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Introduction

Cultivating cacao (Theobroma cacao L.) has a long tradi-
tion in Colombia where cocoa is widely consumed as a 
beverage. It has become a priority of the Colombian govern-
ment, as it is one of the crops promoted in the development 
of programs aimed at favoring peace in post-conflict regions 
and replacing crops formerly used for illicit purposes 
(Abbott et al. 2018).

T. cacao is native to the humid tropical forests of South 
America from the Amazon and Orinoco regions (Rojas and 
Sacristán 2013). Cacao trees grown from seeds produce 
their first flowers two years after germination, in the case of 
early genotypes (Mossu 1990). The pods usually require 

four to seven months to reach maturity; the number per tree 
is highly variable, usually ranging from zero to 200 (Wibaux 
et al. 2017). The percentage of flower-setting pods ranges 
from 0.5% to 5% (De Almeida and Valle 2010), and natural 
pollination is ensured by insects (Adjaloo and Oduro 2013, 
Glendinning 1972). Some authors consider dependence on 
wild pollinators as a limiting factor for cacao production 
(Bridgemohan et al. 2017), while others reject this view, as-
serting that self-incompatibility and physiological wilt are 
the more limiting factors (Hardy 1960).

In the absence of permanent shade, cacao trees usually 
reach stable production five years after planting (Paulin et 
al. 1993). Some authors recommend an evaluation of yield 
three years after stabilization of production (Carvalho et al. 
2002). Clement et al. (1999) reported the existence of an 
association between early yielding genotypes and a rapid 
decline in their level of yield. The release of such a priori 
promising genotypes to farmers would lead to disappointing 
results in cacao farms, where cacao trees can be cultivated 
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tion trees established in the departments of Valle del Cauca 
and Cauca, whose production represented, at that time, 75% 
of the national production (Barros 1970). As a consequence, 
production was greatly reduced in both departments.

Later, other departments came to be recognized as cacao 
bean producers. By 1983, the department of Santander was 
already recognized as the largest producer of cocoa in the 
country, followed by the departments of Huila, Nariño and 
Antioquia (Cubillos 1983). According to information pub-
lished by Fedecacao (National Cacao Producers Federation) 
(Fedecacao 2018), the most productive cocoa departments 
in 2017 were, in the following descending order, Santander, 
Antioquia, Arauca, Huila, Tolima, and Nariño (Fig. 1B). A 
production of 60,535 tons was registered in 2017, reflecting 
an increase of 6.6% in relation to production of the previous 
year (Fedecacao 2018).

This review provides details about the history and per-
spectives of the cacao breeding program in Colombia, de-
scribing different cacao collecting expeditions carried out, 
as well as cacao breeding strategies that have been used 
throughout the history of cacao cultivation in Colombia. 
While Colombia is thought to be part of the center of the 
origins of cacao, it has made extensive use of genetic mate-
rial introduced from other countries and only limited use of 
regional materials in breeding programs; therefore, the cur-
rent breeding strategy seeks to make better use of available 
genetic resources. Recent developments in cacao breeding 
programs in African and American countries have been doc-
umented (Ahnert and Eskes 2018), but, despite being the 
fourth largest cocoa producer in the Americas, cacao breed-
ing in Colombia was not included, as the information was 
not previously available. To our knowledge, this is the first 
time that the whole history of cacao breeding programs in 
Colombia, as well as the current breeding strategy, is being 
documented and presented to both the national and the in-
ternational scientific community.

over a span of up to fifty years (Jagoret et al. 2011). Thus, 
the trade-off to be applied is between reliability and dura-
tion in evaluating a variety before its release to farmers.

The breeding strategy in several cocoa-producing coun-
tries has been based on mass selection of clones and on hy-
brid selection (Paulin and Eskes 1995). Several techniques 
have been adopted for the release of clones to farmers, such 
as rooted cuttings, grafting on adult trees in the field, and 
grafting on young plants in the nursery (Sena et al. 2015).

In many places, the potentially high yield level of im-
proved varieties is strongly challenged by the parasitic pres-
sure from pests and diseases, some of them controlled, but 
at a high environmental and economic cost, while others, es-
pecially the cocoa swollen shoot virus that occurs in African 
countries, remain totally out of control (Ploetz 2007).

The species T. cacao was first subdivided in two 
morpho-geographic subspecies, spp. cacao and spp. 
sphaerocarpum (Cuatrecasas 1964, Whitkus et al. 1998), 
corresponding respectively to the two main genetic groups, 
Criollo and Forastero (Whitkus et al. 1998). The genetic 
group known as Trinitario was generated by hybridization 
between Forastero and Criollo individuals in Trinidad 
(Motamayor et al. 2003). A more recent molecular study 
showed that cacao diversity could be classified in ten differ-
ent genetic groups of which the Criollo group is the most 
genetically differentiated (Motamayor et al. 2008).

According to Lopez de Velasco, cited in Buriticá (1985), 
the first cocoa exporting region of the Americas was 
Maracaibo in northeastern Venezuela. The earliest known 
cacao plantation in Colombia dates from 1622 near the city 
of Cali, department of Valle del Cauca (Patiño 2002). 
The main type of cacao grown in Colombia until 1885 was 
Criollo. At that time, another type, Forastero, called “pajarito” 
(little bird), was introduced in Antioquia (Chavarriaga and 
Ochoa 1940). Due to the incidence of diseases, Criollo be-
gan to be replaced by Forastero trees. This is how cacao 
“pajarito”, which seemed to be more resistant to diseases, 
began to be distributed in the rest of the country (Garcés 
1939).

The T. cacao cultivated area increased in Colombia from 
the second half of the eighteenth century (Alvim 1956). In 
1889, the basin of the Palo River in the northern region of 
the department of Cauca, was one of the main cocoa- 
producing areas in Colombia (Palau 1889, cited in Patiño 
2002). Until the early 1950s, the main cacao-growing re-
gions of Colombia were Cauca, Valle del Cauca, and Huila, 
leading the production of cocoa in the country (Garcia 
1955). Fig. 1A shows the production of cocoa in Colombia 
according to Alvim (1956).

According to García (1997), in the mid-1950s, cacao 
plantations in Cauca and Valle del Cauca were extensively 
affected by attacks of the Ceratocystis sp.–Xyleborus sp. com-
plex. The disease, known as “mal de machete” (machete 
disease), caused by Ceratocystis sp., was registered for the 
first time in the department of Huila in 1940 (Barros 1970). 
In 1955, the disease destroyed more than 50% of the planta-

Fig. 1. Cocoa-producing departments in Colombia in the years 1956 
(A) and 2017 (B). Numbers indicate cocoa production per department 
in thousands of metric tons.
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de machete”, caused by Ceratocystis sp. (Oicatá 1986). 
T. cacao was collected from wild trees and included in the 
ICA genebank in Palmira, Colombia, as ABC (Arboleda, 
Buriticá, Correa) accessions. In this collecting expedition, 
groups of wild trees were found concentrated in small areas 
visited by inhabitants of the region at harvest time, an inter-
esting fact that suggests that the inhabitants of the region 
were “cacao harvesters” rather than “producers” (Buriticá 
1985). New accessions were also collected in Huila, 
Putumayo and Amazonas departments.

