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The genetic diversity of a cocoa population composed of 264 adult trees grown in anon farm plantation was 
assessed using 125 microsatellite markers to understand the relationship between the origin of the 
cultivated material and its agronomic features in the field. Analysis using a Bayesian model-based method 
allowed us to divide the cocoa trees into eight sub-populations (clusters) totaling 456 alleles with a 
coefficient of differentiation, FST = 0.1. Genealogical classes were generated within the entire population, and 
allowed to clearly identify 157 cocoa trees (59.46% of the total population) as derived from crosses between 
the two parental clones represented in bi-clonal seed-gardens, and were considered as true improved cocoa 
varieties while the genetic origin of 107 cocoa trees failed to be clearly identified. The parentage analysis 
carried out on the 157 trees identified as true F1-hybrids revealed that they belong to seven full-sib different 
progenies, derived from seven different bi-clonal seed-gardens. A comparison of the agronomical 
performances of three of the identified full-seed progenies showed differences for traits such as yield and 
susceptibility to pod rot caused by Phytophthora megakarya.  
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INTRODUCTION 
 
Cacao (Theobroma cacao L.) is a diploid (Cope, 1984) 
preferentially allogamous tropical tree species, 
belonging to the family Malvaceae (Alverson et al., 
1999). It is an important crop with industrial and 
nutritional values, and constitutes the principal source 
of raw material for making chocolate. It plays a major 
role in Africa, which hosts four of the five most cocoa 
producing countries worldwide, with Cameroon ranking 
5

th 
in production with an annual cocoa production 

neighboring 200,000 tons (ICCO, 2015). 
Cocoa was first introduced in Cameroon between 1876  
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and 1886 (Ardener, 1996, Bartley, 2005). After the first 
breeding program implemented in the 1950s, based on 
clonal selection, a new program was initiated in the 
early 1960s, based on the selection of high yielding full-
sib progenies, derived from crosses between the local 
clones selected in the 1950s and clones selected in 
Trinidad and Ghana, introduced in Cameroon in the late 
1950s (Liabeuf, 1962). 
This program consisted of the creation of around 300 
full-sib progenies and the assessment of their yield in 
trial plots in the research stations in Nkoemvone (South  
Cameroon) and in Barombi-kang (South-West 
Cameroon). This program resulted in the selection of 24 
full-sib progenies, released to farmers through the 
establishment of 36 bi-clonal seed gardens (plots estab- 
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lished with cuttings representing the 2 parents) in three 
sites in South, East, South West and Centre regions of 
Cameroon, between 1960 and 2002. 
Unfortunately, no further assessment of the 
performances of the released improved cocoa varieties 
has been made after they were established in cocoa 
farms, except few farmers’ interviews revealing that 
these improved varieties were generally appreciated for 
their level of precocity and yield, but were disliked for 
their high level of susceptibility to pod rot caused by 
Phytophthora megakarya (Efombagn et al., 2007). 
However, the main problem encountered with these 
cultivated varieties is the high variation in agronomic 
traits’ of cocoa trees within a single plantation. This 
might be due to the mixture of seedlings from different 
progenies during the establishment of a plantation or 
replacement of dead cocoa trees, as well as the high 
heterozygosity that is commonly found in clonal hybrids 
in cocoa producing countries. 
One of the major constraints faced by cacao breeding 
programs is the poor availability of uniform genetic 
background of the material to constitute the germplasm 
serving as working collections. In Cameroon for 
instance, most of the genotypes used as parental 
clones in varietal selection harbour a great level of 
heterozygosity in the genome. The progenies obtained 
are consequently considered as clonal hybrids rather 
than true F1-Hybrids with all the individuals being 
genotypically uniform. The direct consequence is the 
high level of outcrossing pattern usually exhibited on-
farm as shown in Côte d’Ivoire by Pokou et al., 2014. 
Efombagn et al. (2008) have also shown that the 
cultivated cacao populations generally display a 
diversified structure, with a relatively high rate of 
genetic diversity. A great genetic variation within cacao 
progenies may impact significantly on its agronomic 
performance, specifically with yield components 
(Aikpokpodion et al., 2010; Cassia et al., 2013) and 
PPR resistance (Barreto et al., 2015) controlled by 
several genes. 
In order to get information on the performance of the 
released cocoa varieties, a participatory breeding cocoa 
selection was initiated in Cameroon in 2005, consisting 
in releasing  pods from the bi-clonal seed gardens to 
farmers, after identification of the genetic origin of these 
pods and following the performance of the derived 
progenies in on farm plots (Sounigo et al., 2012). 
In addition, molecular and phenotypic data obtained 
from a linkage disequilibrium study (Sounigo, data not 
published) conducted on twenty year old cocoa trees in 
an on farm cocoa trial were used in an alternative 
approach for assessing on farm performances of the 
improved cocoa varieties. The molecular data of the 
cocoa trees in the field was compared to the one from 
the parental clones of the bi-clonal seed gardens used 
to produce at large scale the released progeny and 
parentage analyses were performed in order to identify 
the pedigree of the assessed cocoa trees. The 
performances  of  the  identified  full-sib progenies were 

then compared. 
The present paper describes the genetic diversity of the 
whole set of cocoa trees studied and the agronomical 
performances observed within the true full-sib 
progenies identified in the on farm cocoa plot used for 
our study. 
 
