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A b s t r a c t  A genetic linkage map of Theobroma cacao 
(cocoa) has been constructed from 131 backcross trees de- 
rived from a cross between a single tree of the variety Ca- 
tongo and an F1 tree from the cross of Catongo by Pound 
12, The map comprises 138 markers: 104 RAPD loci, 32 
RFLP loci and two morphologic loci. Ten linkage groups 
were found which cover 1068 centimorgans (cM). Only six 
(4%) molecular-marker loci show a significant deviation 
from the expected 1:1 segregation ratio.The average dis- 
tance between two adjacent markers is 8.3 cM. The final 
genome-size estimates based on two-point linkage data 
ranged from 1078 to 1112 cM for the cocoa genome. This 
backcross progeny segregates for two apparently single 
gene loci controlling (1) anthocyanidin synthesis (Anth) 
in seeds, leaves and flowers and (2) self-compatibility 
(Autoc). The Anth locus was found to be 25 cM from 
Autoc  and two molecular markers co-segregate with Anth. 
The genetic linkage map was used to localize QTLs for 
early flowering, trunk diameter, j orquette height and ovule 
number in the BC 1 generation using both single-point 
ANOVA and interval mapping. A minimum number of 
2-4 QTLs (P<0.01) involved in the genetic expression of 
the traits studied was detected. Coincident map locations 
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of a QTL for jorquette height and trunk diameter suggests 
the possibility of pleiotropic effects in cocoa for these 
traits. The combined estimated effects of the different 
mapped QTLs explained between 11.2% and 25.8% 
of the phenotypic variance observed in the BC 1 popula- 
tion. 

K e y  w o r d s  H e t e r o z y g o s i t y  �9 Molecular markers �9 

Genetic map - Quantitative trait loci - Theobroma cacao 

Introduction 

Theobroma cacao is one of the major cash crops for a num- 
ber of developing countries .The annual value of the cocoa 
crop worldwide has been estimated at 3.6 billion US dol- 
lars (Anonymous 1995).The centre of cocoa origin was 
proposed by Cheesman (1944) to be on the lower eastern 
equatorial slopes of the Andes. Even though this center of 
diversity has been questioned (Allen 1988), this area of 
Peru is considered as a high priority for future genetic con- 
servation (Lockwood and End 1992). 

Among the cocoa species used for cultivation, three ma- 
jor types can be differentiated: the Forasteros, the Criollos 
and the Trinitarios, which are considered as recent hybrids 
between the Forasteros and the Criollos. This classifica- 
tion is based mainly on morphological and agronomical 
characters (Engels1992, Bekele 1994). Although genetic 
diversity exists in cocoa, the genotypes currently used in 
cocoa production are from a small part of this diversity 
(Cope 1976) and only a few breeding programs have been 
developed from this narrow genetic base (Lockwood 
1985). 

To select for fruit-specific characters in cocoa breeding 
programs, trees must be maintained until fruiting begins, 
usually after 2-3 years. This process is both expensive and 
time-consuming. The ability to select very early in plant 
development, at the genotype rather than at the phenotype 
level, could save time and the expense of cultivating trees 
lacking the traits of interest. The efficiency of breeding 
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programs could be improved if molecular-based maps were 
available and markers associated with major  QTLs for 
quali ty and productivi ty could be identified. Moreover, the 
use of QTLs in breeding would permit  the differentiat ion 
of trees having the same phenotype for a quanti tat ive trait 
but determined by different genotypes. In this way, the 
management  of additive effects for such a trait can be op- 
timized. 

Cocoa is a diploid, mainly  cross-pollinated, species 
(2n=20) and has a small nuclear genome. Using reassoci- 
ation kinetics, Couch et al. (1993) estimated the size of the 
haploid cocoa genome to be approximately 2 x 108 bp. By 
flow cytometry Earle (1991, personal communica t ion)  and 
Lanaud et al. (1992) reported values of 4.15 x 108 and 
3.88 x 10 a bp respectively. These studies indicate that the 
cocoa genome is approximately two-times larger than that 
ofArabidops is  thaliana, the smallest  plant  genome yet re- 
ported (Arumuganathan  and Earle 1991). 

Previously, several reports on genetic variabil i ty within 
T. cacao indicated sufficient polymorphism at the isozyme 
level (Lanaud 1986, Ronning  and Schnell  1994, Warren 
1994) and at the DNA level with RAPD (Russel et al. 1993; 
Figueira et al. 1994; N 'go ran  et al. 1994) or RFLP analy- 
sis (Laurent et al. 1994) to differentiate and classify cocoa 
populations.  This work demonstrated that even though the 
level of variabil i ty was low, probably due to the narrow ge- 
netic base of cocoa germplasm, it is sufficient for pheno-  
typic, RFLP and RAPD mapping.  