In 1983 and 1984, collecting expeditions were organized 
by ICA in the Pacific region, in Nariño and Choco depart-
ments. Other species of genus Theobroma, such as T. gileri 
and T. obovatum, as well as Herrania species, such as 
H. nycterodendron, H. albiflora and H. purpurea, were also 
collected (Oicatá 1986).

In the mid-1980s, a collecting expedition in the basins of 
the Caquetá river was carried out with funding from the 
Colombian government, and coordinated by now defunct 
Administrative Department of Municipalities (DAINCO) 
and the Araracuara Corporation (Ocampo 1985). The expe-
dition covered the banks of the Caquetá river from Puerto 
Santander to Isla Colombia on the border with Brazil, and a 
stretch of the Apaporis River. The objective was to collect 
germplasm from T. cacao and other species of genus 
Theobroma. Samples of T. cacao, T. bicolor, T. microcarpum, 
and Herrania sp. were collected mostly from wild trees that 
were over 40 years old and 11 meters high on average 
(Ocampo 1985). Around 151 accessions were collected and 
coded EBC (Caquetá Botanical Expedition). Most of the 
EBC accessions were held in the ICA genebank at Palmira, 
Colombia, while a few were sent to the San Carlos gene-
bank at the INIAP Napo-Payamino Experimental Station, 
Ecuador (Allen 1988).

In 1986–1987, new collecting expeditions were organ-
ized by the ICA Cacao Research Program in the following 
departments: Cundinamarca, Antioquia, Magdalena, 
Guajira, Huila, Norte de Santander and Tolima. These expe-
ditions resulted in the collection of accessions coded from 
ICA 861307 to ICA 861769 (Turnbull and Hadley 2018).

In 1992, the Colombian government issued a decree 
aimed at restructuring ICA, and as a result, the Colombian 
Agricultural Research Corporation (Corpoica) was created. 
Projects and research centers were transferred to Corpoica 
from ICA, and the latter assumed responsibility for ensuring 
the health of crops and farm animals, as well as technical 
control of imports, exports, and the use of agricultural in-
puts in the country. In 1995, ICA sent budwoods from a 
collection of 210 accessions of cacao to Corpoica’s research 
center, La Suiza, located in the department of Santander. 
Currently, there are about 500 accessions in each of the germ-
plasm collections established in Palmira and Santander, the 
increase in number of accessions being the result of activi-
ties organized and financed by Corpoica. Larger collections 
are maintained by foreign institutes, such as the Brazilian 
cocoa research center (CEPEC/CEPLAC), which has 1,300 

Collecting and conserving germplasm

The first T. cacao germplasm collecting project was carried 
out in the early 1940s. As a result, a collection of clones was 
obtained and coded SCP (Selection Cacao Palmira), and es-
tablished in the Experimental Station of Palmira, Valle del 
Cauca (Oicatá 1986). Collecting trips continued to around 
1948, resulting in new collections coded SCC (Selection 
Cacao Cauca) and SCT (Selection Cacao Tuluá) (García 
1997).

In the early 1950s, Colombia’s Ministry of Agriculture 
organized the National Cacao Campaign. One of the activi-
ties of the initiative was to promote collecting expeditions. 
Between 1952 and 1953, the Colombian government, in 
collaboration with the Imperial College of Tropical Agricul-
ture, organized the Anglo–Colombian cacao collecting ex-
pedition with the objective of collecting both wild and culti-
vated samples of T. cacao (Baker et al. 1953). The 
expedition was led by F.W. Cope, Professor of the Imperial 
College of Tropical Agriculture (ICTA), with the participa-
tion of Professor R.E.D. Baker, also from ICTA, D.J. Taylor, 
and R.E. Schultes, Professor at Harvard University, as well 
as some Colombian scientists. Cacao germplasm was pre-
dominantly collected along the banks of the Apaporis, 
Caquetá, Caguán, Guaviare, Inírida, Putumayo and Vaupés 
rivers that cross the departments of Amazonas, Vaupés, 
Caquetá and Putumayo (Baker et al. 1953). Some areas of 
Valle del Cauca and El Chocó departments were also ex-
plored. As a result of the expedition, around 191 cacao ac-
cessions were obtained, corresponding to both spontaneous 
and cultivated trees, of which 63 were shipped to Trinidad. 
In addition to T. cacao germplasm, seven other species of 
the genus Theobroma and ten of the genus Herrania were 
collected (Zhang et al. 2011).

In 1960, the first cacao germplasm collection was estab-
lished in Colombia by the Department of Agricultural Re-
search (DIA) (no longer in existence) in the Experimental 
Station of Palmira, Valle del Cauca, the headquarters of the 
national cacao research program (Oicatá 1986). After es-
tablishing the germplasm collection, the first materials 
from Trinidad and Ecuador were introduced. In 1962, the 
Colombian Agricultural Institute (ICA) was created with the 
objective of coordinating research and extension activities 
in the agricultural sector. The germplasm collection was 
transferred to ICA in 1964, and the accessions previously 
coded SCP (Selection Cacao Palmira), SCC (Selection 
Cacao Cauca) and SCT (Selection Cacao Tuluá), were re-
named as SC (Selection Colombia) (García 1997). In 1969, 
ICA established a germplasm collection of Criollo cacao at 
the Caribia Research Center, in Magdalena department on 
the north coast of the country (Oicatá 1986).

In 1977, Buriticá, Arboleda, and Correa carried out a col-
lecting expedition, funded by ICA, in the Cagúan river 
basin in Caquetá department (Buriticá 1985). The main ob-
jective was to collect material resistant to “witches’ broom” 
disease, caused by Moniliophthora perniciosa, and to “mal 
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Nigeria (Paulin and Eskes 1995). In Colombia, the first re-
ported cacao breeding effort consisted of assessment, in the 
experimental station of Palmira, of cacao trees collected 
during expeditions realized in the 1940s. The first selection 
criteria were the number of pods harvested per tree and the 
weight of fresh cacao beans per tree. For breeders, these se-
lection criteria were insufficient for the selection of promis-
ing trees. For this reason, since 1948, additional criteria, 
such as the level of self-incompatibility, number of flowers 
per flower cushion, yield of dry cocoa per year, and percent-
age of healthy pods versus pods damaged by pathogens 
were included (García 1997). Within the selected trees in 
the Experimental Station of Palmira, SCP5 and SCP6 stood 
out as the most productive of that collection (Alvim 1956), 
although SC clones were never widely used in breeding pro-
grams.