 
MATERIALS AND METHODS 
 
Plant material and growing conditions 
 
The study was conducted on a twenty-year old on farm 
plot located near the city of Yaoundé, in the central 
region of Cameroon.  
This plot was set up using more than 3,000 seedlings 
derived from pods commercially released to farmers. 
These pods were harvested in bi-clonal seed gardens 
after natural pollination. No hand-pollination was 
performed in the bi-clonal seed-gardens of Cameroon in 
the early 1980s since the female parental trees had 
been selected for their self-incompatibility and the 
seeds derived from natural pollination were assumed to 
originate exclusively from crossing with the male 
parental trees present in the bi-clonal seed-gardens. 
However, a study made by Lanaud et al. (1987) showed 
that the self-incompatibility of the female parental trees 
failed to prevent selfing from occurring under natural 
pollination. The cocoa trees in our plot were assumed to 
be a mixture of trees derived from crosses and selfing. 
The cocoa trees were cultivated under permanent 
shade provided by forest trees and no fungicide 
treatment was performed during the study, these two 
conditions being assumed to favor a high level of 
infection by Phytophthora megakarya, desirable for 
assessment of cocoa trees for tolerance to this disease.  
Counting of pods was made on all the 3,000 cocoa 
trees at the beginning of the main harvest season (end 
of August 2005), and the 260 cacao trees with a high 
number of pods were selected for this study, in order to 
ensure a reliable assessment of certain traits, such as; 
tolerance to black pod disease, caused by 
Phytophthora megakarya, bean and pod traits, two 
traits that require a proper sample size. 
 
METHODS 
 
Genotyping 
 
Since the assessed cocoa trees were also used for a 
linkage disequilibrium study aiming at identifying 
genome areas involved in several traits of interest 
(Sounigo, data not published), the set of markers 
selected for this study were those found to be close to 
PPR resistance QTLs identified by a previous meta 
QTL analysis and distributed along the ten 
chromosomes of the cacao genome in a consensus 
map (Lanaud et al., 2009). DNA was extracted from 
fresh leaves harvested from the 260 selected cacao
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trees. 125 SSRs markers described by Lanaud et al. 
(1999) and Fouet et al. (2011) were used to genotype 
the corresponding samples. The position of these 
markers along the cacao linkage groups was presented 
in a reference map established recently by Allegre et al. 
(2012). After the extraction, DNA fragments were 
amplified and genotyped in the fluorescent PCR 
products and analyzed on Mega BACE™ 1000 
Sequencer (Amersham Biosciences) as described by 
Fouet et al. (2011). Genotyping was carried out by the 
National Genotyping Center (CNG) in France following 
the protocol described by Fouet et al. (2011). 
 
Analyses of markers 
 
GenAIEx v 6.5 (Peakall and Smouse,2012) was used to 
determine the sample size, number of alleles, number 
of effective alleles, FST values, observed heterozygosity 
and expected heterozygosity for each of the 125 
markers. 
 
Population structure  
 
The software STRUCTURE ver.2.3.3 (Falush et al., 
2003; Pritchard et al., 2000) was ran to identify the 
genetic structure and the number of sub-populations 
among the 264 accessions. Analyses were ran using a 
burn-in period of 100,000 and MCMC (Monte Carlo 
Markov Chain) reactions of 200,000. The admixture and 
correlated option were used for the ancestry and allele 
frequency models. While running STRUCTURE, the 
hypothesis of two (k=2) to eight (k=8) subpopulations 
was considered. Individuals were assigned to a 
subpopulation only when a cluster membership 
probability was higher than 70%.  
 
