mTcCIR1 8 Y 16883
mTcCIR2 5 Y 16978
mTcCIR3 2 Y 16977
mTcCIR6 6 Y 16980
mTcCIR7 7 Y 16981
mTcCIR8 9 Y 16982
mTcCIR9 6 Y 16983
mTcCIR10 5 Y 16984
mTcCIR11 2 Y 16985
mTcCIR12 4 Y 16986
mTcCIR15 1 Y 16988
mTcCIR16 6 Y 16989
mTcCIR17 4 Y 16990
mTcCIR18 4 Y 16991
mTcCIR19 2 Y 16992
mTcCIR21 3 Y 16994
mTcCIR22 1 Y 16995
mTcCIR24 9 Y 16996
mTcCIR25 6 Y 16997
mTcCIR26 8 Y 16998

Linkage analysis

Segregation of markers was revealed on 100 individuals for
RFLPs, RAPDs and isozymes, and on 181 individuals for AFLPs
and microsatellites. Linkage analyses were performed using the
program JoinmAP version 1.4 (Stam 1993). As both parents of the
progeny were heterozygous, the markers segregated according to
the two possible Mendelian arrangements, heterozygous for one
parent and homozygous for the other parent, and heterozygous in
both parents. The markers heterozygous for both parents enabled
an integrated map to be established between the two individual pa-
rental maps. The segregation of 424 markers was studied using
LOD scores of 5.0 and 4.0 to identify the linkage groups. The
Kosambi mapping function was used to convert recombination
frequencies into map distances (Kosambi 1944).

Marker nomenclature

RFLP probes were named cTcCIR, gTcCIR, and rTcCIR, with the
first letter, c, g or r, corresponding to cDNA, genomic and isolated
RAPD genomic fragments, respectively. Tc corresponds to Theo-
broma cacao and CIR to CIRAD. Microsatellite markers were
named mTcCIR. TEL corresponds to telomeric markers; N corre-
sponds to Nestlé genomic probes. RAPD loci were named rOPX#,
with OP corresponding to OPERON Technologies, X the primer
kit letter and # the approximate molecular weight of the band.
AFLP loci were named AFLP X/Y; X is the number of the prim-
ers’ combination and Y the number of the polymorphic band (Ta-
ble 2).

Results and discussion
Screening of polymorphic markers

The screening of polymorphic markers was performed
by testing for the marker on the two parents and on 6 in-
dividuals of the progeny. The results are given in Table 3.
A total of 614 RFLP probes was screened using five re-
striction enzymes. Segregation in the progeny was ob-
served for 28% of the cDNA probes and 30% of the ge-
nomic probes. Twenty telomeric probes were screened,

Table 2. AFLP primer combi-

nations used for cocoa genome AFLP Primer combination Detectable Polymorphic Polymorphic
mapping based on the cross number fragments markers markers (%)
UPA402xUF676.The number
of polymorphic markers used 1 EAAG/MCAA 66 17 25.7
for mapping and the ratio of 2 EAAG/MCTT £ 8 112
polymorphism are given. In12 3 EAAC/MCAA ” 7 9.1
cases, two Msel primers were 4 EACG/MCTT 53 6 113
6 EAAC/MCAC-MCAT 72 16 22.2
7 EAAC/MCAG 40 8 20.0
8 EAAC/MCTA-MCTG 72 14 194
9 EAGC/MCAT-MCTA 58 9 155
10 EAGC/MCAA 56 15 26.8
11 EAGG/MCTC-MCTT 58 10 17.2
12 EACG/MCAA-MCTG 48 7 14.6
13 EAGG/MCAA-MCAC 47 2 4.3
14 EACT/MCTC-MCTG 56 11 19.6
15 EAGG/MCAT-MCTA 46 6 13.0
16 EACT/MCTT 61 11 18.0
17 EACA/MCTA-MCTT 77 9 11.7
18 EACC/MCAT-MCTG 43 8 18.6
19 EACC/MCAC-MCAG 50 4 8.0
20 EAAC/MCTC 49 2 4.1
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Table 3 Level of marker poly-