The goal of the research reported herein was to develop 
a saturated molecular  l inkage map of cocoa, and to begin 
using this map in cocoa breeding experiments,  especially 
for evaluat ing genetic variation and manipula t ing  produc- 
t ion-related QTLs. We report the development  of a cocoa 
molecular  l inkage map and the identif icat ion of QTLs for 
key traits in a BC 1 population.  

Materials and methods 

Mapping population 

The map was generated from the analysis of 131 BC 1 trees derived 
from the intraspecific cross of two vegetatively propagated cocoa 
trees: Catongo and Pound 12. 

Catongo is a highly homozygous, self-compatible, white-seeded 
and white-flowered, lower Amazon Forastero, found near Urucuca, 
Bahia, Brazil, in 1939 (Wood and Lass 1985). Pound 12 is one of the 
Nanay origin clones collected as budwood near the headwaters of 
the Amazon by Pound in 1943. Pound 12 is a self-incompatible, pur- 
ple-seeded, purple-flowered, upper Amazon Forastero. 

A single F 1 plant was used as the male parent in a backcross to 
Catongo (Morera et al. 1991). The 131 Be I trees were established 
in 1991 in a 0.25-hectare perennial orchard at CATIE (Centro Agro- 
nomico Tropical de Investigacion y Ensenanza) in Turrialba, Costa 
Rica. The field contained drainage ditches to avoid stress from wa- 
ter logging. Mixed shade trees [guava (Inga), poro (Erythrina), and 
banana (Muss)] were also included in the orchard. Agronomic man- 
agement included chupon control, pruning to manage tree architec- 
ture, and fertilization according to a yearly schedule. Some of the 
young trees developed "Mal Rosado" (Pink disease) caused by Cor- 
ticum salmonicolor which was controlled by localized spraying with 
0.25% copper sulphate. 

Plant DNA extraction 

Total genomic DNA was extracted from fresh green mature cocoa 
leaves. Samples of approximately 25 g of leaves, ground in liquid 
nitrogen, were homogenized using a polytron for 1 min in 200 ml of 
extraction buffer at 4~ (0.35 M Sorbitol, 0.1 M Tris-HC1 pH 7.5, 
0.005 M EDTA) with sodium bisulphite (1 g) as an antioxidant. Af- 
ter filtration through Miracloth the filtrate was centrifuged (20 rain, 
1000 g, 4~ and the nuclei-enriched pellet re-suspended in 100 ml 
of extraction buffer. After centrifugation (20 rain, 1000 g, 4~ the 
pellet was re-suspended in 10 ml of extraction buffer with 14 ml of 
nuclei lysis buffer [0.2 M Tris-HC1 pH 8,0.005 M EDTA, 2 M NaCI, 
2% CTAB (w/v)] with 4.8 ml of 5% Sarkosyl (w/v) and incubated 
for 60 min at 65~ The lysate was then extracted with chloro- 
form/isoamyl alcohol (24/1 : v/v) and the DNA in the aqueous phase 
was precipitated with 1 volume of isopropanol overnight at -20~ 
The DNA was re-suspended in 5 ml of TE buffer (10 mM Tris-HC1 
pH 8, 0.1 mM EDTA) and purified with RNAase A (final concentra- 
tion 200 gg/ml) at 37~ for 30 min, and proteinase K (final concen- 
tration 400 Bg/ml) at 56~ for 1 h. Proteins were removed with phe- 
nol/chloroform/isoamyl alcohol (25/24/1: v/v/v) and the DNA was 
precipitated with a mixture of 3 M sodium acetate pH 5.2 and cold 
ethanol (0.1/2: v/v, -20~ The DNA was hooked on a glass rod, 
washed in 70% ethanol solution and re-suspended in 400 gl of TE 
buffer. The purified DNA was quantified at 260 nm using a spectro- 
photometer. 

Random amplified polymorphic DNA (RAPD) markers 

Procedures for RAPD generally follow those described by Williams 
et al. (1990); conditions were harmonized between the three differ- 
ent laboratories involved in the mapping project (Centre de recherche 
Nestl6 Tours; CATIE; USDA agricultural research station at Miami). 
Standard RAPD analyses were performed in a reaction volume of 
50 gl prepared with 35 ng of cocoa genomic DNA, 25 ng of primer 
[ 10-mer oligonucleotides from Operon Technologies, Alameda, Cal- 
ifornia, or from University of British Columbia, except for primers 
C95 and C96 from cocoa chitinase gene (Snyder 1994)], 100 gM of 
each dNTP and 2U of Taq polymerase (Stratagene or Perkin Elmer- 
Cetus) made up to a final concentration of 1.5 mM magnesium chlo- 
ride, and overlaid with 50 gl of mineral oil. 

Amplifications were performed in a Braun 60/2 thermocycler 
programmed for a preliminary 2-min denaturation at 94~ and 45 
cycles including 1 min at 94~ 1 min at 37~ and 2 rain at 72~ 
and a final DNA extension cycle at 72~ for 7 rain. DNA fragments 
generated by amplification were separated on a 1.4% agarose gel 
[0.7% nusieve GTC agarose (FMC) and 0.7% agarose MP (Boerhin- 
ger)] followed by staining with ethidium bromide. 