The objective of the aforementioned National Cacao 
Campaign was to increase cocoa production in the country 
(Garcia 1955). The campaign encouraged the establishment 
of some clonal cultivars. Resources were invested in the 
rooting of cacao cuttings and release of clonal material to 
farmers (Alvim 1956). However, this type of plant propaga-
tion proved to be expensive and difficult in some areas of 
Colombia (Alvim 1956). In the 1960s, two private Colom-
bian chocolate companies, Luker and Nacional de Choco-
lates, promoted the establishment of new plantations and the 
introduction of cacao hybrids to Colombia (Sáenz et al. 
1986).

As part of ICA’s research program on diseases having 
negative effects on cacao cultivation, an experimental plot 
was established in 1967 to assess hybrids obtained from 

accessions from different countries in addition to regional 
and improved material (Lopes et al. 2011).

In 2018, Corpoica adopted the name Agrosavia while 
maintaining its commitment to research and transfer of 
technological innovation. In order to increase the genetic 
diversity of the Colombian T. cacao collection, new wild 
accessions were obtained during a recent germplasm collect-
ing expedition, organized in September 2018, in a project 
called “Expedición Cacao-Bio”, funded by the Colombian 
Administrative Department of Science, Technology and 
Innovation (Colciencias). A team from Agrosavia and the 
Universidad de los Andes, sampled the diversity of cacao 
and its wild relatives in the departments of Caquetá and 
Putumayo. The aim of the study was to expand knowledge 
about the diversity associated with cacao and its wild rela-
tives in a region recognized as a hotspot of diversity of the 
plant genera Theobroma and Herrania. To achieve this goal, 
sampling included not only vegetal material but also arthro-
pods, phytopathogens, and microbiota associated with soil, 
mycorrhiza, trunks, and leaves. Researchers traveled on the 
Caguán and Caquetá rivers and selected five sites from 
which 151 samples of the genera Herrania and Theobroma 
were collected. Fig. 2 shows the approximate locations 
where germplasm collecting expeditions have taken place 
from the 1940s to the present.

Cacao breeding in Colombia: assessing germ-
plasm and creating improved cultivars

Initial breeding strategies
Cacao selection programs began in 1930 in Trinidad and 

Fig. 2. Approximate locations of germplasm collecting expeditions and of selection programs of cultivated trees in local plantations.
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broom-resistance assessment study, conducted by Mejía and 
Rondón, and cited by Grisales (1983), the full-sib progenies 
issued from the following crosses were evaluated: SCA6 ×  
ICS39, P7 × ICS6, EET 95 × SCA 6, SCA12 × ICS6, PA46  
× IMC67, and SCA6 × IMC67. The study indicated that 
progenies issued from SCA series (Scavina) were not very 
productive and that they did not have desirable pod and seed 
indices. In addition, resistance to witches’ broom was not 
durable (Grisales 1983).

Mass selection in local plantations
Mass selection in local plantations has been applied in 

several cocoa-producing countries, such as Colombia, 
Brazil, Ecuador, Trinidad, Ivory Coast, Ghana, Nigeria and 
Cameroon (Ahnert and Eskes 2018).

In Colombia, in the 1990s, Corpoica (now Agrosavia), 
Fedecacao, and local private companies initiated a new 
breeding strategy based on mass selection of promising 
trees in cacao farms. Between 1996 and 1999, Corpoica and 
the National Program of Agricultural Technology Transfer 
(Pronatta), carried out a project that aimed to select trees 
from local farms in Santander department (Arguello et al. 
1999). Individual plants were characterized in situ and se-
lected based on traits, such as plant architecture, number of 
pods per tree, pod index, seed index, resistance to pests and 
diseases, kilograms of cocoa per tree per year and, distribu-
tion of floral cushions on the trunk and primary branches. 
As a result, 50 outstanding trees were identified for their 
agronomic traits and coded SCC (Selection Colombia 
Corpoica). In this project, the producers were also trained in 
the propagation of plants using grafting techniques (Arguello 
et al. 1999). A total of 19 SCC clones are being currently 
evaluated, by Agrosavia, in replicated blocks in experimen-
tal centers having contrasting environmental characteristics.

In 2004, Fedecacao and Corpoica signed a technical– 
scientific cooperation agreement financed by the Ministry of 
Agriculture and Rural Development (MADR) and the Inter- 
American Institute for Cooperation on Agriculture (IICA), 
aiming at working in partnership in a five-year cacao breed-
ing program to increase productivity. This collaborative pro-
ject was called “Cacao de Colombia” (Colombian cacao); 
one of its objectives was the selection of trees with out-
standing agronomic characteristics in local plantations in 
the main cacao-growing regions of the country (Aranzazu 
et al. 2009). During this project, Criollo cacao trees were 
collected from the Serrania del Perijá and the Sierra Nevada 
de Santa Marta, in 2006 and 2007 (Aranzazu et al. 2009). 
These materials were collected and characterized for the 
following traits: number of beans per pod, weight, length 
and diameter of the pod and bean index.

As a result of tree selection programs in local planta-
tions, four clonal cultivars were delivered by Corpoica, now 
Agrosavia, to farmers as planting material in 2014, TCS01 
and TCS06, and in 2017, TCS13 and TCS19, showing an 
average yield between 1.8 kg/tree/year (TCS19) and 3.3 kg/
tree/year (TCS01) (Agudelo et al. 2017, Palencia et al. 

different combinations, using both regional and introduced 
material. The natural incidence of Ceratocystis sp. was 
monitored for ten years, and it was observed that during that 
period, the full-sib progeny issued from the cross PA46 ×  
IMC67 was not affected by the disease (Ocampo and Correa 
1978). The evaluation also indicated that progenies issued 
from SC13, SC24 and SC26 (Selection Colombia), ICS1, 
ICS 39, and ICS 95 as the female parent showed the highest 
incidence of the disease (Ocampo and Correa 1978).

The National Cacao Program of ICA, established in the 
experimental station of Palmira, set up trials to assess the 
yield of full-sib progenies in the 1980s. To our knowledge, 
all clones used as parents had been introduced from other 
countries (Peru, Trinidad and Ecuador). The criteria consid-
ered for the selection of the most promising full-sib proge-
nies were: seed index (average weight of one dried seed), 
pod index (number of pods to produce one kilo of dry co-
coa), size and number of beans per pod, number of ovules, 
level of self-compatibility and general combining ability 
(Ocampo et al. 1987). Hybrids were then delivered to farm-
ers as planting material. The combinations selected and dis-
tributed according to Ocampo et al. (1987) are shown in 
Table 1.

The use of hybrids as planting material was promoted 
until the end of the 1990s; at that time, the recommendation 
changed to clonal cultivars (Perea et al. 2013). Other coun-
tries in America, such as Costa Rica, Ecuador and Brazil, 
also currently promote the use of clones as planting material 
(Lopes et al. 2011, Phillips-Mora et al. 2012, Sánchez-Mora 
et al. 2014).