morphism on both parents Markers UF676 UPA402  UPA402 Total loci  Mapped loci
studied with respect to the vari- screened and UF676 mapped  ratio
ous molecular techniques used.
The number of heterozygous Isozymes 5 5 0 0 5 100.0
markersin UF676 only, in Genomic RFLPs 215 53 7 5 65 30.2
UPA402 only and in both par- cDNA RFLPs 379 81 12 11 104 274
entsisindicated Telomeric RFLPs 20 3 0 0 3 150
Known genes 6 5 1 0 6 100.0
RAPDs 394 24 6 0 30 6.1
AFLPs 1185 118 50 23 191 16.1
Microsatellites 26 6 2 12 20 76.9
Total 2230 295 78 51 424

but only 3 gave a non-repetitive, clear-cut signal scor-
able in the progeny for mapping. One hundred and twen-
ty random primers, revealing 394 fragments, were
screened for RAPD polymorphism. Among them, 30
markers provided by 23 primers segregated in the proge-
ny. Twenty-six microsatellites were screened and 20 of
them were segregated in the progeny (76.9%). Sixty-four
AFLP primer combinations resulting from 8 EcoRI+3
primers and 8 Msel+3 primers were screened. Thirty-two
of them, which revealed the greatest number of polymor-
phic fragments, were selected, 8 pairs of primers corre-
sponding to a single EcoRI+3 primer associated with a
single Msel+3 primer and 12 combinations of primers
corresponding to a single EcoRI+3 primer associated
with 2 Msel+3 primers. The chosen AFLP combinations
revealed atotal of 1185 fragments (Table 2). The number
of detectable fragments obtained for each combination
ranged from 43 to 85, with band sizes ranging from 50 to
500 bp. The number of polymorphic bands ranged from
2 to 21 with a mean of 9.5. Only clearly scorable frag-
ments were used. In total, 191 clearly scorable bands
(16.1%) segregated in the progeny and were mapped.
This level of polymorphism was in the range of those re-
ported in other species. For example Spada et al. (1998)
reported 9.1% in asparagus, Becker et al. (1995) 11.3%
in barley, and Mashewaran et al. (1997) 22.0% in rice.
The numbers of markers segregating in the gametes of
UPA402 only, in the gametes of UF676 only and in the
gametes of the both parents are reported in Table 3 for
each type of marker. This clearly shows the higher level
of polymorphism revealed by microsatellites compared
to the other types of markers. Among 26 microsatellites
tested, 20 segregated in the progeny, 12 of them being
heterozygous in both parents and revealing generally
more than two alleles. This is of particular interest to
constructing integrated maps and detecting QTL in both
parents of such test-cross progenies. A majority of AFLP
polymorphic fragments was provided with only 32 prim-
er pairs. The percentage of AFLP markers, heterozygous
in both parents and segregating with a theoretical ratio of
3:1, was 12%. Thisresult is similar to what was obtained
with RFLPs and lower than that obtained with microsat-
ellites.

Segregation distortion

Each segregating marker was first tested with an x2 test
for goodness-of-fit to the expected Mendelian segregat-
ing ratio. This was 1:1 for markers heterozygous in only
one of the two parents; 3:1 for dominant markers like
AFLPs and RAPDs, heterozygous in both parents; and
1:2:1 and 1:1:1:1 for codominant multiallelic markers
(isozymes, RFLPs, microsatellites) when two, three or
four aleles, respectively, were segregating among the
two parents. Skewed segregation was detected for 40 lo-
ci (9.4% of the total), with 23 being significant at
P=0.05, and 17 at P=0.01. Loci showing a skewed segre-
gation were mostly located on four regions of the linkage
map and involved several types of markers (AFLPs,
RFLPs etc.); 8 loci were linked on group 6, 6 were on
group 5, 4 were on group 2 and 8 were on group 9. The 8
loci of group 6 and the 4 loci of group 2 segregated in
the gametes of UF676 only. The 8 loci of group 9 segre-
gated either in the gametes of UPA402 only or in the ga-
metes of both parents. Some imprecision in the order and
the gap between markers is induced by these distorted
segregations, especially in group 6 where 3 of the 6
markers heterozygous in both parents were affected,
which is highly uninformative.

