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Abstract Knowledge of genebank and on-farm genetic
diversity, particularly in an introduced crop species, is
crucial to the management and utilization of the genetic
resources available. Microsatellite markers were used to

determine genetic diversity in 574 accessions of cacao,
Theobroma cacao L., representing eight groups covering
parental populations in West Africa, genebank, and farm-
ers’ populations in Nigeria. From the 12 microsatellite
markers used, a total of 144 alleles were detected with a
mean allelic richness of 4.39 alleles/locus. The largest
genetic diversity was found in the Upper Amazon parent
population (Hnb=0.730), followed by the 1944 Posnette’s
Introduction (Hnb=0.704), and was lowest in the Local
parent population (Hnb=0.471). Gene diversity was ap-
preciably high in the farmers’ populations (Hnb=0.563–
0.624); however, the effective number of alleles was lower
than that found in the genebank’s Posnette’s population.
Fixation index estimates indicated deficiency of hetero-
zygotes in the Upper Amazon and the Local parent
populations (Fis=0.209 and 0.160, respectively), and
excess of heterozygotes in the Trinitario parent population
(Fis=−0.341). The presence of inbreeding in the Local
parent populations and substructure (Wahlund effect) in
the Upper Amazon were suggested for the deficiency of
heterozygotes observed. Non-significant genetic differen-
tiation observed between the genebank’s and farmers’
populations indicated significant impact of national breed-
ing programs on varieties grown in farmers’ plantations.
From this study, we showed that appreciable genetic
diversity was present in on-farm and field genebank
collections of cacao that can be exploited for crop
improvement in West Africa. Suggestions for future
conservation of on-farm genetic diversity and local land-
races are further discussed.

Keywords Cacao . Gene diversity . Allelic diversity .

Rarefaction . Hardy–Weinberg equilibrium

Communicated by E. Dirlewanger

P. O. Aikpokpodion
Plant Breeding Division,
Cocoa Research Institute of Nigeria PMB,
5244 Ibadan, Nigeria

P. O. Aikpokpodion (*) : I. Ingelbrecht :M. Kolesnikova-Allen
Central Biotechnology Laboratory,
International Institute of Tropical Agriculture PMB,
5320 Ibadan, Nigeria
e-mail: paikpokpodion@yahoo.com

J. C. Motamayor
Mars Incorporated Subtropical Horticulture Research Station,
USDA/ARS,
13601 Old Cutler Road,
Miami, FL 33158, USA

V. O. Adetimirin
Department of Agronomy, University of Ibadan,
Ibadan, Nigeria

Y. Adu-Ampomah
Plant Breeding Division, Cocoa Research Institute of Ghana,
New Tafo, Ghana

A. B. Eskes
Bioversity International, Parc Scientifique Agropolis II,
34397 Montpellier Cedex 5, France

R. J. Schnell
Subtropical Horticulture Research Station, USDA/ARS,
13601 Old Cutler Road,
Miami, FL 33158, USA

Tree Genetics & Genomes (2009) 5:699–711
DOI 10.1007/s11295-009-0221-1



Introduction

The cacao tree (Theobroma cacao L.) is the main source of
raw materials used in the multi-billion dollar chocolate and
confectioneries industry. The world’s exports amount to
some US$5–6 billion/year and use of cocoa and cocoa
butter in chocolate manufacturing, cosmetics, and other
cocoa products drive approximately US$70 billion market
and provides over 60,000 jobs in the US alone (Guiltinan
2007). An estimated 72% of total world’s cocoa volume of
3.592 million metric tons is produced in West Africa
(ICCO, International Cocoa Organization 2006) and more
than 96% of cocoa production is done by smallholder
farmers who rely on proceeds from sale of cocoa beans as a
major source of family income. Cacao is an understorey
tree species native to the lowland rainforest of the Amazon
basin (Bartley 2005). Traditionally, the cocoa species is sub-
divided into three major genetic groups: Forastero, Criollo
(domesticated by the Amerindians in Central America), and
Trinitario (hybrids between Forastero and Criollo, originating
from Trinidad). While the Forastero trees are vigorous and
more resistant to diseases, the Criollo trees are poor yielding
and highly susceptible, although Criollo trees produce high
premium quality beans with aromatic flavor.

