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I ntroduction

Cocoa, Theobroma cacao L ., iscommercially exploited on alarge scale for the production
of cacao beans. Cocoa butter and powder, which are extracted from the fermented and dried
cocoabeans, are the main ingredients used for the commercial manufacture of chocolate. Cocoa
isadiploid, mainly cross-pollinated species (2n=20) and has a small nuclear genome. Lanaud
et al. (1992) reported the size of the haploid cocoa genome by flow cytometry to be
approximately 3.88 x108 bp.

With recent support by molecular evidences by Motamayor et al. (2002), South Americais
presently accepted as the region of origin of cocoa. The evaluation of the genetic diversity of
wild cacao plants based on morphol ogy, agronomic characters and molecular markers supports
the upper Amazon region as the putative center of diversity of cacao.

Establishing the genetic diversity and structure of cocoa natural populationsis critical to
define strategiesfor long-term conservation of genetic resources of thisneotropical tree species,
and to maintain the industry sustainability. Improved cocoa cropping requires the devel opment
of genetic materials that have a higher productivity and an increased resistance as well as
cacao beans of good industrial quality. To obtain such characteristics, cocoa geneticists have
made abundant use of molecular markers, especially microsatellites.

Molecular Profiling

| soenzymes

Isozymes were the first molecular marker to be utilized in cacao. The first attempt to
characterize cocoa germplasm using isoenzymes was made by Atkinson et al. (1986). Out of
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the 24 enzyme systems tested, 17 showed activity, and in seven enzyme systems, reproducible
variation in banding patterns was obtained.

Warren (1994) used isozyme polymorphism to estimate the genetic diversity in nine
populations of cocoa from Peru, Ecuador, Grenada, Trinidad and Colombia maintained at the
International Cocoa Genebank, Trinidad. The distribution of allelic variation was observed
using four isoenzyme systems viz. acid phosphatase, malate dehydrogenase, isocitrate
dehydrogenase and phosphoglucoisomerase. The low level of polymorphism and low genetic
diversity indicated that all the populations analyzed from Peru were genetically similar and
disproved the theory that Upper Amazon region of Peru wasthe centre of cacao genetic diversity.
Although the available loci and the number of polymorphisms generated were low, this system
contributed to assessment of genetic diversity, genotype identification and linkage mapping
(Ronning and Schnell, 1994; Lachenaud et al., 2004; Sounigo et al., 2005). However, isoenzyme
markers are presently outdated because of their low polymorphism and also the environmental
effect on their phenotype.

DNA Markers

Presently, DNA markers are used for molecular profiling of cocoa. The commonly used
DNA markers are RFLP, RAPD, AFLP and SSRs.

RFLP

RFLP was the first DNA marker to be applied in cacao in early 1990s (Laurent et al.,
1994). The polymorphism of RFLPismoderately high in cacao and has been used for assessment
of genetic diversity (N’ Goran et al.,1994; Motamayor et al., 2002). A high genetic diversity
was revealed when 175 genotypes of cocoa belonging to different morphological groups and
origins were analyzed using 27 RFLP/cDNA loci (N’ Goran et al., 2000). Criollo genotypes
appeared differentiated from Forastero genotypes as has been found by morphological traits. A
significant, but rather low fixation index between Criollo and Trinitario genotypes pointed out
the proximity of these two sub-groups and that Trinitario, as a hybrid group, had incorporated
more genes from Criollo progenitors.

RFLP probes, however areinvariably specific to alimited number of loci, and hence RFLP
is not a very effective tool for cacao genotype identification. Another major drawback is that
RFLP is not amenable to automation and data generation is both laborious and expensive.