As for pathogens limiting the cultivation of cacao in 
Colombia, according to Barros (1970), the disease caused 
by Moniliophthora roreri, commonly known as “frosty 
pod”, was one of the main constraints at that time in several 
cacao growing regions. In San Vicente del Caguán, Caquetá 
department, several plantations were abandoned due to the 
attack of this pathogen. Witches’ broom was registered in 
the country in 1928, in the region of Tumaco in the south-
west of the country, and from 1962, it began to spread to 
other cocoa producing areas (Ocampo 1977). In a witches’ 

Table 1. Crosses performed by the National Cacao Program of ICA
Crosses

PA46 × IMC67 P7 × ICS6
ICS1 × SCA6 ICS6 × P7
TSH812 × IMC67 ICS39 × P7
ICS6 × TSA654 ICS1 × P7
ICS6 × IMC67 IMC67 × EET62
ICS60 × SCA12 EET62 × IMC67
IMC67 × ICS6 ICS6 × IMC67
TSH792 × IMC67 EET400 × IMC67
ICS40 × IMC67 P7 × ICS60
TSH565 × IMC67 ICS1 × IMC67
P7 × ICS39 P7 × IMC67
EET400 × ICS1 EET400 × ICS39
EET400 × ICS6 EET400 × ICS60
ICS95 × IMC67 EET96 × IMC67
ICS8 × IMC67 P7 × ICS1
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age in Colombia: 1) moniliasis, caused by Moniliophthora 
roreri, accounts for 40–70% of fruit loss, depending on the 
area and agronomic practices (Arguello et al. 2008); 2) 
witches’ broom, caused by Moniliophthora perniciosa, af-
fects both vegetative development and productivity (Evans 
et al. 2013); 3) black pod disease, caused by Phytophthora 
sp., causes significant fruit losses in some cocoa production 
areas in Colombia (Ramírez 2016), including the death of 
young cacao trees when trunks are attacked (Guest 2007); 
and 4) mal del machete, caused by Ceratocystis sp., results 
in the death of trees a few weeks after the appearance of 
symptoms (Engelbrecht et al. 2007).

Phytophthora can be controlled with fungicides, result-
ing in both economic and environmental costs (Guest 2007). 
The damage associated with the other three diseases can be 
mitigated through proper agronomic practices (Jaimes and 
Aranzazu 2010); however, these are not systematically 
adopted by farmers and are not effective against the most 
aggressive pathogenic strains. In such conditions, the most 
effective way to control these diseases appears to be the cre-
ation of resistant varieties, with positive results obtained for 
witches’ broom in Brazil (Pimenta et al. 2018) and for 
moniliasis in Costa Rica (Phillips-Mora et al. 2012). In 
Colombia, further efforts need to be committed to improve 
the level of resistance of the cacao varieties released to farm-
ers, as some of the highest yielding types appear to be sus-
ceptible to at least one major disease affecting the country.

A total of 160 full-sib progenies are currently being cre-
ated, resulting from crosses between 60 parental clones se-
lected for yield and resistance to the four diseases cited 
above. These 160 progenies will be shared by four research 
centers. The 40 progenies received by each research center 
will result from crosses using an incomplete North Carolina 
II mating design that allows the estimation of genetic pa-
rameters (general and specific combining ability, narrow 
sense heritability) associated with yield and disease resis-
tance (Tahi et al. 2019). Combining ability of these varia-
bles has also been used for parent selection in Brazil (Dias 
and Kageyama 1995). The progenies will be assessed for 
their level of resistance to the diseases found in each locali-
ty, using early inoculation methods on seedlings in nursery 
(Nyassé et al. 1995, Silva et al. 2007), and later, assessing 
the incidence of the diseases in the field. Some crosses per-
formed to create full-sib progenies will involve one or two 
parents with a high level of yield, others will involve par-
ents resistant to two different diseases and, other crosses 
will involve parents resistant to the same disease. A com-
bined progeny–tree selection step will allow selection of the 
most promising trees from among the most promising prog-
enies to be cloned for future purposes. Fig. 3 shows the 
current breeding strategy:
– Assessment of trees as clones for future selection of lo-

cally adapted varieties: trees with high yield associated 
with moderate to high level of resistance to disease. 
These promising trees are expected to be found mostly 
within the progenies issued from crosses involving at 

2014). TCS01 is outstanding mainly due to its very high 
seed index (3 g per dry bean). These clones are currently 
used as parents in the Agrosavia breeding program.

Since the year 2000, Fedecacao initiated a tree selection 
program in local plantations in Santander, Arauca and 
Antioquia departments. Trees were evaluated and selected 
for resistance to diseases, productivity and physical and 
organoleptic qualities. As a result of the selection of trees in 
local plantations, Fedecacao delivered eight clonal cultivars 
to farmers: FLE2, FLE3, FSV41, FEC2, FTA2, FSA11, 
FSA12 and FEAR5 (Perea et al. 2013). The yield of these 
clones ranges between 1.4 kg/ha/year (FEC 2) and 1.8 kg/
ha/year (FLE 3), while their seed and pod indices range be-
tween 1.3 (FEC2) and 2.0 (FSV41), and from 13 (FLE2) to 
21 (FSA 12) (Perea et al. 2013).

Another mass selection effort was conducted in the mu-
nicipality of Tumaco in Nariño department. Cacao research 
programs in this region strongly encouraged selection of re-
gional genotypes to preserve the quality of local material. 
Studies of morpho-agronomic variability and genetic diver-
sity using molecular markers were conducted in local plan-
tations, keeping outstanding material, most of the time, in 
situ or in local clonal gardens (Ballesteros et al. 2015, Ruiz 
2014). A report from 1983, prepared by the private choco-
late companies Luker and Compañía Nacional de Choco-
lates, highlights the presence of local Criollo cacao trees 
with outstanding characteristics in the region of Tumaco, 
Nariño department (Gutierrez and Moreno 1983). Fig. 2 
shows the approximate locations where mass selection of 
cultivated trees in local plantations has been carried out.

Current breeding strategy
A long-term strategy was adopted in 2012 to create 

improved populations of parents to be used as sources of 
favorable alleles in a Recurrent Selection (RS) program. 
The first step of this program aimed mainly at creating par-
ents for a subsequent cycle, as well as clonal cultivars, accu-
mulating alleles favorable in terms of yield components. It 
consisted in the creation of six full-sib progenies issued 
from crosses between productive parental clones. These 
progenies have been assessed in trial plots set up in the 
Palmira and La Suiza Research Centers. In 2015, the 19 
trees with the highest early yield were cloned and are cur-
rently under assessment in two clone trial plots set up in 
those research centers.

Other cocoa-producing countries, such as Ivory Coast, 
Brazil and Trinidad and Tobago, also implemented recurrent 
selection as a breeding strategy long before Colombia 
(Clement et al. 1993, Lopes et al. 2011, Maharaj et al. 
2011). In the case of Brazil, a recurrent selection program 
was implemented in the early 1990s, mainly as a response to 
the arrival of witches’ broom in the country (Lopes et al. 
2011).