Identification of genealogical classes among 
accessions 
 
The microsatellite data of the 264 accessions (F1 
hybrids, admixed or selfed genotypes) were subjected 
along with bi-clonal seed gardens (BSG) progenitors to 
the analysis of hybrid ancestry using the method 
implemented in the program NEWHYBRIDS 1.0 
(Anderson and Thomson, 2002). STRUCTURE can 
identify admixtures among any number K of parental 
populations, while NEWHYBRIDS assumes that hybrid 
classes originated after admixture of two parental 
species or parental populations (genetic groups of 
putative progenitors in our study) within species. 
NEWHYBRIDS uses an inheritance model defined in 
terms of genotype frequencies to compute for each 
individual, the posterior probability of inclusion in each 
of the following six classes: P1 (Female’s BSG 
progenitors in our study), P2 (male’s BSG progenitors), 
selfed P1 or selfed P2 genotypes (S1), F1, F2 and back 
cross (BC) genotypes between F1 and each of the two 
genetic groups of progenitors (P1 and P2). 
NEWHYBRIDS was run using the default parameters 

for the six genotype class frequencies, Jeffreys prior, a 
burn-in phase of 100 000 steps and 500 000 MCMC 
sweeps. The five Amelonado controls were 
subsequently used as a separate parental class to 
simulate the reality in farmers’ field where genotypes 
may have originated from outcrossing between 
traditional and BSG-derived progenies.  
 
Parentage analysis 
 
Parentage analysis was performed only on the F1 
hybrid accessions identified by NEWHYBRIDS. We 
used the software CERVUS 3.0 (Marshall et al., 1998) 
to detect the putative BSG progenitors of the F1 
accessions, as well as of the selfed S1 accessions per 
candidate progenitor. CERVUS uses a simulation 
program to generate log-likelihood scores and provides 
a level of statistical confidence to assign paternity, 
maternity or both male and female parents. Parent pair 
analysis used in this study is the common parentage 
analysis when the candidate male and female parents 
are known (Marshall et al., 1998). The log-likelihood 
ratios were expressed as LOD scores, which are the 
natural logarithm of likelihood ratios products at each 
locus. The most likely progenitor was the one with the 
highest positive LOD Score. The CERVUS programme 
uses furthermore the number of mismatching loci 
between a candidate parent and a putative offspring for 
the parental assignment. Parent pair non-exclusion 
probability (Jamieson and Taylor, 1997; Marshall et al., 
1998) for each candidate progenitor was calculated for 
each microsatellite used. The non-exclusion probability 
is the probability of not excluding a single unrelated 
candidate parent or parent pair from parentage of a 
given offspring at one locus.  
 

Comparison of the genetic and the geographic 
matrices 
 

The relationship between the genetic and the 
geographic distances was estimated with the mantel 
test procedures computed in GenAIEx v 6.5.The 
genetic distances as well as the geographic distance 
matrices were calculated and estimates between 
possible pairs of individual cocoa trees of the study 
were generated prior to the comparison test. In 
GenAIEx v 6.5, Mantel tests for Matrix Correspondence 
(Mantel, 1967) followed the method of Smouse and 
Long (1992), with the option for statistical testing by 
random permutation. The Mantel option allows tests for 
a statistical relationship between the elements of any 
two distance matrices with matching entries. Typical 
applications include testing for isolation-by-distance, for 
which a Nei genetic distance matrix (or log of the 
genetic distance) is compared with the geographic 
distance matrix.  
 

Yield components 
 
Tree yield related traits were measured namely; the number 
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of pods per tree (PodNum), the average weight of one 
fermented and dried bean (BeanWei) and the number 
of beans per pod (BeanNum).  
Healthy (ripe) and rotten pods (unripe and ripe) were 
harvested every week during the period from April 2007 
to March 2010 and counted, for each tree. 
To estimate the average bean weight, the fresh beans 
from the pods of the same cacao tree were mixed to 
constitute a sample, fermented during five days and 
exposed to solar drying. The drying was completed 
when the amount of water within a bean was below 8%. 
100 dried beans were randomly picked up in each 
sample and weighed. 
The average bean number was obtained by averaging 
the number of beans counted fromfive separate pods 
harvested from the cocoa tree. 
 
Disease Phenotyping 
 
Incidence of PPR in the field (%PPR) 
% of rotten pods was calculated according to the 
following formula; 
 %PPR = number of rotten pods / (number of rotten 
pods + number of healthy pods) * 100 
 
Symptom scoring after artificial inoculation 
(PodTest) 
 
Artificial inoculation was performed in the lab on mature 
but unripe harvested pods. The protocol was the one 
perfected by Iwaro et al. (2000), consisting in spraying a 
suspension of zoospores from a moderately aggressive 
isolate of Phytophthoramegakarya (3x10

5 
zoospores/ml) 

on the pods placed in trays just after the harvest. The 
trays were then kept in obscurity at room temperature 
during 5 days.  
Symptom assessments were made 5 days after 
inoculation, based on a scale describedby Iwaro et al. 
(2000), taking both the frequency and the surface of the 
lesions caused by Phytophthoramegakarya into 
account. 
The number of pods used for artificial inoculation 
rangedbetween 4 and 20 per cacao tree.  
 
