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Abstract A linkage map of the cocoa genome compri-
sing 193 loci has been constructed. These loci consist of 5
isozymes, 101 ¢cDNA/RFLPs, 4 loci from genes of
known function, 55 genomic DNA/RFLPs and 28
RAPD:s. A population of 100 individuals derived from a
cross between two heterozygous genotypes was used.
Segregation analyses were performed with the JoinMap
program. Ten linkage groups, which putatively corre-
spond to the ten gametic chromosomes of cocoa, were
identified. The map covers a total length of 759 ¢cM with
a 3.9cM average distance between 2 markers. A small
fraction (9%) of the markers deviated significantly from
the expected Mendelian ratios.
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Introduction

Theobroma cacao L. (2n = 2x = 20) (Carletto 1946) is
native to Central and South America. Its genome is
small (0.4 pg/1C) (Lanaud et al. 1992; Figueira et al.
1992), and three main genetic groups may be distin-
guished, Criollo, Forastero and their hybrid form,
Trinitario. Present-day breeding schemes are based on
crosses between parents belonging to these different
groups, but in tree crops such as cocoa, with a long
generation time, breeding and classical genetic studies
do not lead to rapid progress. Genetic markers may be
particularly helpful when used to improve breeding
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strategies and increase our knowledge of the genetics of
important agronomic and quality traits. Restriction
fragment length polymorphism (RFLP) markers, first
proposed by Botstein et al. (1980) have been extensively
used to construct genetic maps in many species, such as
tomato (Tanksley et al. 1992), potato (Bonierbale et al.
1988; Gebhart et al. 1989, 1991) and Brassica (Landry
etal. 1991; Chyi et al. 1992). Random amplified poly-
morphic DNA (RAPD) markers (Williams et al. 1990)
have been more recently used and have also helped in
the construction or completion of several linkage maps
in species such as Arabidopsis thaliana {Reiter et al.
1992), slashpine (Nelson et al. 1993) or Sorghum (Chit-
tenden et al. 1994).

This paper presents the first linkage map of the cocoa
genome containing 193 RFLP, RAPD and isozyme
markers.

Materials and methods
Plant material
Parental accessions

The two parents of the mapping population were:

UPA402: This is an upper Amazon Forastero clone obtained from a
sib-mating involving IMC60 and Na 34, two Forastero genotypes
collected in Ecuador. Forastero clones are generally vigorous, con-
tain many interesting agronomic and disease resistance traits but
generally give a chocolate of only a medium quality.

UF676: This is a Trinitario selection (hybrid between Forastero and
Criollo) made by the United Company in Costa Rica. Criollo clones,
which originated from Central America, have unfavorable agronomic
traits but give a fine chocolate.

Both parental clones are more or less heterozygous, and pedigree
and previous isozyme analyses (Lanaud 1987) indicated that UF676
has a higher level of heterozygosity than UPA402. Thus, a specific
analytical approach and software for mapping were required.

Mapping population
A segregating population of 100 individuals from a cross between

UPA402(?) and UF676 (3) was used for the genetic linkage analyses.
This progeny is still standing in the Ivory coast (IDEFOR/DCC).
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Isozyme analysis

Isozyme analysis was performed using five enzyme systems according
to protocols described by Lanaud (1986, 1987). These included malate
dehydrogenase (MDH), phosphoglucose isomerase (PGI), phospho-
glucomutase (PGM), isocitrate dehydrogenase (IDH) and acid phos-
phatase (ACP).

RFLP analysis

Two libraries were constructed to provide probes for RFLP analysis:
cDNA library: mRNA was isolated from 7-day germinated seeds of
the clone IFC5 (lower Amazon Forastero). mRNA isolation and
cDNA synthesis were performed using Pharmacia kits. The cDNAs
were ligated into PUC18 plasmid vector and used to transform E. coli
strain DHS « (Gibco BRL)

Genomiclibrary: Total DNA wasisolated from the leaf tissue of clone
JFCS. An aliquot of 150 pg of total DNA was digested with 30 U of
PstI for 2h and run on a 0.8% agarose gel. DNA fragments 0.5-4 kb
in length were electroeluted using the Biotrap procedure (Schleicher
and Schuell) and cloned in DHS « E. coli using the plasmid PUC18 as
vector. The genomic library was screened for single-copy sequences.
The clones were digested with PstI and run on a 0.8% agarose gel
with two controls, a clone for a repetitive sequence of wheat rDNA
(PTA71, Gerlach and Bedbrook 1979) and a clone for a single-copy
sequence of maize ADH (Gerlach et al. 1982). They were blotted onto
a nylon membrane (Hybond N*) and hybridized with 30ng of
genomic cocoa DNA labeled with [32P] dCT. Inserts from either
library were amplified by the polymerase chain reaction (PCR),
isolated from low-melting agarose gels and used for hybridization.