The RS program is continuing with a broader level of 
diversity and aiming at accumulating favorable alleles for 
yield and resistance to the four diseases causing most dam-
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phenotype.
Colombia is defined as having one of the highest expect-

ed levels of diversity for this species (Thomas et al. 2012). 
In this context, the study of Colombian genetic resources 
appears very interesting, especially in terms of providing 
solutions within the genetic breeding program to overcome 
the principal limitations affecting the crop in Colombia. Re-
cently, the cacao genebank, managed by Agrosavia, was 
analyzed using 96 Single Nucleotide Polymorphism (SNP) 
markers (Osorio-Guarín et al. 2017). The study revealed a 
wide genetic diversity and suggested the existence of two 
new populations, mostly represented by Colombian acces-
sions and, different from the ten genetic groups previously 
identified using molecular markers by Motamayor et al. 
(2008), that proposed the classification of the currently 
known T. cacao germplasm. Based on this study and aiming 
to support the current breeding program at Agrosavia, 
T. cacao accessions were selected and are currently being 
evaluated for disease resistance, productivity, cadmium up-
take, sexual compatibility and cocoa quality traits.

Genome Wide Association Studies (GWAS)
In the Agrosavia cacao breeding program, phenotypic 

data collection for disease incidence and productivity are 
currently under process from the germplasm collection and 
recombinant progenies. A first GWAS was conducted on 
200 cacao accessions in order to associate disease resis-
tance, compatibility and productivity traits with SNP mark-
ers obtained by Genotyping by Sequencing. The first results 
of the GWAS were promising, showing positive association 
between SNP markers, localized in T. cacao chromosomes 5 
and 1, and disease resistance to witches’ broom and frosty 
pod rot (Osorio-Guarín et al. 2018). Further analyses are 
currently being undertaken to validate these associations 
and to identify and characterize genes involved in associat-
ed regions.

Transcriptomic studies
Another molecular approach that complements GWAS 

for the detection of genes associated with agronomical 
traits, consists of the study of the differential gene expres-
sion of the plant under different conditions. Transcriptomic 
studies using RNAseq Next Generation Sequencing tech-
nologies allow detection of a large spectrum of genes ex-
pressed at a time point. By comparing different time points 
and different conditions, it is possible to detect genes ex-
pressed or repressed and link this information to the ob-
served phenotype.

With the objective of developing molecular markers that 
are located nearby or inside genes involved in specific pheno-
types, transcriptomic studies are currently underway for 
several traits, including heavy metals uptake (cadmium) and 
resistance to black pod (Phytophthora palmivora) and 
frosty pod rot (Moniliophthora roreri). A study was con-
ducted in 2017 to determine the differential expression of 
genes of salicylic acid, jasmonic acid and ethylene metabolic 

least one high-yield parent.
– Assessment of trees as parents in a subsequent recombi-

nation cycle:
• Trees with high level of resistance to at least two dis-

eases, expected to be found mostly within the progenies 
issued from crosses involving parents with resistance to 
different diseases.

• Trees with high level of resistance to one disease result-
ing from the accumulation of different alleles conferring 
resistance to the same disease inherited from both par-
ents. These trees are expected to be found mostly within 
the progenies issued from crosses involving parents with 
resistance to the same disease.
To assess the relevance of moving from a RS strategy to 

a Recurrent Reciprocal Selection (RRS) strategy, an experi-
ment will be conducted consisting of comparing the vigor 
and yield of full-sib progenies, issued from crosses between 
two parents clearly assigned to the same genetic group 
(Motamayor et al. 2008), with those issues from crosses be-
tween two parents clearly assigned to two different groups. 
The comparison will be conducted in three localities, with a 
total of 84 full-sib progenies issued from 28 crosses involv-
ing parents clearly assigned to eight of the ten genetic 
groups (Osorio-Guarín et al. 2017).

Molecular tools to support conventional cacao 
breeding program in Colombia

Molecular studies may be useful in accelerating breeding 
programs, especially in perennial plants like T. cacao that 
have an extended juvenile phase. Since the first genomes of 
T. cacao were published in 2011 and 2013, representatives 
of two contrasting genetic groups, Criollo (Argout et al. 
2011) and Amelonado (Motamayor et al. 2013), genomics 
has provided breeders a new set of tools to facilitate the 
direct study of the genotype and its relationship with the 

Fig. 3. Description of the Recurrent Selection program currently im-
plemented in Colombia. Res a: Resistant to disease a; Res b: Resistant 
to disease b.
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local plantations, looking for cultivated trees with increased 
disease resistance and productivity. As a result, clonal culti-
vars were released as planting material since 2014. As part 
of a new breeding program adopted in Agrosavia, a Recur-
rent Selection strategy is now being implemented aimed at 
accumulating favorable alleles for yield and resistance to 
the most limiting diseases in Colombia, using, in addition, a 
large sample of the genetic diversity existing in local gene-
banks. To speed up the breeding program, phenotypic data 
from the trees assessed in the first cycle will be combined 
with molecular data obtained from the same trees, with the 
objective of developing strategies of marker-assisted and 
genomic selection.

Author Contribution Statement

CR-M conceived the manuscript and its components. All 
authors researched the literature. CR-M, XA, OS and RY 
conceived and designed the Figures. CR-M, XA, OS and 
RY wrote the manuscript. All authors read and approved the 
final document.

Acknowledgments

The authors would like to thank the Colombian government 
for financing the cacao breeding program that is currently 
developed by the Corporación Colombiana de Investigación 
Agropecuaria, Agrosavia. We extend our thanks to the 
National Germplasm Banks (SBGNAA) for the list of acces-
sions sent to the La Suiza Research Center. We especially 
thank all the researchers and partner institutions who 
throughout history have contributed to the research on 
cacao breeding in the country.

Literature Cited

Abbott, P.C., T.J. Benjamin, G.R. Burniske, M.M. Croft, M. Fenton, 
C.R. Kelly, M. Lundy, F. Rodriguez Camayo and M.D. Wilcox 
(2018) An Analysis of the Supply Chain of cacao in Colombia. 
United States Agency for International Development (USAID). 
Cali, p. 208.

Adjaloo, M.K. and W. Oduro (2013) Insect assemblage and the pollina-
tion system of cocoa (Theobroma cacao L ). J. Appl. Biosci. 62: 
4582–4594.

Agudelo, C.G.A., C.G.E. Palencia, S.E.Y. Antolinez and D.E.Y. Báez 
(2017) Nuevas variedades de cacao TCS (Theobroma Corpoica La 
Suiza) 13 y 19. Corporación Colombiana de Investigación Agro-
pecuaria. Bucaramanga, p. 20.