Analyses of variance were carried out with S.A.S. 
(2000) software version 8 to compare accessions or 
groups of accessions. The Newman and Keuls 
(Cochran and Cox, 1957) test at 5% probability level 
was used to compare means of individual cacao trees 
and means of progenies. 
 
 
RESULTS 
 
Population structure 
 
Bayesian clustering implemented within the 
STRUCTURE v 2.3.2.1 software identified K=7 as the 
most likely number of subpopulations. The criteria used 

to define the number of subgroups within the studied 
population, which are the position of break point in the 
L(k) curve and a peak in the ∆k distribution, supported 
this value of K=7, and the corresponding sub-
populations are depicted in Fig.1. 
 
Genetic diversity within the sub-populations 
revealed by the population structure 
 
Table 1 shows thevalues for diversity parameters for 
each of the seven sub-populations identified by 
STRUCTURE. The number of genotyped accessions 
ranged from 14 (Cluster 2) to 114 (Cluster 6) among the 
seven subpopulations. A total of 546 alleles were 
amplified across the accessions. The mean number of 
alleles across all accessions in each subpopulation 
ranged from 2.0 to 3.78.The number of alleles per locus 
across all accessions ranged from 2 to 12, and the 
number of effective alleles ranged from 1.59 to 2.36, 
with a mean of 2.06. Mean observed heterozygosity 
across the markers was 0.56 (ranged between 0.41 
and 0.66).Population differentiation among all analyzed 
accessions was significant with a mean overall FST 
value of 0.105 (p< 0.001, AMOVA).  
 
Identification of the genealogical structure within 
the farm population 
 
The genealogical classes of the farm population in 
relation to the bi-clonal Seed Gardens progenitors used 
in Cameroon were determined by NEWHYBRIDS. The 
results suggested that 157out of 264cocoa trees (60% 
of the total population) issued from crosses between the 
two parents of the same BSG plots, corresponding to 
truly improved varieties, noted as F1 in the present 
paper. 37 cocoa trees (14%) were issued from crosses 
between two parents, but located in two different BSG 
plots. Two hypotheses can explain their existence: 
cross contamination among neighboring BSG plots and 
accidental introduction of wrong parent trees during the 
setting-up of the BSG plots, after mislabeling events. 21 
trees (8%) were identified as derived from selfing of five 
clones (SNK16, SNK64, T79/501, ICS 40 and ICS 46) 
used as parents in the BSG. The genetic origin of the 
remaining 48 (18%) trees could be interpreted as 
belonging to either F2 or backcross (BC). 
Such trees could originate from natural establishment of 
seedlings obtained from seeds from the trees originally 
set up in the plot, once these trees were able to 
produce fruits, or these seedlings could have been set 
up by the farmer in order to replace cocoa trees which 
died few years after plot establishment. 
F2 and BC were considered as one group (identified as 
F2+BC in Table 2) because the probabilities of 
assignment were rather similar.F2+BC material was 
found as the likely product of natural pollination in 
farmers’ field between F1 hybrids, or between F1 hybrids 
and traditional genotypes. The trees derived from the 
BSG crosses were distributed between four different
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Table 1. Population statistics across and within each subpopulation revealed by STRUCTURE and averaged for all the 125 
SSRs loci. 
 

Subpop N NA NE Ho He GD AR F 

 
1 21 2.776 2.360 0.665 0.513 0.523 2.089 -0.280 (0.017) 

 
2 14 2.776 2.082 0.579 0.436 0.448 1.923 -0.298 (0.025) 
 
3 37 2.888 2.066 0.518 0.421 0.425 1.877 -0.196 (0.019) 
 
4 5 2.000 1.593 0.418 0.314 0.343 1.674 -0.294 (0.024) 

 
5 19 3.128 2.118 0.565 0.441 0.450 1.948 -0.247 (0.019) 

 
6 114 2.480 2.060 0.563 0.427 0.428 1.859 -0.306 (0.022) 

 
7 23 2.624 1.989 0.621 0.463 0.470 1.899 -0.345 (0.018) 

 
NC 31 3.784 2.227 0.553 0.485 0.493 2.033 -0.135 (0.013) 

 
All 

264 
 

 
2.807 2.062 0.560 0.437 0.447 1.913 -0.261 (0.007) 

 
 

 

 
Figure 1. Diversity structure depictured for 264 accessions according to the STRUCTURE program (Pritchard et al. 2000). 

 
 

clusters, whereas the two other genealogical classes 
(crosses without fidelity to BSG known combinations 
and F2/BC genotypes) were scattered in more clusters, 
including the group of accessions which did not belong 
to any of these subpopulations45 (NC= No Classified). 
 