RAPD

RAPD was the first PCR-based DNA fingerprinting method to be applied for the genetic
characterization of cacao (Wilde et al., 1992).This system istechnically simple to perform but
has low reproducibility. Russell et al. (1993) showed that a minimum of three RAPD primers
could distinguidh 25 cocoa accessions based on their geographical origin. Various workers
have used RAPDs for identification on accessions (Christopher et al., 1999; Falerio et al.,
2002; Sounigo et al., 2005) and for genetic diversity studies in cacao (Figueira et al., 1994;
N’Goran et al., 1994; Lerceteau et al., 1997; Whitkus et al., 1998; Maritaet al., 2001; Sounigo
et al., 2005).
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AFLP

AFL P combinesthe strength of RAPD and PCR. It hasbeen utilized in varietal identification
and Saunders et al. (2001) was able to distinguish closely related cocoa varieties through
AFLPanalysis. Queiroz et al. (2003) identified amarker associated with resistance to Witches'
broom disease based on AFLP linkage mapping. However, the utility of AFLPs in cacao
germplasm management has been rather limited.

Microsatellites

Since the development of simple sequence repeats (SSR) markersin cacao (Lanaud et al.
1999), SSR-based DNA fingerprinting has been increasingly applied in cacao germplasm
characterization (Lanaud et al. 2001; Motamayor et al., 2002; Saunders et al., 2004; Schnell
et al. 2005; Takrama et al., 2005; Cryer et al., 2006). Large numbers of cocoa microsatellite
markers are now available (Kuhn et al., 2003; Clement et al., 2004; Pugh et al., 2004) for use
in fingerprinting studies. SSRs are typically codominant and multi-allelic allowing precise
discrimination of individual clones based on the multi-locus banding profiles.

SSR analysis allows unambiguous verification of duplicates by a matching of multilocus
DNA profiles between the potential duplicates (Takramaet al., 2005; Cryer et al., 2006; Zhang
etal., 2006). Zhang et al., 2006, 2008 and Johnson et al. (2007) demonstrated the effectiveness
of using SSR markers for the identification of synonymously mislabeled accessions and that
theuse of 15 SSR loci for cacao individual identificationisstatistically rigorous. Thisindicates
the highly significant benefit of using molecular characterization for cacao genebank
management.

SSRs have been applied to verify genetic identity in breeding programme (Takramaet al.,
2005) and to monitor the integrity of germplasm maintained in vitro (Rodriguez et al., 2004).
SSRs have also been used for determining the geneal ogical relationshipsand parentage analysis.
Schnell et al. (2005) used SSR analysis to determine the parental population for a group of
productive and unproductive seedlings. Seven SSR loci were found to have alleles that were
associated with productive or unproductive seedlings. Motamayor et al. (2003), on the basis of
SSR evidence, reported that Trinatario accao istheresult of natural hybridization and subsequent
introgressions between Lower Amazon Forastero and ancient Criollo varieties.

SSRs have lately been used to investigate the phylogeography and distribution of genetic
diversity in cacao. Motamayor et al. (2002) assessed the allelic composition of cacao accessions
from Central America (Guiana, Amazonia and Orinoco regions) using SSRs. Their results
supported the hypothesis that cocoa originated in the upper Amazon and the likely dispersal
route was from the Amazon to Central America and Mexico. Sereno et al. (2006) analyzed 94
cocoa accessions from the Forastero group, representing four populations from the Brazilian
Amazon, using 11 microsatellite markers. The highest genetic diversity, the most polymorphic
loci, the highest observed heterozygosity and the majority of rare alleles were detected from
the population from the Brazilian upper Amazon, which suggested that this could be a part of
the center of diversity of cocoa. Also, the population from Lower Amazon, which traditionally
was considered to be highly homozygous, presented an unexpectedly high observed
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heterozygosity and rare and distinct alleles. This population also had alarge identity with the
upper Amazon population. It was hypothesized that part of thelower Amazon population might
have been derived from successive natural or intentional introduction of planting material
from other provinces, mainly the upper Amazon.

Molecular marker studies have indicated that most of the gene diversity in cacao was
found to occur within groups, rather than between groups (Ronning and Schnell, 1994; L erceteau
etal., 1997; N’ Goran et al., 2000), being similar to other outcrossing woody perennial species
(Ronning and Schnell, 1994). Sereno et al. (2006), therefore, suggested that T. cacao has a
strong intra-population structure with small differentiation between populations, typical of
species with high gene flow.