Note that by using the Bonferoni procedure, the
threshold for a global type-l error of P=0.05 would ne-
cessitate an individual threshold of P=0.0001 if all mark-
ers were considered independent. At this threshold no
skewed segregation would appear as significant.

This skewed segregation ratio was relatively low com-
pared to those found for other species such as potato
(25.5%) (Gebhart et a. 1989) or Brassica oleracea
(12-59%) (Kianian and Quiros 1992). Chromosomal rear-
rangements (Tanksley et al. 1984, 1987; Faure et a. 1992)
or gametic selection (Nakagahra 1986) have been suggest-
ed to explain distorted segregation. In Theobroma cacao,
structural rearrangements have never been reported, and
the genes responsible for gametic sel ection are unknown.

Construction of the genetic linkage map
The 424 polymorphic loci were assigned to ten linkage

groups (Fig. 1) that putatively correspond to the ten ga-
metic chromosomes of cocoa (Munoz 1948). These loci
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Fig. 1 Linkage map of cocoa, based on the cross UPA402x
UF676. Markers polymorphic in the gametes of UPA402, in the
gametes of UF676, and in the gametes of the both parents are po-
sitioned on the right, left and middle, respectively

correspond to five isozymes, 65 genomic RFLPs, 104
cDNA RFLPs, three telomeric RFLP, six genes of known
function, 30 RAPDs, 191 AFLPs and 20 microsatellites.
The total length of the map is 885.4 cM. The lengths of
individual linkage groups vary between 68.4 cM and
111.3 cM, with amean of 88.5 cM. The average distance
between 2 markersis 2.09 cM.

All markers heterozygous in UF676 only and all
markers heterozygous in both parents were integrated in-
to a linkage groups with a two-point LOD score =5. In
spite of the more limited number of markers heterozy-
gous in UPA 402 and homozygous in UF 676, all of
these 76 markers could also be assigned to a linkage
group with a LOD score =5. The LOD score threshold
was, however, lowered to 4.0 for 5 markers, AFLP5/17,
AFLP10/9, AFLP14/8, AFLP16/7 and rOPL10/.8. which
were assigned to group 3. The presence in group 10 of
only 1 marker segregating in the gametes of both parents
gives an ambiguous position for the map of UPA402 rel-

ative to the map of UF676 for this group. This study es-
tablished the usefulness of microsatellite markers in co-
coa mapping and genetic analysis due to their high level
of polymorphism. The addition of new AFLP, RFLP and
microsatellite markers did not disturb the original order
of the RFLP loci obtained in the first map (Lanaud et al.
1995). The only exception was chromosome 4, where the
order of the RFLP markers ctcCIR224 and gtcCIR119
was inverted. These 2 markers, heterozygous in both par-
ents, were very closely linked on the first map. They are
also responsible for the bad orientation of a cluster of 4
RFLP markers segregating in the gametes of UPA402
only, gtcCIR154, ctcCIR214, ctcCIR212 and ctcCIR243
on the first map. The addition of 8 new markers hetero-
zygous in both parents in this group enabled us to recov-
er the correct relative positions of the individual maps of
both parents.