Primers were screened against both backcross parents (Catongo 
and the F 1 tree), Pound 12, and six individual backcross trees. When 
a RAPD band was present in only one parent and in at least one of 
the six BC~ trees, the parent was classified as potentially heterozy- 
gous for that locus (referred to as testcross loci). Bands which were 
present in only one parent and all the progeny, tentatively classified 
each parent as homozygous for alternate alleles (referred to as non- 
segregating loci). A subset of primers that maximized the number of 
polymorphisms in a testcross configuration was selected and segre- 
gation scored in the 131 BC l progeny. In the case of testcross loci, 
the presence of a band was scored as "H" (heterozygous) while ab- 
sence was scored as '%" (homozygous). Those cases in which the 
presence or absence of DNA bands was unclear were recorded as 
missing data. 

Restriction fragment length polymorphism DNA (RFLP) markers 

Genomic PstI and cDNA clones were screened on Southern blots 
of parental DNA (Catongo, Pound 12, and the F 1 tree) restricted 
with EcoRI, EcoRV, HindIII, BglII or ScaI to identify the best com- 
bination of probe and endonuclease digest that detected polymor- 
phism. 



Three probes, for the chalcone synthase gene (CHS 600), for the 
acyl carrier protein gene (ACP 600) and for the cocoa seed protease 
inhibitor gene (CSP), are from cocoa DNA amplification via PCR 
using two gene consensus primers obtained from the GCG database 
(Genetics Computer Group, USA) or in the case of the CSP gene 
from Spencer and Hodge ( 1991), Tai et al. (1991). The primers were 
respectively CATGATGTACCAiCAiGGiTGCTT and CTiGACA- 
TGTTiCCATACTC for CHS 600 and AiGAGACiiTiGAGAAAG- 
TiT and CCCATiACiATCTCAACC for ACP 600. A single ampli- 
fied DNA fragment of 600 bp was obtained in both cases and used 
as a RFLP probe. The two CSP primers used were ATGAAGACC- 
GCAACAGCCGTAG and TAAAAGAGGCAAGAGGCAAATCA 
they allowed the amplification of a single DNA fragment of 
900 bp. 

Five micrograms of DNA were restricted overnight with the ap- 
propriate restriction enzyme (10 U/gg) according to the supplier's 
recommendations. Samples were loaded onto 0.7% agarose gels in 
TBE buffer. Southern blots were made by alkaline capillary transfer 
to nylon membranes (Applig~ne). The DNA probes were labelled by 
using 32p with the Megaprime kit (Amersham) and hybridized on the 
membranes overnight at 65~ in hybridization buffer (5% w/v SDS, 
5SSC, 5Denhardt's solution, 40 gg/ml of heterologous DNA). Post- 
hybridization treatments consisted of three high-stringency washes 
(2SSC, 0.1% SDS; ISSC, 0.1% SDS; 0.2SSC, 0.1% SDS) each at 
65~ for 30 min. 

Due to the co-dominant nature of RFLP markers the heterozy- 
gous status was scored for Catongo, Pound 12, and the F 1 tree ac- 
cording to the different RFLP allelic forms detected for each locus 
studied. All the RFLP probes useful for BC 1 mapping detected a test- 
cross configuration and was scored ("A" or "H") according to the 
previous RAPD marker analysis. 

Phenotypic markers 

The anthocyanidin trait (red leaf flush and red flower staminodes 
versus pale green flush leaves and white staminodes) was recorded 
for each BC l tree. 

The self-compatibility status was determined by controlled self 
pollination of at least ten isolated cocoa flowers per tree. After 10 
days the percentage of successful pollination was recorded. 

Analysis of segregation data 

Each marker was tested against the expected segregation ratio using 
az  2 goodness of fit and the LINKAGE 1 program (Suiter et at. 1983). 

Linkage analysis was performed on a microVAX 3100 using the 
program MAPMAKER 2.0 (Lander et al. 1987). Kosambi's mapping 
function (Kosambi 1944) was used to convert the recombination frac- 
tion into map distance. The pairwise analysis obtained with MAP- 
MAKER agreed with LINKAGE 1 data and was also used to assign 
markers to linkage groups with the following criteria - recombina- 
tion frequency<0.3 and a (LOD)>3.0. 

Estimation of cocoa genetic map length 

The genetic map length (G) was estimated from partial linkage data 
according to Hulbert et al. (1988). This method requires knowledge 
of the number of locus pairs linked at predetermined LOD scores. 
The Kosambi function was used to compare the theoretical and ex- 
perimental cocoa genome size. 