Parentage analysis 
 
All the F1 genotypes were subjected to a parentage 
analysis to detect the true BSG progenitors in the 
studied population. The 37 F1 hybrid genotypes for 
which the two parents identified did not correspond to 
the known combinations of the BSG progenitors 
represented19.07% of the total F1 hybrid genotypes 
found in this study. These were therefore derived from 
unwanted hybridization in the BSG. More than 80% 
(157 trees) of that genealogical class was true F1 
progenies corresponding to the known commercial 
varieties released from Seed gardens.The true 157 F1 

genotypes were assigned to candidate BSG progenitors 
based on the highest positive LOD score and on the 
number of mismatched alleles registered (Table2). 
Seven full-sib progenies were identified, represented by 
the number of trees ranging between one (case of 
ICS95*SNK10) and 110 (case of SNK16*T60/1174). All 
the trees from the same full-sib progeny were assigned 
to the same cluster generated by STRUCTURE, 
showing a complete match between the genetic 
structure and the parentage analysis approaches.  
 
Relationship between the genetic structure and the 
geographical distribution of the cacao trees 
 
A graph of the relationship between elements from any 
two matrices was plotted (Fig. 2). A correlation 
coefficient for both genetic and geographic data 
matrices yielded a value of 0.011, with a test for a 
significant relationship by approximately 1,000 random
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Table 2. Distribution of the cacao accessions in the different genealogical classes and identification of progenies issued 
from bi-clonal seed gardens (BSG). 

 

Type of material Progeny Quantity of 
Trees 

Corresponding 
Cluster 
(STRUCTURE) 

Percentage 

 
 
 
 
F1 Hybrids derived 
from BSG 
 

ICS40*UPA134 
SNK109*T79/501 
SNK13*T79/501 
SNK16*T60/1174 
ICS95*SNK10 
ICS95*SNK413 
ICS95*UPA41 
 
Sub total 

16 
5 
23 
110 
1 
1 
2 
 
158 

Cl1* 
Cl3 
Cl3 
Cl6 
Cl5 
Cl5 
Cl5 

 
 
60.0% 

F1 Hybrids 
ofunknown origin 

 37 Cl1, 2, 3, 5, 6, NC 14.0% 

Selfed BSG parents  21 Cl 3, 4, 7 8.0% 

Other genotypes  F2 +BCs 48 Cl1, 2, 3, 4, 5, 7, 
NC 

18.0% 

Total 264   

 

Cl= Cluster revealed by the software STRUCTURE – NC: accessions no attributed to any of the seven clusters. 
 
 
 
 

 

Figure 2. Relationship between the genetic and the geographic distances among the 264 accessions scattered in a 
single plot. 

 
 
permutations. The null hypothesis was that there is no 
significant relationship between the two types of 
distances. However, a random correlation was not at 
the extreme (closer to +1 or – 1), indicating that the 
genetic structure of the cacao population was weakly 
related to the distribution of the trees within the plot. 
 
Phenotypic evaluation of BSG progenies 
 
The ranking of the five genetic origins represented by 

more than 10 trees for several traits is presented in 
Table 3. 
The progeny derived from SNK 16 * T 60/1174 
appeared as a higher yielder than the other genetic 
origins. Indeed, the mean cumulated yield of this 
progeny was estimated at9119 g per tree during the 
period from April 2007 to March 2010, corresponding to 
an estimated potential annual yield of 3.377 kg of dried 
cocoa bean at the recommended planting density of 
1,111 cocoa trees/ha. 

y = 0.183x + 63.47
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Table 3. PPR resistance and yield performance observed in the different subgroups of the studied population. 

%PPR: percentage of PPR-infected pods -PodTest: Symptoms scored on infected pods five days after inoculation – PodNum: Average number of pods per tree – BeanWei: 

Average bean Weight par tree – BeanNum: Average number of beans per pod– BeanWei/Pod: Average bean weight (gr.) per pod– optimal average yield: mean weight of cocoa per tree, 

calculated on the basis of all harvested pods, including the ripe and unripe rotten pods – minimal average  yield: mean weight of cocoa per tree, calculated exclusively on the basis of  the healthy 

harvested pods. 
 