Ahnert, D. and A.B. Eskes (2018) Developments in cacao breeding 
programmes in Africa and the Americas. In: Umaharan, P. (ed.) 
Achieving sustainable cultivation of cocoa, Burleigh Dodds Sci-
ence Publishing, Cambridge, pp. 1–40.

Allen, J.B. (1988) Geographical variation and population biology in 
wild Theobroma cacao (doctoral dissertation). The University of 
Edinburgh. Edinburgh, p. 196.

Alvim, P. de T. (1956) Informe sobre el cacao en Colombia con especial 
referencia a la investigación agrícola. Instituto Interamericano de 
Ciencias Agrícolas, Zona Andina (Proyecto 39 de Cooperación 

pathways (Delgadillo 2017), previously described as being 
involved in disease resistance (Rangel et al. 2010) during 
the infection of T. cacao by P. palmivora. Results indicated 
that genes related to the salicylic acid pathway show greater 
activation in the susceptible plant compared to the tolerant 
plant. In contrast, genes from the jasmonic acid and ethylene 
pathways were activated only in the tolerant plant during 
the first 48 hours of infection (Delgadillo 2017).

Genomic selection
Genomic selection is a marker-assisted selection method 

published in 2001 (Meuwissen et al. 2001) that aims to pre-
dict the genetic breeding value of selected candidate indi-
viduals within a breeding population. Genomic selection is 
based on genome-wide dense markers, usually SNP molec-
ular markers, in which all markers are used, differing from 
previous methods of marker-assisted selection in which 
only markers associated with a significant effect are used.

The use of genotype-based selection, instead of phenotype- 
based selection, has the potential to overcome lengthy cocoa 
breeding cycles. In addition, genomic selection has the 
potential to increase the accuracy of selection of juvenile 
individuals in cacao breeding. Ribeyre et al. (2017) showed 
that genomic breeding values (GEBVs), computed by 
Genomic Selection, could be used to predict adult perfor-
mance at the seedling stage for cacao bean weight and 
resistance to Phytophthora megakarya, increasing signifi-
cantly the number of seedlings that can be accurately pheno-
typically evaluated.

In the Recurrent Selection program initiated by Agrosavia, 
full-sib progenies created are expected to cover a broad ge-
netic diversity, based on the results of a molecular study 
conducted on the clones used currently as parents (Osorio- 
Guarín et al. 2017). Phenotypic and genotypic assessments 
will provide a good framework to carry out genomic predic-
tion. In a first stage, genome wide association studies 
(GWAS) will be performed to characterize the genetic ef-
fects on the agronomic traits assessed. Depending on 
GWAS results, different Genomic Selection models will be 
evaluated, based on their predictive ability. The prediction 
models will be used to assist breeders in selecting cacao 
seedlings to be evaluated in the field and to select superior 
clones for the next breeding cycle.

Conclusions

One of the most important principles of any breeding pro-
gram is the use of wide genetic diversity with the aim of in-
creasing the probability of obtaining materials resistant to 
diseases and highly productive. Although Colombia is part 
of the center of the origin of the species, cacao breeding 
programs in this country have not made good use of all the 
genetic diversity available in germplasm collections, but in-
stead, have mainly promoted the use of introduced acces-
sions from Ecuador, Peru, Brazil, Costa Rica and Trinidad.

From the 1990s, Colombia initiated mass selection in 

Breeding Science 
Vol. 69 No. 3



Cacao breeding in Colombia, past, present and future BS

381

especie Theobroma cacao L. a la infección de Phytophthora 
palmivora (Butler) (master’s thesis). Universidad Nacional de 
Colombia. Bogotá, p. 69.

Dias, L.A.S. and P.Y. Kageyama (1995) Combining-ability for cacao 
(Theobroma cacao L.) yield components under southern Bahia 
conditions. Theor. Appl. Genet. 90: 534–541.

Engelbrecht, C.J., T.C. Harrington and A. Alfenas (2007) Ceratocystis 
wilt of cacao—a disease of increasing importance. Phytopathology 
97: 1648–1649.

Evans, H.C., J.L. Bezerra and R.W. Barreto (2013) Of mushrooms and 
chocolate trees: Aetiology and phylogeny of witches’ broom and 
frosty pod diseases of cacao. Plant Pathol. 62: 728–740.

Fedecacao (2018) El cacaocultor es lo primero. Retrieved October 
11, 2018, from https://www.fedecacao.com.co/portal/index.php/es/ 
2015-02-12-17-20-59/nacionales.

Garcés, C. (1939) Preliminares al estudio del Chancro y la Fusariosis 
del Cacao. Rev. Fac. Nac. Agron. 1: 62–118.

Garcia, C. (1955) La situacion cacaotera en Colombia. Sociedad 
Geográfica de Colombia 8: 1–11.

García, C. (1997) Cacao (Theobroma cacao L.). Universidad Nacional 
de Colombia. Palmira, p. 433.

Glendinning, D.R. (1972) Natural pollination of cocoa. New Phytol. 
71: 719–729.

Grisales, R.A. (1983) Descripción y medidas de control de la Escoba de 
bruja del cacao Crinipellis perniciosa. El Cacaotero Colombiano 
24: 38–41.

Guest, D. (2007) Black Pod: Diverse pathogens with a global impact 
on cocoa yield. Phytopathology 97: 1650–1653.

Gutierrez, C.H. and P.L.J. Moreno (1983) Informe sobre visita a Tumaco. 
El Cacaotero Colombiano 24: 47–51.

Hardy, F. (1960) Cacao manual, 1st edn. Inter-American of Agricultural 
Sciences, Turrialba, p. 439.

Jagoret, P., I. Michel-Dounias and E. Malézieux (2011) Long-term dy-
namics of cocoa agroforests: A case study in central Cameroon. 
Agroforest. Syst. 81: 267–278.

Jaimes, S.Y. and H.F. Aranzazu (2010) Manejo de las enfermedades del 
cacao (Theobroma cacao L.) en Colombia, con énfasis en monilia 
(Moniliophthora roreri). Federación Nacional de Cacaoteros- 
Corporación Colombiana de Investigación Agropecuaria, Ministerio 
de Agricultura y Desarrollo Rural. Bogotá, D.C, p. 89.

Lopes, U.V., W.R. Monteiro, J.L. Pires, D. Clement, M.M. Yamada and 
K.P. Gramacho (2011) Cacao breeding in Bahia, Brazil—strategies 
and results. Crop Breed. Appl. Biotechnol. S1: 73–81.

Maharaj, K., P. Maharaj, F.L. Bekele, D. Ramnath, G.G. Bidaisee, 
I. Bekele, C. Persad, K. Jennings and R. Sankar (2011) Trinidad se-
lected hybrids: An investigation of the phenotypic and agro- 
economic traits of 20 selected cacao cultivars. Trop. Agric. 88: 
175–185.

Meuwissen, T.H.E., B.J. Hayes and M.E. Goddard (2001) Prediction 
of total genetic value using genome-wide dense marker maps. 
Genetics 157: 1819–1829.