Quantitative trait analysis 

Individual BC 1 trees were monitored for trunk diameter (TD), height 
of the first jorquette (JH), days to first flower since field planting of 
seedling (EF), and the number of ovules. Ovules from ten flowers 
from each BC 1 tree were counted under a dissecting microscope in 
1994, when the trees were 2 years old. Each trait was tested for nor- 
mal distribution using Statgraphics software. 

207 

A one-way ANOVA using single markers as treatments was used 
to test for an association between markers and quantitative traits in 
the BC 1. A P<0.0t value was used as the threshold for considering 
the likely presence of a QTL near a marker. The proportion of the 
total phenotypic variance attributable to each QTL was estimated via 
linear regression using Statgraphics software. 

The total percentage of phenotypic variance explained for each 
trait by all significant QTLs was calculated with a multiple regres- 
sion analysis, using the trait as a dependent variable and the previ- 
ously identified markers, linked to a QTL, as treatments. 

Genotypes from the linkage map and quantitative data for each 
trait were used for input into MAPMAKER/QTL v. 0.9 software to 
compare with ANOVA results, The BC 1 data were analyzed separ- 
ately according to the trait, using the method of interval mapping 
(Lander and Botstein 1989) and LOD scores. A LOD score thresh- 
old of 1.5 (equivalent to a P value of 0.01 from the ANOVA study) 
was used to declare the presence of a linked QTL in the interval. With 
this stringency, and given the number of markers used, a per-chro- 
mosome false positive rate of 5% was expected, as estimated numer- 
ically by Darvasi et al. (1993). 

Results 

RFLP 

Ninety seven of the four-hundred and forty RFLP-assayed 
probes (22%) revealed po lymorphism between Catongo 
and Pound 12 with at least one of the five restriction en- 
zymes tested. The average polymorphism between the two 
parents on a per-enzyme basis was 7.5%. The polymorphic  
RFLPs were mainly  detected as single locus types and 66 
(68%) could be mapped at the backcross populat ion level 
using the five restriction enzymes (Fig. 1A). The average 
number  of RFLP allelic forms determined on Catongo and 
Pound 12 was estimated to be about 2.04 with the 97 RFLP 
probes and the five endonucleases  employed. 

A RFLP heterozygosity est imation (Fig. 1A) was ob- 
tained with these 97 RFLP probes. Catongo gave the low- 
est heterozygosity rate (2%). Pound 12 and the F 1 tree, with 
81% and 66% respectively, appeared as highly heterozy- 
gous clones. 

RAPD 

Twenty four percent (135/555) of the RAPD primers de- 
tected polymorphism between Catongo and Pound 12. 
Each primer generated between one to nine scorable bands 
with an average of 3.6. The mean polymorphism per locus 
was 7.4%. 

The RAPD heterozygosity evaluat ion is more difficult  
than the RFLP evaluat ion due to the dominant  character of 
the DNA amplif icat ion of RAPDs,  and some doubt  occurs 
about the genotypic determinat ion of Catongo and Pound 
12 for the differentiation of heterozygous and homozygous  
loci (Fig. 1B). In all cases, the exact genotype of the F t 
tree could be determined,  and was estimated to be about 
68% heterozygous. 

In spite of the dominant  inheri tance of these molecular  
markers sufficient informat ion could be obtained from the 
backcross mapping populat ion to determine the genotype 
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Fig. 1A,B RFLP and RAPD heterozygosity estimations on Caton- 
go, Poundl2 and the F l tree used for the backcross. A Four RFLP 
patterns: cDNA probe CCC3, CCG906 PstI genomic probe, 
CCG] 082 PstIgenomic probe, CCG888 PstIgenomic probe. B Four 
RAPD patterns: AS05 primer, AN11 primer, AK17 primer, primer 
AN19. The RFLP or RAPD atlelic status for Catongo (1), Pound 12 
(2) and the F 1 (3) is indicated when known. The arrows point out the 
polymorphisrn of each RFLP or RAPD marker. The total number of 
RFLP or RAPD loci studied is shown at the right ef the figure 

of the Catongo parent from the segregating ratios of the 
104 RAPD markers mapped in this progeny. Two of the 
one-hundred and four RAPD loci mapped (2%) were het- 
erozygous in Catongo. This RAPD heterozygosity estima- 
tion is close to the RFLP value and suggests that Catongo 
is a highly homozygous cocoa genotype. The RAPD het- 
erozygosity of Pound 12 was estimated on 55 F 1 plants ob- 
tained by crossing Catongo and Pound 12. Of 15 RAPD 
loci tested 9 (60%) are heterozygous (data not shown). 

Segregation of markers 

Of a total of 138 markers mapped, 104 (75%) were RAPD 
markers. Two examples of RAPD segregation are shown 
in Fig. 2. Only four markers (B522, C96, AC01 and U510) 
show significant deviation from the expected 1 : 1 segregat- 
ing ratio (% e respectively of 10.95 P<0.001, 10.05 P<0.005, 
4.52 P<0.05 and 4.5 P<0.05) with a skewing ratio in favor 
of Pound-12 alleles, except for the C96 RAPD locus. Ten 
primers each revealed two different polymorphic bands 
segregating independently and mapping to different link- 
age groups. 