In addition, 3 probes of known genes were used in this study:
histone (H4Cl4), isolated from maize (Philipps et al. 1986); alcohol
dehydrogenase (Adhl), isolated from maize (Gerlach et al. 1982), and
a rRNA gene (pTA71) isolated from wheat (Gerlach and Bedbrook
1979).

Finally, 36 DNA fragments obtained from RAPD amplifications
(See below) were also used as Jabeled probes to detect RFLPs: the
following primers from Operon Technologies INC were used:
rOPD15;rOPK7, 8,9, 13, 15; rOPLS5, 11, 19; rOPM17, 20; rOPO15;
rOPP3, 14, 16; rOPQ15. DNA fragments were extracted from low-
melting agarose gels and hybridized directly, without cloning, onto
total DNA of cocoa digested with several restriction enzymes.

Detection of RFLPs

Approximately 56 g fresh green leaves was ground to a fine powder
using liquid nitrogen and incubated at 65°C for 3h in 21 ml of
extraction buffer (0.16 M sodium citrate, 62mM Na,EDTA, 1.2%
SDS, 6.2 mM mercaptoethanol). Eight milliliters of S M potassium
acetate was added, and the solution was then incubated at 0 °C for 10
min. A volume of 20ml of chloroform: isoamylalcohol (24:1) was
added and mixed gently for 5 min. The subsequent emulsion was
centrifugated at 4200 g for 1 h. The aqueous phase was removed and
mixed with the same volume of isopropanol for 2h at —20°C. The
resulting DNA precipitate was spooled out and resuspended in 5ml
TE buffer (50 mM Tris-HC], pH 8, 10mM Na,EDTA) with two other
precipitates of the same clone obtained in a similar way. The solution
was then incubated with 300 pug of RNase T1 for 30 min at 37°C and
kept at least 1 week at 4°C. DNA was then purified using an
ultracentrifugation in a cesium chloride-ethidium bromide gradient.

Five restriction enzymes were used to screen for RFLPs: EcoRI,
EcoRV, HindIIl, Xbal and BglIl.

Five micrograms of total DNA was digested overnight by 3 U/ug
of each of the five restriction endonucleases. Restriction fragments
were separated by electrophoresis on an 0.8% agarose gel in TAE
buffer for 16h at 1.04 V/em. After depurination in a 0.25 N HCl
solution, DNA was denatured in 0.4 N NaOH and transferred to a
Hybond N* membrane for 24 h. Probes were labeled with [*2P]dCT
by random priming. Prehybridizations and hybridizations were per-
formed overnight at 42 °C in 50% formamide, 6 x SSC, 5 x Denhart,
0.5% SDS, 10% dextran sulfate and 25 pg/ml herring sperm DNA.

The biots were washed twice at 65 °C for 30 min in 2 x SSC followed
by 30 min at 65°C in 2 x SSC, 0.1% SDS, and finally for 30 min at
65°Cin 0.4 x S8C, 0.1% SDS. Autoradiographs were exposed for 5
days at —80°C.

RAPD analysis

A modified version of the protocol of Williams et al. (1990) was
applied. Amplifications were performed in 20- reactions containing
1.5 units of Tag polymerase (Promega), 1 ng cocoa DNA, 0.2mM
dNTP mix (Pharmacia), magnesium-free buffer (Promega), 2mM
MgCl, and 0.2 pM primer from Operon Technologies Kits (Alameda,
Calif.). These were overlaid with one drop of ultra-pure mineral oil.
Amplifications were performed in a Techne PHC2 DNA thermal
cycler, and the samples were subjected to an initial incubation at
94 °Cfor 4 min, and then to 43 repeats of the following cycle: 1 min at
94°C (denaturation), 1 min at 36°C (annealing) and 2 min at 72 °C
(elongation). After the final cycle, the samples were incubated 8 min at
72°C, then kept at 4 °C prior to analysis. Amplification products were
analyzed by electrophoresis on a 2% TBE agarose gel at 3.12V/cm
for 3 h, stained with ethidium bromide and visualized with UV light.
The repeatability of RAPD profiles and band was tested by repeating
experiments on 2 different days on both parents and on 6 progeny
individuals.