 

On the other hand, the two other progenies (SNK 13 * T 79/501 and ICS 
40 * UPA 134) showed yields similar to trees which were not derived from 
the full-sib progenies officially selected for releasing to farmers. The 
potential yield values for these genetic origins ranged between 5997 and 
8492 g of cocoa bean per tree, corresponding to a potential annual yield 
ranging between 2221 and 3145 kg/ha. 
The lowest level of yield was observed for the trees derived from the 
selfing of parents represented in the BSG (5997 g/tree, corresponding to 
2221 kg/ha).  
Of course, one should not forget that the performances of the assessed 
trees probably did not reflect the average performances of the progenies 

since the assessed trees were not a randomly chosen sample but were 
selected on the basis of the number of pods they were bearing in August 
2005. Consequently, the values obtained here are expected to be higher 
than the mean values of the progenies.   
The progeny obtained from ICS 40 * UPA 134 showed a lower number of 
rotten pods (44.8%) than the four other genetic origins (55 to 62.8%). This 
lower level of susceptibility to black pod disease caused by Phytophthora 
megakarya was confirmed by the lower score observed for this progeny 
after lab inoculation of the pods (4.0) while this score ranged between 4.4 
and 5 in the case of the other progenies. 
Taking the % of rotten pods into account, the annual yield of the different

Type of 

comparison 
Genetic origin 

Number of 

Trees 
%PPR PodTest PodNum BeanWei BeanNum BeanWei/Pod 

Optimal 

average yield 

Minimal 

 average yield 

among full-

progenies 

issued from 

BSG 

ICS40*UPA134  15 44.8 (6-76) b 4 (2.6-6.0) a 170.3 (46-356)a 1.15 (0.72-1.67)ab 33.6(12.5-45.4)a 38.9(14.5-60.9)a 6625b 3869a 

SNK13*T79/501  23 62.8 (33-82) a 4.6 (2.7-5.6) b 184.6 (27-434)a 1.07 (0.75-1.25)a 35.5 (29.0-68.1)a 38.5(25.4-72.9)a 7107b 2500b 

SNK16*T60/1174  110 61.1 (22-89) a 4.4 (2.0-7.0 )b             257.6 (44-596)b 1.06 (0.78-1.66)a 33.5 (16.0-49.8)a 35.4(17.5-71.2)a 9119a 3432a 

among cacao 

trees from 

different 

genetic origins 

Full-sib progenies 

issued from BSG 158 59.7(6.1-89.4) a 4.5(2.0-7.6) b 233.3(27-596)a 1.1(0.7-1.7)c 33.7(12.5-68.1)a 36.4(14.5-72.9)b 8492a 3306a 

progenies of 

Unknown origin 
37 59  (11.2-88.7 )a 5.3(2.5-6.9) a 203.7(63-506)a 1.02(0.69-1.39)c 34.5(19.5-47.5)a 35(13.5-57.4)b 8074a 3149a 

Progenies issued 

from selfing of 

BSG parents 
21 60.5 (27.6-84.5) a 5 (2.5-6.9) ab 132.1(40-213)b 1.39(0.75-1.95)a 31.8(20.5-36.4)a 45.4(25.2-56.6.)a 5997c 2764b 

Other genotypes 

(F2 +BCs) 48 55.0(13.9-88.8) a .95(2.0-7.6) ab 175.9(17-465)ab 1.20(0.76-1.83)b 35.3(24.0-49.5)a 42.3(22.9-73.1)a 7440b 3435a 
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genetic origins ranged between 2500 and 3869 (g of 
cocoa /tree), corresponding to annual yields of between 
926 and 1433 kg/ha. 
The two highest yielding progenies were derived from 
ICS 40 * UPA 134 (1343 kg/ha) and SNK 16 * T 
60/1174 (1,311 kg/ha), while the progeny derived from 
SNK 13 * T 79/501 showed a lower value (965 kg/ha) 
than the progenies which did not correspond to officially 
released genetic material (1,094 and 1,114 kg/ha).  
Only the trees derived from selfing of parents of BSG 
were found to yield nearly as poorly as SNK 13 * T 
79/501, with a yield of2764 g/tree, corresponding to 
1024 kg/ha. 
On the other hand, there was no statistical difference 
between the different genetic origins for the number of 
beans per pod and for the mean weight of one 
fermented and dried bean. 
 
 
DISCUSSION 
 
One of the objectives of our study was to investigate the 
structure of a cultivated cacao population composed of 
varieties released from commercial seed gardens. The 
genetic structure (Fig. 1)confirmed the presence of 
different sources of planting material within the plot. 
Efombagn et al. (2008) showed that a high level 
admixture in most cacao farms in Cameroon, due to 
hybridization and recombination of these genes from 
different genetic groups in seed gardens and in farmers’ 
fields. In this study, seven different clusters were 
identified with 48 accessions (18% of the total 
population) being unclassified to any of these clusters. 
However, one cannot be sure that the figures observed 
for the 264 tree subsamples were also valid for the 
whole plot since this subsample was not identified 
randomly but based on the number of pods counted on 
the trees in September 2005. 
It is important to note that the % of trees identified as 
derived from undesired selfing of parents in the BSG 
seemed very low (only 8% of the trees), compared to 
the levels of selfing observed in the BSG of Cameroon 
and other African countries, in a study undertaken in 
1986 (Lanaud et al., 1987).  
Among the diversity parameters estimated, the genetic 
differentiation among the clusters generated by 
STRUCTURE software appeared relatively low (FST= 
0.1), when compared to wild population on which a FST 
of 0.2 was observed in another study (Lachenaud and 
Dapeng, 2008), this value obtained in our study 
indicated that the selection process leading to the 
development of released cacao varieties acted as an 
evolutionary force to narrow the diversity over time. All 
the basic values for the genetic parameters were similar 
to those found in similar cultivated populations studied 
in Côte d’Ivoire (Pokou et al., 2009;2014; Aikpokpodion 
et al.,2009; Opoku et al. 2007).  
A knowledge of the genetic diversity and population 
structure of germplasm collections is an important 