Mossu, G. (1990) Le Cacaoyer, 1st edn. Maisonneuve et Larose, Paris, 
p. 160.

Motamayor, J.C., A.M. Risterucci, M. Heath and C. Lanaud (2003) 
Cacao domestication II: Progenitor germplasm of the Trinitario 
cacao cultivar. Heredity (Edinb) 91: 322–330.

Motamayor, J.C., P. Lachenaud, J.W. da Silva e Mota, R. Loor, 
D.N. Kuhn, J.S. Brown and R.J. Schnell (2008) Geographic and 
genetic population differentiation of the Amazonian chocolate tree 
(Theobroma cacao L). PLoS ONE 3: e3311.

Motamayor, J.C., K. Mockaitis, J. Schmutz, N. Haiminen, D.  

técnica). Lima, p. 32.
Aranzazu, H.F., G.N. Martínez, C.G. Palencia, R. Coronado and 

G.D. Rincón (2009) Manejo del recurso genético para incrementar 
la producción y productividad del sistema de cacao en Colombia. 
Federación Nacional de Cacaoteros-Corporación Colombiana de 
Investigación Agropecuaria-Ministerio de Agricultura y Desarrollo 
Rural. Bucaramanga, p. 128.

Argout, X., J. Salse, J.M. Aury, M.J. Guiltinan, G. Droc, J. Gouzy, M.  
Allegre, C. Chaparro, T. Legavre, S.N. Maximova et al. (2011) The 
genome of Theobroma cacao. Nat. Genet. 43: 101–108.

Arguello, A.A.L., B.J. Mantilla, C.G. Palencia, H.L.M. Calle, J.J.  
Mujica, H.F. Aranzazu, C.A. Agudelo and R.L. Peñaloza (2008) 
Manejo integral de la moniliasis del cacao. Corporación Colombiana 
de Investigación Agropecuaria. Rionegro, p. 68.

Arguello, C.O., F.L.A. Mejia, N. Contreras and J. Toloza (1999) 
Evaluación, introducción y multiplicación de árboles élites como 
estrategia de productividad para el nororiente colombiano. 
Corporación Colombiana de Investigación Agropecuaria. Corpoica. 
Bucaramanga, p. 35.

Baker, R.E.D., F.W. Cope, P.C. Holliday, B.G. Bartley and D.J. Taylor 
(1953) The Anglo-Colombian cacao collecting expedition. A report 
on cacao research at the Imperial College of Tropical Agriculture, 
St. Augustine, Trinidad, p. 8–29.

Ballesteros, P.W., B.T.C. Lagos and L.H. Ferney (2015) Morphological 
characterization of elite cacao trees (Theobroma cacao L.) in 
Tumaco, Nariño, Colombia. Revista Colombiana de Ciencias 
Hortícolas 2: 313–328.

Barros, N.O. (1970) El cacao en Colombia. Instituto Colombiano 
Agropecuario. Cali, p. 105.

Bridgemohan, P., K. Singh, E. Cazoe, G. Perry, A. Mohamed and 
R.S. Bridgemohan (2017) Cocoa floral phenology and pollination: 
Implications for productivity in Caribbean Islands. J. Plant Breed. 
Crop Sci. 9: 106–117.

Buriticá, C.P. (1985) Centro de domesticación del cacao: un punto de 
vista. El Cacaotero Colombiano 31: 52–55.

Carvalho, C.G.P., C.D. Cruz, C.M.V.C. Almeida and P.F.R. Machado 
(2002) Yield repeatability and evaluation period in hybrid cocoa 
assessment. Crop Breed. Appl. Biotechnol. 2: 149–156.

Chavarriaga, E. and H. Ochoa (1940) Apuntes sobre el Cultivo del 
Cacao. Rev. Fac. Nac. Agron. 2: 641–655.

Clement, D., A.B. Eskes, O. Sounigo and J.A.K. N’Goran (1993) 
Amélioration génétique du cacaoyer en Cote dÍvore: Présentation 
d’un nouveau schema de selection. In: Proceedings of the 11th 
International Cocoa Research Conference, Yamoussoukro, pp. 451–
455.

Clement, D., J. N’Goran, D. Paulin, P. Lachenaud, O. Sounigo and 
A.B. Eskes (1999) Amélioration génétique du cacaoyer en Côte 
d’Ivoire: nouvelle sortie variétale. In: Proceedings of the 12th Inter-
national Cocoa Research Conference, Salvador, Brazil, pp. 337–
344.

Cuatrecasas, J. (1964) Cacao and its allies: A taxonomic revision of the 
genus Theobroma. In: Systematic Plant Studies. Contributions 
from the United States National Herbarium, Washington, DC: 
Smithsonian Institution Press, pp. 379–614.

Cubillos, Z.G. (1983) Producción y Consumo. El Cacaotero Colombiano 
24: 5–9.

de Almeida, A.-A. and R.R. Valle (2010) Ecophysiology of Tropical 
Tree Crops. In: DaMatta, F.M. (ed.) Cacao: Ecophysiology of 
growth and production, 1st edn. Nova Science Publishers, Viçosa, 
pp. 1–34.

Delgadillo, D.L.P. (2017) Estudio de la respuesta de defensa de la 

Breeding Science 
Vol. 69 No. 3



Rodriguez-Medina, Caicedo Arana, Sounigo, Argout, Alvarado and YocktengBS

382

Livingstone, O. Cornejo, S.D. Findley, P. Zheng, F. Utro, S.  
Royaert et al. (2013) The genome sequence of the most widely 
cultivated cacao type and its use to identify candidate genes regu-
lating pod color. Genome Biol. 14: r53.

Nyassé, S., C. Cilas, C. Herail and G. Blaha (1995) Leaf inoculation as 
an early screening test for cocoa (Theobroma cacao L.) resistance 
to Phytophthora black pod disease. Crop Prot. 14: 657–663.

Ocampo, R.F. (1977) No se deje arruinar por la escoba de bruja. El 
Cacaotero Colombiano 3: 33–35.

Ocampo, R.F. and J.T. Correa (1978) Evaluación de híbridos de cacao 
al “mal de machete”. El Cacaotero Colombiano 4: 29–30.

Ocampo, R.F. (1985) Informe sobre recolección de germoplasma de 
Theobroma cacao L. El Cacaotero Colombiano 31: 24–29.

Ocampo, R.F., V.S. Cadavid, C.H. Salazar, B. Sáenz, M.A. Agudelo, A.  
Grisales and A.A. Caicedo (1987) Aspectos genéticos relacionados 
con el mejoramiento y productividad del cacao. IV Reunión técnica 
sobre el cultivo de cacao. El Cacaotero Colombiano 34: 19–22.

Oicatá, M. (1986) Caracterización de 62 clones nacionales de cacao 
existentes en el banco de germoplasma del CNI Palmira (master’s 
thesis). Universidad Nacional de Colombia. Palmira, p. 217.