Marker nomenclature

RFLP probes were named “cTcCIRX”, “gTcCIRX” or “rTcX” ac-
cording to the following convention: the first letter ¢ or g stands,
respectively, for the cDNA or genomic origin; r is used for isolated
RAPD genomic fragments; Tc stands for Theobroma cacao; CIR
corresponds to CIRAD; X stands for the probe accession number.

RAPD loci not used as probes were named “rOPX#” where OP
corresponds to Operon Technologies, X is the primer kit letter and
the number of the primer in the kit and # is the approximate
molecular weight of the band.

Screening of probes and linkage analysis

The segregation of each marker was first tested for goodness of fit to
the expected Mendelian segregation ratio using a chi-square test.

Linkage analyses were performed using the program JOINMAP
version 1.4 (Stam 1993). The segregation of 202 markers was studied
on 100 individuals using a LOD score of 4.0 to identify the linkage
groups. The Kosambi mapping function was used to convert recom-
bination frequencies into map distances (Kosambi 1944).

Results and discussion
Genomic library characterization

A total of 274 genomic clones was surveyed for copy
number. Clones were classified into single copy, low
copy or repeated sequences based on the relative inten-
sity of the hybridization signal and compared to the
intensity of the two control bands (repeated and single-
copy controls). Of the clones 2% were classified as
repeated sequences, 3% as low-copy sequences and the
remaining 95% as single-copy sequences.

The restriction endonuclease PstI used for the con-
struction of the library is methylation-sensitive. In maize
and tomato, a significant increase in the proportion of
single-copy clones has been observed when the clones



were derived from PstI libraries (Burr et al. 1988; Tan-
ksley et al. 1987). The high level of single-copy sequences
obtained could therefore be related to the use of PstI. Tt
could also be related to the small size of the cocoa
genome and to the low number of repeated sequences, as
has been observed using renaturation kinetics (P. Fritz,
personal communication).

Probe screening and polymorphism

The results are given in Table 1. A total of 587 RFLP
probes was screened using five restriction enzymes.
Polymorphism with at least one of the five restriction
enzymes was revealed clearly in the progeny by 28% of
the cDNA probes and 27% of the genomic probes.
Segregating loci were observed in the progeny with a
similar percentage of cDNA or genomic probes. This
result seems to vary according to the species under
study; in lettuce, for example, cDNA probes detected 2.5
times more polymorphism than genomic DNA probes
(Landry et al. 1987).

Of the 36 DNA fragments isolated from RAPD am-
plifications and used as labeled probes 12 corresponded
to unique sequences. With these, 3 segregating loci were
detected in the progeny.

As both parents (UPA402 and UF676) of the progeny
are heterozygous, the following codominant markers,
RFLPs or isozymes segregated according to the three
possible Mendelian models and were integrated into the
analyses: A x H, H x B or H x H (backcrosses or F,),
where A is a homozygous locus in UPA402, B is a
homozygous locus in UF676 and H is a heterozygous
locus in UPA402 or UF676. RAPD dominant markers
were selected to give a band present in one parent,
absent in the other parent and which segregated in the
progeny. This corresponds, respectively, to a hetero-
zygous locus in one parent and a homozygous locus in
the other parent (backcross model). Using the JoinMap
package, we were unable to integrate dominant markers
segregating according to an “F2” model.

Table 1 Number and type of markers screened for mapping, classi-
fied according to three possible Mendelian ratios: A x H,
B x H = backcross models; H x H=F, model

Marker type Number of  Polymorphic loci detected in the
markers? progeny, segregating according to
screened three possible models ®

AxH HxB HxH Total

Isozymes 5 5 5

Genomic RFLPs 205 46 5 5 56

cDNA 379 81 9 13 103

Known genes 3 3 1 0 4

RAPDs 94 27 7 - 34

Total 686 162 22 18 202

2RFLP probes, primers or enzymatic systems
" A = homozygous locus in UPA402 (); B =homozygous locus in
UF676 (3); H = heterozygous locus in UPA402 or in UF676

989

The segregations observed ineach class (A x H,H x A
or H x H) are in agreement with the genealogies of both
parents. UPA402 (?) resulted from an inbred cross and
UF676 (3) is a Trinitario hybrid between the two most
distant genetic groups of cocoa, Criollo and Forastero.