Generation of Molecular Linkage Maps

Several linkage maps have been constructed for cocoa by different workers using different
mapping populations. The first genomic map in cacao was produced by Lanaud et al. (1995)
from a cross between an upper Amazon Forastero clone, ‘UPA402’, and a Trinitario clone
produced by United Fruit in Costa Rica, ‘UF676'. This map was made from 100 trees and
contained several different kinds of markers from that era: RFLPs, RAPDs, isoenzymes, and
phenotypic genes, for atotal of 202 markers. The map had atotal genomic length of 759 cM in
10 linkage groups, putatively corresponding to the known 10 chromosomes of cacao. This
map has since been considered to be the “reference map” for the naming of linkage groups of
cacao.

Risterucci et al. (2000) expanded this mapping population to contain 181 trees, and added
markers based on AFLPs and SSRs. These markers were used for the full population of 181
trees, together with the data from the work of Lanaud et al. (1995). An integrated approach
was used for producing this map, with atotal of 424 mapped markers. Severa different kinds
of markerswere used for this map, which provided more extensive genomic coverage, saturating
certain areas that had not previously been mapped. The total genomic length was 885.4 cM,
with an average distance of 2.09 cM between markers. Colinearity with the original map for
markers in common was high. This map is considered as a good “reference map” for global
genomic length in cacao, although several of the marker typesin this map are seldom used any
more.

Pugh et al. (2004) constructed another linkage map of cacao from the same population
(UPA402 x UF 676) using only codominant markers. Two hundred one new SSR markers
were added to the map, along with the previous isozyme data, RFLP data, and with 16 new
candidate genes (resistance and defense gene analogs). Again, ten linkage groups were formed,
with atotal genomic length of 782.8 cM, and an average distance of 1.7 cM between markers.
The length of the map established with only 268 SSRs was 769.6 cM, representing 94.8% of
the total map of the new SSR markers, 26% were “bridge markers’, heterozygous in both
parents, allowing good integration of the map between parents. SSR markers were found to be
distributed throughout the genome, however their distribution did not seem random; some
genomic regions were more heavily saturated than others. No genomic gap was found to be
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greater than 10 cM, indicating that alarge portion of the genome was covered by SSR markers.
Given the variety used in the complete marker set, some of which were known to be telomeric
markers, therewas ahigh degree of certainty that nearly all of the genomewas covered. Separate
maps were also made from both parents, which showed good colinearity to one another, with
only a small number of markers showing inversions between closely linked markers. Good
colinearity was also found when comparing common markers between the integrated map and
the former two maps made from this popul ation.

Crouzillaet al. (1996) devel oped alinkage map using abackcross population of 131 plants
derived from a cross between a F, tree from* Catango’ x *Pound 12’ to arecurrent ' Catango’.
The final map contained 140 markers (RFLPs, RAPDs) and included two morphologic loci
(self compatibility and anthocyanin synthesis) and covered 944 cM (Crouzilla et al., 2000b).
An additional genetic map was devel oped for the related F, population from the cross Catongo
x Pound 12 with 162 markers, covering 772 cM (Crouzillat et al., 2000a).

Subsequently, another eight linkage maps were developed to search for genomic regions
associated with resistance to various Phytophthora species and strains (Flament et al., 2001,
Motilal et al., 2002; Clement et al., 2003b). These maps were also simultaneously used for
detection of QTLs associated with important agronomic traits in certain families.