Only two restriction enzymes (HindlII and EcoRV) 
were used for mapping. HindIII showed that 22 (5%) of 
the 440 probes are polymorphic for Catongo and the F1, 
while EcoRV indicated 18 (4.1%) of them as polymorphic. 
Using these two enzymes, 32 (7.3%) of the probes revealed 
RFLP variability. Among the 440 probes, eight were poly- 
morphic with both EcoRV and HindIII. These results show 
that there was no independence between the two restric- 
tion enzymes regarding the RFLP variability they detected 
(Z2=52, P<0.001).  

The 32 RFLP loci mapped gave the expected segregat- 
ing ratio (1:1) except for CCG978 and CCG1550 (Z z of 
4.04 P<0.05), with a skewing in favor of the Pound-12 
RFLP allele for the two markers. 

Absence of anthocyanidin synthesis in leaves, seeds and 
flowers observed on the Catongo clone did not segregate 
in the 55 F~ hybrids. The backcross progeny shows a l : l  
segregation ratio (ze=0). These results are compatible with 
a single gene homozygous recessive for Catongo (pale 
green flush leaves and flowers), homozygous dominant for 
Pound 12 (red flush leaves and flowers) and heterozygous 
for the FI tree used for the backcross with Catongo. Here- 
after we refer to this locus as Anth. 

Catongo is self-compatible while Pound 12 is self-in- 
compatible. Of 47 Ft hybrids tested, 22 were self-compat- 
ible and 25 self-incompatible. These data are in agreement 
with the self-incompatible S system. They could be ex- 
plained by a single gene locus with homozygous status 
(Sx/Sx) for Catongo and heterozygous (Sx/Sy) for Pound 
12 with the Sy allele dominant with respect to the Sx al- 
lele. Hereafter we refer to this locus as Autoc. 



Fig. 2 RAPD segregation 
patterns of backcross trees, 
Catongo (C), Pound 12 (P) and 
the F 1 tree used for the back- 
cross with Catongo for the 
primers AM10 (A) and L03 
(B). Numbers 1-20 represent a 
sample of 20 segregating back- 
cross trees. M indicates molec- 
ular size marker (2/HindlII 
and OX174/HaeIII). Scorable 
RAPDs are marked by an 
arrow 
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Linkage mapping 

One-hundred and thirty eight of the 158 loci segregating 
in the backcross population could be mapped into ten link- 
age groups numbered 1-10, in descending order of their 
length in map units (Fig. 3). This number of linkage groups 
corresponds to the haploid chromosome number for 
T. cacao (n=10). The 20 other loci were not significantly 
linked to any other locus (maximum recombination=0.3, 
LOD=3.0). The linked loci covered 1068 cM of the cocoa 
genome. 

The ten cocoa linkage groups range in size from 138.1 
to 65.9 cM and the number of map units per chromosome 
is correlated with the number of markers per linkage group 
(R2=0.43), indicating that the loci are randomly distributed 
over linkage groups. The distribution of interval sizes, ex- 
pressed in centiMorgans, between adjacent markers on the 
cocoa genetic map ranged from 0 to 36.9 cM, with an av- 
erage of 8.3 cM. A majority of the intervals (67%) are be- 
low 10 cM. Several markers were found to co-segregate: 
RAPD markers (B1 M, I1 M, M18B) on linkage group 1, 
markers (C5M2, AI03, CCC442) on group 7, and the mark- 
ers (AK08, AX15 and CCG1444, AR06, Anth) on group 
5. Regions of high marker density could be observed on 
linkage groups 1, 5, 6 and 7. These regions may represent 
areas of low recombination frequency which often occur 
in centromeric areas. 

74.7% were from the recurrent parent (Catongo). This lo- 
cus composition of an average backcross population is very 
close to the theoretical expectation (25%-75%). 

Two backcross trees have a relatively low percentage 
of Catongo alleles (59 and 59.1%). At the other extreme, 
o n e  B e  I tree contains 91.8% recurrent alleles. This varia- 
tion of the Catongo genome in backcross individuals could 
be used for genotypic selection to accelerate introgression 
of a defined chromosomal segment from Pound 12 into a 
Catongo-type tree. 

Cocoa genome-length estimation 

Map lengths, estimated according to the moments method 
of Hulbert et al. (1988), were 1081, 1098 and 1112 cM for 
LOD scores of 3, 4, and 5, respectively. When the equa- 
tion of Beckmann and Soller (1983) is used and the chro- 
mosome ends adjusted (Lange and Boehnke 1982), approx- 
imately 80% of a genome should be linked within 10 cM 
of 130 markers, given a map length of 1200 cM. 