foundation for crop improvement. The large variability in 
farm accessions can be explained by the large variation 
of cacao introduced in Cameroon at the beginning of 
the 20

th
 century, as reported by Bartley (2005).The BSG 

progenies resulted from crosses between genetically 
distant parental clones, usually a Trinitario male 
crossed with an upper/lower Amazon female parent. 
These types of hybrid varieties have the advantage of 
revealing some superior tolerant or high yielding trees 
as a result of the high heterosis generated (Dias et al., 
2003). Hybrids’ breeding value gives a measure of 
probable advances for yield components like pods and 
bean traits as shown by Adewale et al. (2014) in a field 
experiment aiming at measuring the heterosis in hybrid 
progenies. 
The parentage analysis revealed that at least seven full-
sib progenies from bi-clonal seed gardens were 
released to the farmer for his plot. This number might 
be higher since we only genotyped a sub-sample of the 
trees (around 10%) and the sampling method was 
based on the number of pods produced in August 2005. 
It is thus possible that full-sib progenies received by the 
farmer from the extension unit and initially planted were 
not detected in our study, for several reasons; the 
farmer could have received only few pods from the 
parents of these progenies, these progenies were not 
able to establish properly in the plot or yielded poorly. 
These reasons could also explain why the seven 
progenies from seed-gardens were not equally 
represented in the plot, the one from SNK 16 * T 
60/1174 being largely represented (110 trees) while the 
six others were represented by numbers of trees 
ranging between 1 and 23.  
No correlation was observed between genetic and 
geographical distances between the assessed trees, 
indicating that a mixture of seeds was probably made 
before planting. The absence of correlation indicates 
that phenotypic differences observed between the 
assessed progenies were due to genetic differences 
rather than to their small scale environment. Indeed, on 
farm cocoa plots are usually very heterogeneous in 
Cameroon, especially because of the presence of 
shade trees belonging to several species, having 
contrasted impacts on the neighbouring cocoa trees 
through their influence on the level of shade, on the soil 
fertility and on the competition for water (Isaac et al., 
2007;Sonwa et al., 2007, Nygrenet Leblanc, 2009). 
The assessment of the different types of progenies 
identified from the parentage analysis revealed a rather 
high level of potential yield (ranging between 2,400 and 
3,400 kg of cocoa per year and per ha), the highest 
value being observed for the progeny derived from SNK 
64 * T 60/1174.However, these values do not probably 
reflect the average yield of these progenies since they 
were calculated on the basis of the totality of the 
harvested pods, including unripe and ripe rotten pods 
and since the trees selected for our study were the 
ones showing high numbers of pods in August 2005. 
The yield values must be considered with caution and it 
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is not clear if the comparison between the different 
progenies could be considered as reliable, since the 
samples size varied greatly among the assessed 
progenies. Indeed, since the 10% highest yielding trees 
in August 2005 were selected for the study, the progeny 
SNK 64 * T 60/1174 was expected to have been 
advantaged because of its large population size (110 
trees). This large level of representation could have 
resulted from a predominance of this progeny among 
the seedlings before planting or from a higher level of 
survival of this progeny in the plot. On the other hand, 
one cannot rule out the possibility that this progeny is 
predominant in our sample because it actually yielded 
more than the others. It would be necessary to 
genotype another sample of randomly chosen cocoa 
trees to compare the representation of the different 
progenies in it with the one observed in our biased 
sample.   
The progeny derived from ICS 40 * UPA 134 showed a 
lower level of susceptibility to pod rot caused by 
Phytophthora megakarya, when this trait was measured 
through the % of rotten pods (44.8% for this progeny 
versus 56.8 to 62.8% for the other progenies) and when 
it was measured through the scores obtained after 
artificial pod inoculation (4 versus 4.4 to 5.3 for the 
other progenies).  
Considering the rate of rotten pods for the calculation of 
yields, the two progenies derived from ICS 40 * UPA 
134 and SNK 64 * T 60/1174were better performing 
(3869 g/tree corresponding to 1343 kg/ha and 3432 
g/tree corresponding to 1311 kg of dried cocoa 
/ha/year, respectively) than the other progenies (2500 
g/tree, corresponding to 965 kg/ha to 3435 g/tree, 
corresponding to 1114 kg dried cocoa /ha).These 
differences in yields between released improved cocoa 
varieties were also observed in on farm progeny trials 
set up in Cameroon since 2006 (Sounigo et al., 2012) 
with the best performing variety yielding three times 
more than the poorest performing one. Unfortunately, 
no data was available yet from these trials for the 
varieties assessed in the present study, except for the 
one derived from SNK 13 * T 79/501, which appeared 
to yield moderately also in the on farm trial plot.  
Our data indicated that two out of the three released 
improved varieties performed better than progenies not 
obtained from the seed-gardens. Similar  results were 
observed in on-farm trial plots set up in 2007 (Sounigo 
et al., 2012) where only one out of the two varieties 
from bi clonal seed gardens under assessment 
performed better than unselected progenies obtained 
from pods harvested in farmers’ plots. 
Our data also indicated a low level of yield for the trees 
derived from selfing of the parents of the BSG. This 
confirmed the results from a study conducted in Côte 
d’Ivoire by N’goran et al.  (2003) who found a difference 
of about30% between the yield of full-sib progenies and 
trees derived from selfing of the same female parent. 
This confirmed the need for performing hand-pollination 
in these plots for progeny release (Bastide and 