Queiroz et al. (2003) constructed another cocoagenetic linkage map using an F, population
derived from the cross between |CS-1 and Scavina-6 clones. Later, this map was saturated by
Faleiro et al. (2006). Subsegently, Araljo et al. (2009) saturated the previous linkage map with
AFLP, RAPD, and microsatellite markers, resulting in atotal of 273 markers, distributed in 14
linkage groups (LGs). Thetotal coverage of the genomewas of 1,122 cM. Thisgenome coverage
was 31% (1,713 cM) smaller than that obtained by Queiroz et al. (2003) and 60% (670 cM)
bigger than obtained by Faleiro et al. (2006), which mapped 193 loci (124 RAPD and 69
AFLP) along 25 LG and 3421oci (33 SSR, 77 AFLP, and 232 RAPD) along 16 L G, respectively,
for the same population. The sizes of the 14 linkage groups ranged from 21 cM in LG14, to
138.3 cM in LG6, which clustered six and 41 markers, respectively. The marker-to-marker
distance varied from 0.0 to 24.8 cM, with an average distance of 4.1 cM, with less than seven
marker regionsexceeding 20 cM. Thisaverage marker-to-marker distanceis considerably shorter
than observed for the map built by Queiroz et al. (2003), 8.8 cM. However, it is closer to the
values determined in the maps developed by Faleiro et al. (2006), Risterucci et al. (2000),
Crouzillat et al. (2000a, b), Flament et al. (2001), Risterucci et al. (2003), and Pugh et al.
(2004) that were 2.7, 2.1, 4.8, 3.7, 3.2, and 1.7 cM, respectively.

Brown et al. (2008) constructed the first composite map of cacao from linkage data of one
F, and two F, mapping populations with a high number of codominant markers in common.
The combinatsion of linkage information from all three maps results in the currently most
precise estimates of marker locations and distances between markers, especially in densely
marked areas, quality assessment and mapping. Individual (sub-composite) maps and the
composite map contained 10 major linkage groups, corresponding to the number of cacao
chromosomes. Homogeneity of marker placement was very high among sub-composite maps,
the composite map, and the designated “reference” map. The composite map places more
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markers with higher precision than any individual map. This research clearly demonstrates for
thefirst timeavery highlevel of marker homogeneity among commercial cacao clonescompared
to other species. The observed homogeneity between different maps, including the composite
one, is probably due to a narrow genetic base of commercia cacao clones. Markers which are
linked to identified quantitative trait loci (QTLS) are more likely to retain linkage in other
commercia clones, rendering the QTLs in cacao potentially more stable than in other species.

QTL Mapping and MAS

QTL analysis has a greater potentia for identification of markers for marker-assisted
breeding in cocoa, especially for incorporation of disease resistance. Several genetic maps
have been built for the cocoatree from data generated by molecular markers, and most of them
have been used to aid the identification of QTLs related to disease resistance and different
traits of agronomic interest (Despreaux and Eskes, 1997; Crouzillat et al., 1996, 2000a, 2000b,
2001; Ahnert, 2001; Matilal et al., 2002; Clement et al., 20033, b; Queiroz et al., 2003; L anaud
etal., 2004; Risterucci et al., 2004; Brown et al., 2005). Recently, Araljo et al. (2009) identified
QTLsrelated to cocoa butter content and hardness.

Disease Resistance

An international project was initiated in 1995 to study the genetics of resistance to
P. palmivora and P. megakaryain cocoa. Thiswasimplemented by IRAD (Cameroon), IDEFOR
(Cote d'lvoire), Cocoa Research Unit (Trinidad) and CIRAD (France), with an aim to
characterize resistance factors, compare evaluation methods, identify quantitative trait loci
(QTL) based on molecular markers. Using saturated linkage maps, the group has identified
QTLsfor field resistance in different cocoa populations (Despreaux and Eskes, 1997; Lanaud
et al., 2004). Further, Crouzillat et al. (2000b) identified QTLs conferring increased resistance
in susceptible parents, suggesting the presence of transgressive traits and the possibility of
selection in cacao. They also detected pleiotropic and epistatic effects for the QTL s associated
with resistance of cacao to Phytophthora. Matilal et al. (2002) identified thee major QTLson
chromosomes 1, 9, and 3 or 8 that co-localized with QTLs detected in other studies. Risterucci
et al. (2004) identified QTL s associated with resistance to P. palmivora using compositeinterval
mapping. These QTLs were found located in six genomic regions. One of these was detected
with five strains belonging to the three Phytophthora species. Two other regions were detected
with two or three strains of two different species. Three additional QTLs were detected for
only one species of Phytophthora. Each QTL explained between 8 to 12% of the phenotypic
variation. For each strain, between 11.5% to 27.5% of the total phenotypic variation could be
explained by the QTLs identified. The identification of multiple QTLs involved in resistance
to Phytophthora offers the possibility to improve durability of resistancein cocoaby apossible
accumulation of many different resistance geneslocated in different chromosomeregionsusing
marker-aided selection.