The cocoa mapping data are close to these theoretical 
values with 67% of the cocoa genome linked within 10 cM 
of the 138 mapped markers. Given a genetic length of 
1200 cM, some 214 markers would be expected in order 
that at least 95% of the genome lie within 10 cM of a 
marker. 

Genome composition of backcross individuals 

Of the 138 mapped loci in the BC 1, 25.3% of the alleles 
were inferred to be of paternal origin (Pound 12), while 

QTL analysis 

The QTL study was performed on a set of four traits which 
were selected because they represented cocoa characteris- 
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Fig. 3 Genetic cocoa linkage map derived from the backcross pop- 
ulation of 131 plants. Loci (138) were distributed to ten linkage 
groups (1-10). The numbers to the left of each linkage group repre- 
sent the cumulative map distance in cM (Kosambi function). The 
best-fit relative locations of all marker loci are shown. Those that 
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could not be ordered unequivocally (Ripples zXLOD<-2) are identi- 
fied with a vertical bracket extending over the region of possible am- 
biguity. RFLP loci are underlined (32), the two phenotypic loci are 
in italics, and all others are RAPD loci (104). Loci identified by the 
symbol �9 displayed distorted segregating ratios 



Table 1 A - homozygote, H - heterozygote, N - number of plants 
used in the analysis (sum of homozygote and heterozygote trees 
given in parentheses in columns A and H), R 2 - percent phenotypic 
variance attributable to a marker, LOD - LOD-score values associat- 
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ed with marker loci for the trait, NS - not significant, S - state of the 
nearest locus favoring the trait. Usually only one marker for a link- 
age group, associated with the higher percentage of phenotypic vari- 
ance explained, is shown 

A QTL data for early flowering habit in cocoa backcross population 

Marker Days to flower Differ- N F-ratio R 2 P-value LOD Linkage S 
ence group 

A H 

AS06 823(60) 879(68) 56 128 6.9 5.2% 0.0098 1.5 l A 
B522 900(42) 823(80) 77 122 11.6 8.8% 0.0009 2.6 2 H 
U516 883(65) 811(57) 72 122 11.7 8.9% 0.0009 2.7 4 H 
AF07 882(55) 822(68) 60 123 7.9 6.1% 0.0057 1.9 5 H 

B QTL data for trunk diameter in cocoa backcross population 

Marker Trunk diameter Differ- N F-ratio R 2 P-value LOD Linkage S 
ence group 

A H 

CCG1082 6.37(67) 5.59(63) 0.78 130 10.I 7.3% 0.0019 2.1 1 A 
CCG1424 5.61(65) 6.34(62) 0.73 127 8.2 6.1% 0.0050 1.8 4 H 

C QTL for jorquette height in cocoa backcross population 

Marker Jorquette height Differ- N F-ratio R 2 P-value LOD Linkage S 
ence group 

A H 

CCG1082 105.6(66) 91.9(63) 13.7 129 12.1 8.7% 0.0007 2.6 1 A 
A541 98.7(28) 115(28) 16.3 56 7.1 11.7% 0.0100 NS 1 H 

D QTL for ovule number in cocoa backcross population 

Marker Ovule number Differ- N F-ratio R 2 P-value LOD Linkage S 
ence group 

A H 

CCGl135 50.1(45) 48.4(48) 1.7 93 14.9 14.1% 0.0002 3.1 2 A 
PI9 48.4(45) 50.1(48) 1.7 93 14.3 13.6% 0.0003 3.3 3 H 

tics of  agronomic  s ignif icance.  These  traits were: ear ly 
f lower ing  (EF), t runk d iameter  (TD), jo rque t te  height  (JH) 
and ovule  number  (OV). Ana lyses  of  var iance  revea led  that 
62 (11.2%) of  the 552 marker - locus  quant i ta t ive  trait  com-  
par isons  were  s ignif icant  at the 5% probab i l i ty  level,  3.5% 
of  the compar i sons  were  s ignif icant  at 1%, and 1% was 
s ignif icant  at 0.1%. 

Marker - t ra i t  assoc ia t ions  s ignif icant  at P<0.01 are 
l is ted in Table 1. A compar i son  of  A N O V A  probabi l i ty  lev- 
els with the LOD score values,  for a number  of  backcross  
indiv iduals  of  at least  90, show that for these data a 1% 
probab i l i ty  level  cor responds  to a LOD score of  1.5. 

Four  QTLs  were  de tec ted  for the ear ly f lower ing  trait,  
and two QTLs  each for t runk diameter ,  j orquette  height  and 
for ovule  number  (Table 2). These  QTLs  are loca ted  on 
l inkage  groups  I to 5. Some  of  them seem to be associated.  
A c o m m o n  QTL is detected for t runk d iameter  and jor -  
quette height  on l inkage  group 1 near  R F L P  marker  

CCG1082.  These  data are cor robora ted  by a l inear  regres-  
sion analysis  be tween  t runk d iameter  and jorquet te  height  
values,  with R2=0.27, P<0.0001 (Table 2). The data sug- 
gest  a par t ia l  p le io t ropic  re la t ionship  for these traits. 