Osorio-Guarín, J.A., J. Berdugo-Cely, R.A. Coronado, Y.P. Zapata, 
C. Quintero, G. Gallego-Sánchez and R. Yockteng (2017) Colombia 
a source of cacao genetic diversity as revealed by the population 
structure analysis of germplasm bank of Theobroma cacao L. 
Front. Plant Sci. 8: 1994.

Osorio-Guarín, J.A., J. Berdugo-Cely, R.A. Coronado, S.Y. Jaimes and 
R. Yockteng (2018) Análisis de asociación de la resistencia a 
Moniliophtora roreri y Moniliophtora perniciosa en cacao 
(Theobroma cacao). In: III Congreso Colombiano de Bioquímica y 
Biología Molecular. Bogotá, 1–3 Noviembre.

Palencia, C.G.E., C.G.A. Agudelo, V.L. Cuarán, D.N. Hermes, P.O.  
Guiza and R.G. Moreno (2014) Evaluación agronómica de tres 
genotipos promisorios de cacao (Theobroma cacao L.) para la sub-
región natural montaña santandereana. Corporación Colombiana 
de Investigación Agropecuaria. Bucaramanga, p. 29.

Patiño, V.M. (2002) Historia y dispersión de los frutales nativos del 
neotrópico. Centro Internacional de Agricultura Tropical, Cali. CO, 
p. 665.

Paulin, D., G. Mossu, P. Lachenaud and C. Cilas (1993) La sélection du 
cacaoyer en Cote d’Ivoire. Analyse du comportement de soixante- 
deux hybrides dans quatre localités. Café, Cacao, Thé 37: 3–20.

Paulin, D. and A.B. Eskes (1995) Le cacaoyer : stratégies de sélection. 
Plantation, Recherche, Développement 2: 5–18.

Perea, V.A., G.N. Martínez, H.F. Aranzazu and C.T. Cadena (2013) 
Características de calidad del cacao de Colombia. Catálogo de 26 
cultivares. Federación Nacional de Cacaoteros. Universidad 
Industrial de Santander. Bucaramanga, p. 107.

Phillips-Mora, W., A. Arciniegas-Leal, A. Mata-Quirós and J.C.  
Motamayor (2012) Catálogo de clones de cacao seleccionados 
por el CATIE para siembras comerciales, 1a edn. CATIE, Turrialba, 
p. 68.

Pimenta, N.A.A., D. Laranjeira, J.L. Pires and L.E.D.M. Newman 
(2018) Selection of cocoa progenies for resistance to witches’ 
broom. Tropi. Plant Pathol. 43: 381–388.

Ploetz, R.C. (2007) Cacao diseases: important threats to chocolate 
production worldwide. Phytopathology 97: 1634–1639.

Ramírez, J.G. (2016) Pérdidas económicas asociadas a la pudrición 
de la mazorca del cacao causada por Phytophthora spp., y 
Moniliophthora roreri (Cif y Par) Evans et al., en la hacienda 
Theobroma, Colombia. Rev. Protección Veg. 31: 42–49.

Rangel, G.S., E. Castro, E. Beltran, H. Reyes and E. García (2010) El 
ácido salicílico y su participación en la resistencia a patógenos en 
las plantas. Biológicas 12: 90–95.

Ribeyre, F., O. Sounigo, X. Argout, C. Cilas, B. Efombagn, M. Denis, 
J.M. Bouvet, O. Fouet and C. Lanaud (2017) The Genomic Selec-
tion of Theobroma cacao: a new strategy of marker assisted selec-
tion to improve breeding efficiency and predict useful traits in new 
populations. In: International Symposium on Cocoa Research 
(ISCR). Lima, pp. 13–17. Noviembre.

Rojas, F. and S.E.J. Sacristán (2013) Guía ambiental para el cultivo 
del cacao, 2nd edn. Ministerio de Agricultura y Desarrollo Rural—
Federación Nacional de cacaoteros, Bogotá DC. CO, p. 126.

Ruiz, E.X.A. (2014) Diversidad genética de cacao Theobroma cacao 
L. con marcadores moleculares microsatélites (master’s thesis). 
Universidad Nacional de Colombia. Palmira, p. 80.

Sáenz, B., A. Agudelo, Z.G. Cubillos and H. Zambrano (1986) As-
pectos tecnológicos actuales sobre el cultivo de cacao. El 
Cacaotero Colombiano 32: 23–30.

Sánchez-Mora, F., J. Zambrano, J.C. Vera, R.R. Ramos, F.F. Garces and 
G. Vásconez (2014) Sanitary and Productive Potential of 12 Clones 
of Cocoa in Ecuador. Revista Ciencia y Tecnología 7: 33–41.

Sena, A.R.G., G.A. Sodré, M. Guiltinan, R. Lockwood and S.  
Maximova (2015) Supplying new cocoa planting material to farm-
ers: A review of propagation methodologies, 1st edn. Bioversity 
International, Rome, p. 202.

Silva, S.D.V.M., E.P. Mandarino, V.O. Damaceno and L.P. Santos Filho 
(2007) Reação de genótipos de cacaueiros a isolados de 
Ceratocystis cacao funesta. Fitopatol. Bras. 32: 504–506.

Tahi, M., C. Trebissou, F. Ribeyre, B.S. Guiraud, D. Pokou and C. Cilas 
(2019) Variation in yield over time in a cacao factorial mating 
design: changes in heritability and longitudinal data analyses over 
13 consecutive years. Euphytica 215: 106.

Thomas, E., M. van Zonneveld, J. Loo, T. Hodgkin, G. Galluzzi and 
J. van Etten (2012) Present spatial diversity patterns of Theobroma 
cacao L. in the neotropics reflect genetic differentiation in pleisto-
cene refugia followed by human-influenced dispersal. PLoS ONE 
7: e47676.

Turnbull, C.J. and P. Hadley (2018) International Cocoa Germplasm 
Database (ICGD). Retrieved December 28, 2018, from http://www.
icgd.reading.ac.uk

Whitkus, R., M. de la Cruz, L. Mota-Bravo and A. Gómez-Pompa 
(1998) Genetic diversity and relationships of cacao (Theobroma 
cacao L.) in southern Mexico. Theor. Appl. Genet. 96: 621–627.

Wibaux, T., D.-C. Konan, D. Snoeck, P. Jagoret and P. Bastide (2017) 
Study of tree-to-tree yield variability among seedling-based cacao 
populations in an industrial plantation in Côte D’Ivoire. Exp. Agr. 
54: 719–730.

Zhang, D., A. Figueira, L. Motilal, P. Lachenaud and W.L. Meinhardt 
(2011) Theobroma. In: Chittaranjan, K. (ed.) Wild crop relatives: 
Genomic and breeding resources: plantations and ornamental 
crops, Springer, Heidelberg, pp. 277–296.

Breeding Science 
Vol. 69 No. 3