Lanaud et al. (2004) undertook characterization and genetic mapping of resistance and
defense gene analogsin cocoa. Resistance gene homol ogues (RGHSs) may make better molecul ar
markers for disease resistance in cocoa because resistance genes are often physically clustered
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in plants. By identifying putative members of the clusters, it may be possibleto rapidly identify
useful genetic markerswhich will show astronger linkage to the disease resi stance phenotype.
Most of the resistance gene analogs (RGAS) could be mapped on the cocoa genome and three
clusters of genes could be observed. Nucleotide binding site (NBS) like sequences (present in
a number of plant resistance genes) clustered in two regions located on chromosomes 7 and
10. Pto-like sequences mapped in five genome regions of which one, located on chromosome
4, corresponded to a cluster of five different sequences. PR2-like sequences mapped in two
regionslocated on chromosome 5 and 9, respectively. They observed co-localizations of RGAs
and defense gene analogs (DGAs) and QTL for resistance to Phytophthorain several progenies,
particularly on chromosome 4 where acluster of Pto-like sequencesand four QTLsfor resistance
to Phytophthora were observed. Many other serious diseases affect cocoa and the candidate
genes, isolated in this study, could be of broader interest in cocoa disease management.

Witches' broom, Crinipellisperniciosa (Stahel) Singer, isaseriousfungal disease of cacao
in Latinin most of the cocoagrowing, regionsin South Americaand several Caribbean islands.
Studieson QTL mapping for Witchesbroom resistancein Brazil by Ahnert, (2001) and Queiroz
et al. (2003) using F, plants derived from the cross ICS 1 (susceptible parent) and SCA 6
(resistant parent) has resulted in the identification of a magjor QTL on the linkage group 11,
explaining almost 35% of the resistance to witches' broom. Interval and composite interval
mapping model sidentified one major genomic region associated with witches' broom resistance
on the SCA 6 linkage group. These results are in accordance with the pattern of segregation
observed in the field for SCA 6 progenies and may be used in a marker-assisted selection
process for gene pyramidization. Brown et al. (2005) identified two QTLs for resistance to
witches' broom disease, one producing amajor effect and one aminor effect; with both showing
important dominance effects. Further, one QTL for trunk diameter was found at a point 10.2
cM away from the stronger resistance gene; one RGH flanked the minor QTL for Witches
broom resistance, implying possible association. Subsequently, Faleiro et al. (2006) saturated
the linkage map with additional markers and identified QTL of bigger effect that controls
resistance to Witches' broom disease. To enable cloning of this resistance gene, aBAC library
was constructed from ‘ Scavina 6’ (Clement et al., 2004) and alarger F, populationis currently
being developed in Brazil.

Frosty pod rot caused by Moniliophora roreri is another destructive disease causing
considerable yield reduction in Central America. Brown et al. (2005) used a population of
‘Pound 7’ x *UF273' for linkage mapping and eval uation for frosty pod resistance. They detected
three major QTL s associated with resistance against internal and external lesions by M. roreri
at the same region on chromosome 2, and 8 and an additional QTL for external resistance on
chromosome 7.