The magni tudes  of  gene effects are represented  here ac- 
cording to the por t ion of  the total  phenotyp ic  var ia t ion in 
a quant i ta t ive  trait that is exp la ined  (R 2) by the marker  lo- 
cus, as descr ibed  by Edwards  et al. (1987). The R 2 values 
among the QTL var ied  f rom 5.2% (for R A P D  locus AS06 
associa ted  with the ear ly  f lower ing  trait) to 14.1 (CCG1 135 
RFLP  locus corre la t ion  with ovule number) .  Mul t ip le  re- 
gress ion analyses  pe r fo rmed  on the four traits s tudied al- 
lowed  the genet ic  explana t ion  of, respect ively ,  only 11.2% 
(trunk diameter)  to h igher  than 25.8% (early f lower ing)  of  
the pheno typ ic  var iances  (Table 3). 

Of  the ten QTLs detected for the four s tudied traits, six 
of  them are favored  by a he te rozygous  locus and four by  a 
homozygous  status. 
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Table 2 Correlation coefficients (R 2) among the four BC 1 traits 
studied 

Trait Early Trunk Jorquette Ovule 
flowering diameter height number 

Early flowering 
Trunk diameter 24.6 **** 
Jorquette height 17.7 **** 27.1 **** 
Ovule number 0.7 0.1 0.2 

**** P<0.0001 

Similar studies in apple mapping (Hemmat et al. 1994) 
found a high heterozygosity level for both parents [65.5% 
(268/409) and 44% (180/409)]. In Pinus interspecific map- 
ping, the parental heterozygosity values were about 56% 
(167/298) and 44% (131/298) (Kubisiak et al. 1995). 

These results suggest that by taking advantage of the 
high level of heterozygosity often present in this long- 
lived, generally self-incompatible, species, mapping ex- 
periments could be performed with an F 1 cocoa popula- 
tion. 

Table 3 Summary of QTL data for early flowering, trunk diameter, 
jorquene height, and ovule number 

Trait Number QTLs on % Phenotypic 
of QTLs linkage groups variance a 

Early flowering 4 1,2,4,5 25.8 
Trunk diameter 2 1,4 11.2 
Jorquette height 2 1 16.5 
Ovule number 2 2,3 23,8 

a Percent phenotypic variance explained for each trait was performed 
with a multiple regression analysis 

Discussion 

Heterozygosity evaluation 

The level of DNA polymorphism detected by the RAPD 
and RFLP techniques in T. cacao allowed the estimation 
of heterozygosity in parental cocoa clones and the con- 
struction of a medium-density linkage map using BC 1 
progeny. 

High heterozygosity in woody species has been refer- 
enced in conifers, using RAPD (Carlson et al. 1991) and 
RFLP (Devey et al. 1991) techniques, and in peach (Raja- 
pakse et al. 1995). The use of RAPD markers does not ap- 
pear to be a problem when it is used for mapping highly 
heterozygous outcrossed species. This is probably due to 
the large number of loci found to be in a testcross config- 
uration between the two parents (Grattapaglia et al. 1992). 
The average number of RFLP alleles found in the present 
study was about 2.04, and does not represent any advan- 
tage in comparison with the two (presence versus absence) 
identified by RAPD markers. Only when a RAPD locus is 
heterozygous in both parents does the fragment-present 
phenotype represent an ambiguous genotype in the prog- 
eny. However, due to the low heterozygosity in the Ca- 
tongo clone we did not find this to be a problem in our co- 
coa mapping experiment. 

In this study, the number of polymorphic loci found to 
be heterozygous for Catongo is 2%, for Pound 12 60 to 
81%, and for the F~ tree used for the backcross 66-68%. 
These values are clearly different due perhaps in part to the 
self-incompatibility status favoring outcrossing. It is worth 
noting that Catongo is a near-isogenic line created by con- 
tinuous selfing in its native environment, and so can serve 
a unique role in cocoa breeding programs. 

Linkage-map construction 

The cocoa genetic linkage map was based firstly on RAPD 
markers, which provided a fast and efficient way to con- 
struct a genomic map, and secondly on RFLP markers to 
allow a better reliability of this map for future cocoa QTL 
study. 

The RAPD markers were chosen on the basis of repeat- 
ability and inheritance patterns. These RAPD polymor- 
phisms should be valuable genetic markers for further map- 
ping studies provided that care is taken to use identical con- 
ditions for carrying out the PCR protocols, as noted by Pen- 
ner et al. (1993). A RAPD analysis performed on a subset 
of the same BC a cocoa progeny (Ronning et al. 1995) al- 
lowed us to successfully place some of the previous seg- 
regating RAPD markers on this linkage map. 