AFLPs filled important gaps in the RFLP map, and
the length of the map was dlightly increased. A stretch-
ing of 126 cM was observed (plus 16.6%) corresponding
essentially to an increase in five linkage groups (LG),
LG 9 plus 44.6 cM, LG 8 plus 31.5 cM, LG 7 plus
21.0cM, LG 3 plus 10.5cM and LG 6 plus 9.0 cM. This
stretching was observed at one end of linkage groups 3,
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6, 7 and 9 and at both ends of linkage group 8. For this
group the stretching of 17.1 cM was obtained on one arm
by incorporating 1 AFLP marker and 2 telomeric RFLPs.
It is noteworthy that these telomeric probes map to the
linkage group ends and are not interstitial. It seems that
the increase in map size was generally lower than that
observed in other studies where RFLP and AFLP mixed
maps have been integrated. Becker et al. (1995) reported
an increase of 70.9% on the barley map, Maheswaran et
al. (1997) an increase of 68.8% on the rice map and
Boivin et a. (1999) observed an increase of 40.5% on
the sorghum map. This may be related to a good satura-
tion of the origina RFLP (Lanaud et al. 1995).

A higher density of markers was observed in some
regions of the map. This may correspond to centromeric
regions where an inhibition of crossing-over have been
reported (Tanksley et al. 1992). A localized high density
of AFLP markers has been reported in other species like
sugar beet (Schondelmeier et al. 1996) and soybean
(Keim et al. 1997). However, the increase and filling of
important gaps by the inclusion of AFLP markers was
observed in specific regions of the genome which were

———GTeCIR158e
AFLP1 /1

poorly covered by RFLP markers. One possible expla-
nation is the use of EcoRI-based AFLPs in contrast to
the use of RFLPs provided by cDNA or Pstl (sensitive
to GC methylation) genomic probes (Boivin et al.
1999). If we consider the map covered only with AFLP
markers, its size is 720.9 cM, which corresponds to
81.4% of the mixed map size. The least reliable cover-
age (50%) was obtained on linkage group 1, where one
important AFLP cluster of 13 markers was detected be-
tween 38.9 cM and 53.0 cM. Heterogeneity in marker
density along genetic maps is commonly found in plants
(Heslop-Harrison et al. 1993). The present map offers a
relative homogeneity of marker distribution. The aver-
age distance between 2 markers varied from 1.6 cM for
group 5to 2.7 cM for group 8. Only six gaps were larg-
er than 10 cM, with the largest gap being 16.2 cM. Such
a distribution and density will be useful for supporting
marker-assisted selection in plant breeding. This map is
the first report of a high-density linkage map construct-
ed for a tree crop. A few high-density linkage maps
have been published previously for annua plants such
as tomato, with a mean marker spacing of 1.2 cM
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(Tanksley et a. 1992), maize, with a mean marker spac-
ing of 2.5 cM (Coe and Gardiner 1994), sugar beet, with
a mean marker spacing of 1.5 cM (Hallden et al. 1996),
and rice, with a mean marker spacing of 0.67 cM (Ha-
rushima et al. 1998). The combined use of AFLPs and
microsatellites seems to be the most convenient tool for
future genetic studies in cocoa. Due to their high locus
specificity and level of polymorphism, microsatellites
allow early identification of the linkage group and inte-
gration or comparison of maps between several proge-
nies. A specia effort is presently being made to produce
more microsatellite markers in cocoa, thereby allowing
a better coverage of the whole genome. These two
marker technologies do not require a great amount of
DNA and are convenient for genetic analysis on plants
at an early stage of growth. The high multiplex ratio
achievable with AFLP offers a great advantage for the
analysis of alarge number of loci with a good distribu-
tion of markers along the genome and enables dense
linkage maps to be developed more rapidly. The ease of
use of such tools will subsequently enable more proge-
nies to be mapped in order to study traits of interest.
This will also help identify the most important regions
involved in the variation of the characters of interest to
breeding programs. Moreover, microsatellite markers
will be easily transferable to laboratories in tropical re-
gions and applied to marker-assisted selection.

Declaration The experiments described herein comply with the
current laws of France in which the experiments were performed.
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