Agronomic and Quality Traits

Yield and yield component traits are of great economic importance. In cacao, pod yield is
also influenced by the trunk diameter and canopy size. Crouzillat et al. (1996, 2000b) detected
2-4 QTLs for early flowering, trunk diameter, jorquette height and ovule number in an F,
population of ‘Cantaongo x Pound 2'. Subsequently, 10 yield QTLs were detected on eight
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linkage groups. Some of these QTLs were frequently detected overs 15 years of production,
while others were specific for agiven year. Two major QTLs (E and I) explained ~20% of the
total variance of the averageyield over 15 years. Crouzillat et al. (2001) detected amajor QTL
for general agronomic value, explaining 27.1% of the variation, co-localized with QTL for
early flowering and trunk diameter, indicating the possibility of pleiotropic and epistatic effects.
They also observed that the QTL for weight of 100 cocoa beans was found on a different
chromosomal location to the QTL for agronomic traits suggesting, that these traits could be
selected independently.

Clement et al. (2003b) undertook QTL mapping for agronomic traits in cacao. Three
heterozygous clones, one upper Amazon Forastero (IMC78) and two Trinitario (DR1 and S52),
were crossed with the same male parent, alower Amazon Forastero (Catongo), known to be
highly homozygous. Observations were made on the progenies over nine consecutive years
(1990-1998). Oneto three QTLsrelated to yield were detected in each of the three populations,
located on chromosomes 1, 2, 4, 5, 9, and 10. They explained between 8.1 and 19.3% of the
phenotypic variation and showed various levels of repeatability. In IMC78, the QTL detected
on chromosome 5 was the most repeatable over the years. The QTL for the average individual
pod weight on chromosome 4 was the most significant with an LOD of 17.3 and an R? of 43.7.
QTL related to these traits were identified in the same region of the genome in clones of
different genetic groups. Clement et al. (2003a) undertook QTL mapping for bean traits and
number of ovules per ovary and identified QTL clusters on several chromosomes, particularly
chromosome 4. Further, the QTLs governing bean traits were detected in the same/related
genomic regions in diverse clones of different parentage (two with Trinitario parents and one
with upper Amazon Forastero parent). A QTL for pod index was al so identified on chromosome
4 of ‘Pound 12" (Crouzillat et al., 2000b). Clement et al. (2001) reported co-localization of
QTLsfor pod weight on chromosome 1 for Trinitario genotypes. This suggests that molecular
markers can be used to improve cocoa varieties.

Araljo et al. (2009) used an F, population derived from the cross between the ICS-1 and
Scavina-6 cocoa clones for molecular mapping and identified one quantitative trait locus
associated to butter content at linkage group 9 (LG9) and two QTLs for butter hardness at
linkage groups 9 and 7 (LG9 and LG7). The two QTLs mapped at the LG9 explained 51.0%
and 28.8% of the phenotypic variation for butter content and hardness, respectively. These
QTLs were concentrated in the same map region, suggesting a close genetic linkage or
pleiotropic effect. The QTLs identified may be useful in further marker-assisted selection
breeding programs aimed at cocoa butter quality improvement.

The prospect of progress from identification of QTLs to the isolation of gene(s) by map-
based cloning has not yet been applied in cacao. Such an approach requires a very large
population to accumul ate a suitable number of recombinant individuals (around 1,000), which
is not only expensive in terms of time and resources but is also extremely difficult in the case
of cacao (Wilkinson, 2000). The bacterial artificial chromosome (BAC) library developed by
Clement et al. (2004) can be a valuable resource for cloning genes corresponding to some
important QTLs for agronomic traits such as resistance genes to major cocoa pathogens like
Phytophthora spp. (palmivora and megakarya), Crinipellis perniciosa and Moniliophthora
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roreri. Further, multiple QTLs identified for resistance to diseases and for different yield and
yield component traits can be made use of for a possible accumulation of these favourable
QTLslocated in different chromosome regions using marker-aided selection.

Future Per spectives

Theobroma cacao is mainly cultivated by small growers, especialy in the developing
world and is of great economic importance to the growers and the global food industry. The
sustainability of cocoa cultivation will be improved if farmers have access to new planting
material with improved agronomic traits such asyield, vigour, and pest and disease resistance.
Progress in breeding programmes to accumulate favourable alleles for these traits can be
accel erated using molecular marker techniques which allow more direct access to the genome.
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