Cocoa trees are generally genetically heterozygous and 
highly outcrossed; thus anonymous markers as RAPDs can 
be readily detected despite their dominant pattern of inher- 
itance. RAPD markers are considered as an efficient first 
step towards establishing a genomic map for previously 
unstudied species (Tulsieran et al. 1992; Nelson et al. 1993; 
Grattapaglia and Sederoff 1994). 

In cocoa, the complex ovarian incompatibility system 
(S) has been studied extensively with the general agree- 
ment that most results can be explained by a single locus 
with several alleles (Knight and Rogers 1955), although 
some other data (Cope 1962) show the presence of three 
independent loci. More recently, Warren et al. (1995) found 
that two isozymes were linked to one locus controlling co- 
coa compatibility status. In the present study, we demon- 
strate that for the analysed BC 1 cross only one locus is in- 
volved in this phenotype determination, and the genetic 
linkage between Autoc and Anth loci could be useful as a 
predictor of self-compatibility since this trait seems asso- 
ciated with yield (Lockwood 1977). 

Cocoa has ten chromosome pairs (Munoz 1948; Glicen- 
stein and Fritz 1989). The framework linkage map from 
this cocoa BC I population has a total map distance of 
1068 cM. The 138 marker loci appeared to provide nearly 
complete coverage of the cocoa genomic map, since the 
method of Hulbert et al. (1988) provided an estimate of to- 
tal map length ranging from 1081 to 1112 cM, close to the 
observed experimental map length. With an average con- 
tent per haploid genome of 4 x 10 s bp (Figueira et al. 1992; 
Lanaud et al. 1992) it could be estimated that 1 cM equals 
approximately 375 kb. However, this is only an average 
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value which depends on the portion of the map considered 
(Tanksley et al. 1992). 

Recent cocoa mapping experiments using two hetero- 
zygous clones were performed by Lanaud et al. (1995). The 
resulting cocoa genetic map comprises 193 loci and cov- 
ers 759 cM with a 3.9-cM average distance between two 
markers. Despite being of a high density, the size of this 
map appears to be smaller than the one studied here. This 
could be due to the high number of RFLP probes (83%) 
used compared to 23% for our map. 

QTL mapping in a BC l population 

In this cocoa BC 1 population we were able to map four pu- 
tative QTLs affecting early flowering and two each affect- 
ing trunk diameter, jorquette height and ovule number. In 
total, the QTLs which could be mapped in this BC l cross 
accounted only for a small part of the phenotypic variance 
(11.2-25.8%). There are a number of reasons why no more 
than 25.8% of the total phenotypic variance for any trait 
was found in this study, including the fact that the medium- 
density cocoa map has several large gaps that could contain 
genes related to these traits. Also, there may be significant 
interactions between genotypes and environmental factors 
which contribute to regulating the expression of the traits 
(Paterson et al. 1991). However, it seems most likely that 
the traits considered here are among the most complex de- 
termining the character of a woody species such as cocoa. 

Trunk diameter and jorquette height traits appear to be 
partially correlated. A RFLP marker is significantly asso- 
ciated with both traits in this investigation. The genetic 
control of these traits has not yet been shown to be distinct, 
thus leaving open the possibility of either linkage or pleio- 
tropy as the cause of their correlation. A separation of QTL 
effects for the two traits on linkage group 1 may be accom- 
plished by fine-mapping approaches (Paterson et al. 1990). 

ANOVA and interval-mapping analyses were compared 
for the cocoa QTL study. The significance thresholds used 
(P=0.01 for ANOVA and LOD 1.5 for Mapmaker QTL) 
were generally comparable with one exception for the as- 
sociation of RAPD marker A541 on linkage group 1, which 
was declared significant by ANOVA and out of range by 
the interval-mapping study. Similarity between regression 
analysis and interval-mapping analysis in QTL mapping 
has been observed previously (Stuber et al. 1992; Doebley 
and Stec 1993). Darvasi et al. (1993) estimated numeri- 
cally that, at a marker spacing of 10 cM and 11 markers 
per chromosome, a LOD score of 1.53 corresponds to a 
per-marker type-I error rate of 0.0084 and ensures a 0.05 
per-chromosome type-I error. With an infinite number of 
markers, the LOD threshold would have to increase to 1.96. 
These estimates were obtained under a backcross model. 
In our study, marker spacings along the cocoa map are 
about 8.3 cM and the average number of markers per chro- 
mosome is about 14. Therefore, the stringency adopted to 
declare a QTL in this study seems satisfactory since Doerge 
(1995) showed a clear relationship between the ANOVA 
and interval-mapping methods. 

In conclusion, results from this investigation demon- 
strate the effectiveness of using a BC 1 cocoa population in 
QTL analysis. The QTL management, for the four traits 
considered, can be performed through selection assisted by 
DNA markers. In this way, the long duration of cocoa 
breeding work could be significantly reduced and the man- 
agement of important cocoa traits, such as yield or disease 
resistance, could be facilitated. 
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