Segregation distortion

Skewed segregation was shown by 18 loci (or 9% of all
loci); most (13/18) were only significant at P = 0.05. (Fig. 1).
Six loci showing distorted segregations are clustered on
linkage group 6 (from rOPR3/0.7 to cTcCIR225). Two
other loci with normal Mendelian ratios (¢cTcCIR223
and cTcCIR241) are also located in this same region of
36.4cM. These 2 loct segregated according to a H x A
model, which can only be due to the heterozygosity of
the female parent UPA402; the 6 other loci segregated
according to a A x H model, corresponding only to the
heterozygosity of the male parent UF676. These results
suggest the presence of alleles that induce gametic selec-
tion and which are located on linkage group 6 of the
male parent.

As the number of chi-square tests is high (193), about
101oci showing distorted segregation at P = 0.05 and 2
loci at P =0.01 could be due to sampling variations. A
statistical method integrating the total number of chi-
square tests made and the linkage between markers
could be used to more objectively evaluate the skewed
segregations. However, when such a methodology is not
applied, the presence of some clustered markers that
display segregation distortion (as in group 5, 6 or 8) may
confirm their existence in these regions of the genome.

Distorted segregations have been frequently reported
and may be high: 25.5% in potato (Gebhart et al. 1989),
12-59% in Brassica oleracea (Kianian and Quiros
1992),30% in banana (Faure et al. 1993), with clusters of
skewed loci often being observed (Prince et al. 1993; Cai
etal. 1994). Chromosomal rearrangements (Tanksley
1984; Faure et al. 1993) or gametic selection due to certa-
tion as shown in rice (Nakagahra 1986) has been sug-
gested to explain distorted segregations. In Theobroma
cacao, neither structural rearrangements nor the genes
responsible for gametic selection are known. However,
an incompatibility system has been described in cocoa
(Knight and Rogers 1995; Cope 1962), and the presence
of incompatibility alleles could also serve as an hypo-
thesis to explain the distorted segregations in group 6.

Construction of the genetic linkage map

The linkage map is shown in Fig 1.

A total of 193 loci have been assigned to ten linkage
groups. These loci correspond to 5 isozymes, 55 genomic
RFLPs, 101 ¢cDNA RFLPs, 4 known-function genes
and 28 RAPDs. The size of the linkage groups ranged
from 48 cM to 105 cM. The total length of the map was
759 cM, with an average distance of 3.9¢cM between
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Fig. 1 Linkage map of 193 loci in the genome of Theobroma cacao;
these correspond to 5 isozymes, 52 genomic RFLPs (gTcCIRX), 3
genomic fragments from RAPD amplifications (rTcX), 101 cDNA
RFLPs (cTc CIRX), 4 loci from genes of known function and 28
RAPDs (rOPX). The markers segregated according three different
models shown in the following examples: A x H Backcross model;
H x B Backcross model; H x H F, model. Asterisk indicates loci
showing distorted segregation at P =0.05 (*) or at P =0.01 (*¥)

markers. Intervals between 2 adjacent markers were no
greater than 20 cM. All markers (162) segregating ac-
cording to the A x H backcross model were integrated
into the ten linkage groups. Nine markers could not be
assigned to a linkage group: (1) 1 of the 18 markers
segregating according to the F, (H x H) model; this
marker showed a distorted segregation that could ex-
plain its non-assignment to the linkage groups; (2) 8 of
the 22 markers segregating according to the H x B
backcross model.