Sounigo, 1993) which dramatically reduced the rate of 
selfing. 
On the other hand, the trees obtained from unknown 
origin and from open-pollination of the released 
varieties showed yields not significantly different from 
the full-sib progenies.  
In this study, the trees inside this category were 
probably derived from pods harvested from the 
released of full-sib progenies inside the plot, or from 
spontaneous germination of seeds or voluntary planting 
by the farmer. The rather good performances of this 
type of trees was however good news since the use of 
pods harvested in commercially established cocoa plots 
has been a common practice in Cameroon during the 
last twenty years, whether to establish new cocoa plots 
or for replacing dead cocoa trees in old plots 
(Efombagn et al., 2008). 
The progeny ICS40*UPA134 which is rather susceptible 
to PPR was more tolerant in the cacao plantation 
selected for this study. This result may suggest 
environmental effects as usually observed in farmers’ 
field. The Mantel test revealed that, the correlation 
between the geographic and the genetic structures 
within the plot was very weak. Therefore, the cacao 
trees of the same progeny were scattered over several 
parts of the plot, and therefore subjected to micro 
environmental variations mainly caused by the lack of 
uniform distribution of the shade. With regards to PPR, 
recent studies carried out in Cameroon have shown the 
impact of environmental factors on cacao pod 
production dynamics and spread of black pod disease 
caused by Phytophthora megakarya in smallholder’s 
plantations (Deberdt et al., 2008; Ndoumbè et al., 
2009).A PPR-susceptible progeny may consequently 
appear as less infected by the disease if most of its 
trees are located in low-shaded areas of the farm.  
The same progeny ICS40*UPA134 registered the 
lowest average number of pods per tree, but the 
greatest average bean weight and average number of 
bean per pod. The contradicting performances among 
yield components tallied with previous field 
observations in different cacao growing conditions. 
Engels (1985) and Tan (1990) found that Pod weight 
was positively correlated with number of beans per pod 
and bean weight, but showed no correlation with yield. 
Good agricultural practices could minimize the lack of 
convergence among yield component data. 
In conclusion, our study showed that this plot set up 
with improved cocoa varieties released by extension 
contained cocoa trees which did not originate from the 
expected genetic origin, for several potential reasons 
involving the technique of seed production (selfing of 
the female parents or harvesting of mislabelled trees in 
the bi-clonal seed gardens) or events occurring after 
field establishment (natural or voluntary addition of 
unselected progenies).In this paper, we described a 
strategy based on phenotypic assessment combined 
with parentage analysis using molecular markers. This 
approach could be very useful when it comes to assess- 



Sounigo et al.          175 
 
 
ing the performances of released varieties in on farm 
plots after a long time when the initial trial plots set up 
for selecting the best varieties do not exist anymore.  
It is envisaged to extend this study to other cocoa plots 
in Cameroon and compare the results from this 
approach to results obtained from setting up new on 
farm plots (program ongoing since 2006). The approach 
described in the current paper is less time consuming 
(three years for yield assessment and few weeks for 
molecular analyses) compared to the establishment of 
new trial plots (five years latency between planting and 
reaching the plateau indicating stable yield and three 
years for yield assessment).Indeed, the constant 
reduction in cost related to molecular analyses makes 
the approach described in this paper more attractive. 
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