Due to the heterozygosity of both parents, the
markers segregated in the progeny according to three
possible models: AxH, HxH and HxA. AxH
markers were the most numerous (162/193), and it
would be possible, using a more classical linkage analy-
sis package such as MAPMAKER (Lander et al. 1987),
which is adapted to the analysis of backcross progenies,
to construct a linkage map with only these markers.
However, in spite of the interest for quantitative trait
loct (QTL) analyses, this would result in the loss of part
of the information provided by HxH and Hx A
markers. Indeed, even if the heterozygosity level of
UPA402 is lower, some important traits such as resis-
tance to Phytophthora may segregate in this parent, and
it is important to be able to localize them using H x H
and H x A markers in order to detect linkages be-
tween favorable or unfavorable traits. Analyses made
separately on both types of markers A x H and H x A,
using MAPMAKER did not enable linkage groups to
be constructed for each parent, as was the case for alfalfa
(Echt etal. 1994), due to the low number of Hx A
markers. JOINMAP was better adapted to these studies
and enabled integration of the three types of marker,
since the H x H markers serve as bridges integrating all
markers. Similar strategies of linkage map construction
in plants resulting from crosses between heterozygous
parents have already been developed, notably for potato
(Ritter et al. 1990) and Citrus (Cai et al. 1994), where
JOINMAP was used to integrate two types of marker
(Aa x Aaand Aa x aa) into a core map established with
aa x Aa markers. In this case, these markers could be
assigned to linkage groups of the core map, but ambi-
guities still remained in the order of markers within the
groups. Relative to map established using MAP-
MAKER, map length was reduced when using JOIN-
MAP. In our data, few markers were of the type H x H
or H x B. This might explain the non-assignment of
several markers to linkage groups or the difficulties
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encountered in localizing them unambiguously. Indeed,
four linkage groups (1, 3, 5 and 8) contained no marker
segregating according to the H x H model, and in two
other linkage groups (4 and 7) markers segregating
according to the H x B model could be ordered differ-
ently: they could have a symmetric position compared
to the unique or very close (H x H) markers used to
integrate all the segregations. In our map, in addition to
the 162 markers segregating according to a single model
(A x H), 27 markers were integrated unambiguously as
a result of their linkage with several H x H markers.
However, 4 other markers could not be ordered unam-
biguously due to a lack of H x H markers in those
groups. We did not compare our results with a map
established with MAPMAKER, but have compared
them with a map constructed using JOINMAP with the
162 A x H markers only: map order was conserved and
genetic distances were unchanged except for a few small
variations never exceeding 1-2 cM.

Conclusion

This is the first report of a complete linkage map of
cocoa comprising ten linkage groups that putatively
corresponding to the ten gametic chromosomes of T.
cacao (Carletto 1946). The small genome of cocoa
{(1C=0.4pg) is convenient for rapid, in-depth coverage
of the entire genome. In this map, the average distance
between 2 adjacent markers was 3.9cM, with no gap
exceeding 20 cM. Additional markers will be placed to
complete this map and to define the ends of linkage
groups. However, this average distance is already suffi-
ciently small to allow mapping of QTL. On the basis of
the deduced haploid genome size (0.388.10° bp) (Lanaud
et al. 1992) and on the total length of the genetic map
(759 cM), the physical distance per unit of genetic dis-
tance could be estimated at 511 kbp/cM, which is only
2.2 times that of A. thaliana (Reiter et al. 1992). This
could be favorable to the development of map-based
cloning of genes of interest.

This map consists of a majority of RFLP markers,
which are suited to the exchange of probes between
several laboratories and to the joining of different maps.
It will provide efficient tools for the improvement of
cocoa breeding strategies. Many traits of interest in
cocoa are not easy to manage due to the long generation
time of this tree crop and to the complex genetic deter-
minism involved. The mapping of these traits will allow
them to be split into their genetic components and thus
help identify in the genome the most important regions
involved in the variation of characteristics. Among
these, resistance to black pod disease due to Phytoph-
thora palmivora and P. megakarya is of particular inte-
rest. This disease is widespread all over the world and is
responsible for substantial losses in yield (Gregory and
Maddison 1981; Djiekpor et al. 1982). Chemical control
of black pod disease is effective but costly, time-consum-
ing and polluting. Genetic control of this disease may be
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an alternative solution but requires a good knowledge of
the genetic basis of resistance. Resistance in the field may
be dependent on several traits, such as intrinsic resis-
tance, time of pod production, duration of pod matura-
tion, etc. Mapping strategies will help identify the most
important factors involved in field resistance by locating
common QTL and evaluating the contribution of each
QTL to the observed variation. Identification of early
screening markers would allow a better mastering of the
accumulation of resistance genes and a gain of time
during the breeding steps. Similar mapping strategies
could help increase our knowledge of the biochemical
and genetic basis of several quality traits, such as bean
size, butter content or aroma. The involvement of par-
ticular biochemical compounds in aroma traits could
also be confirmed by locating QTL common to bio-
chemical and flavor traits.

The progeny used for mapping have parents of differ-
ent genetic origins and also show variation in a large
number of traits such as quality, pod and flower charac-
teristics or resistance to Phytophthora. However, this
progeny is divided into two populations (55 and 45 trees)
located in two different sites and, because of this, QTL
analyses will provide only indicative results for the most
important QTL on each sub-population. Other larger
populations located in the same site are now available
and are being evaluated for QTL identification of resis-
tance and quality traits.
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