The Brazilian cacao of the Amelonado type (Lower
Amazon Forastero) was first introduced by the Portuguese
into Principe around 1822, and reached Sao Tomé in the
1850s (Bartley 2005). According to Nosti, quoted by
Toxopeus (1964a), it was from this collection that the
Spaniards brought cacao into the Island of Fernando Po
(now Bioko), Equatorial Guinea in 1854. This collection in
Fernando Po became the major source of cacao introduced
into mainland West Africa. Cacao was introduced from
Fernando Po by many workers and traders like Squiss
Ibaningo into Nigeria in 1874, Tetteh Quarshie into Ghana
in 1878, and Cote d’Ivoire in 1879 (Opeke 1969; Edwin
and Masters 2005; N’Goran et al. 1992). These earlier
introductions from Fernando Po formed the initial basis of
cacao grown in West Africa, and was referred to as the
“West African Amelonado”. During the late nineteenth
century, the Colonial administration also introduced some
red-podded cacao materials from British West Indies into
botanical gardens established in Aburi (Ghana) and Lagos
(Nigeria) (Toxopeus 1964a). By 1910, Ghana, followed by
Nigeria, had become one of the largest producing countries,
thus making the West Africa sub-region an important
growing area critical to the sustainability of the world’s
cocoa economy, a status it still maintains today.

The outbreak of cocoa swollen shoot disease in the 1930s
in Ghana, Togo, and Nigeria almost destroyed the cocoa
industry due to insufficient genetic variability in the base
population. Consequently, new introductions were made in
1944 from Upper Amazon Forastero materials collected by

F. J. Pound (Pound 1938, 1943) into the West African
Cocoa Research Institute headquarters in Tafo, Ghana and
Ibadan in Nigeria (Posnette and Todd 1951; Toxopeus
1964b). Due to the precocity of these materials, they were
widely distributed for replanting of cut out plantations and
by late 1950s, some 11 selected Upper Amazon types have
been used to produce second and third generations of Amazon
known as “F3 Amazon” or “Mixed Amazon” distributed to
farmers (Knight and Rogers 1955). By 1961, some
60,000 ha in Ghana (Glendinning and Edwards 1961; Edwin
and Masters 2005) and an estimated 21 million seedlings had
been distributed by the government of the Western Region to
plant some 9,500 ha (World Bank Report 1963 quoted by
Toxopeus 1964b) in Nigeria. Several hybrid varieties
involving crosses with local Amelonado, Trinitario, and
some Criollo materials were also developed from these
materials in Ghana (Lockwood 1976; Lockwood and Gyamfi
1979), Nigeria (Atanda and Jacobs 1974), and Cote d’Ivoire
(Besse 1975; N’Goran et al. 1992).

Significant expansion of cultivation has taken place during
the last half of the twentieth century and an estimated
5.5 million hectares (ICCO, International Cocoa Organization
2006) had been planted in Africa. Surveys on planting
materials in West Africa have shown that a mixture of
Amelonado landraces and Upper Amazon-derived cacao
hybrids distributed by the government are present in farmers’
fields (Aikpokpodion et al. 2003; Edwin and Masters 2005);
however, little was known of the genetic structure of
materials in field germplasm collections and commercial
plantations until recently (Aikpokpodion 2007; Bhattacharjee
et al. 2004a). Aikpokpodion et al (2003) also showed that
Upper Amazon hybrids are preferred by local farmers to
local Amelonado landraces due to the year-round fruit
production, shorter juvenile period, and higher pod yields.
Amelonado landraces, on the other hand, are appreciated for
their low vigor, high bean-to-pod volume ratio (less mucilage
and placenta content), and less susceptibility to black pod
disease. With the aim of securing the future of the world’s
cocoa economy, and avoid the situation in the 1930s when,
due to limited genetic variability in cacao collections, the
swollen shoot virus disease almost destroyed the industry,
the genetic structure of cacao collections in West Africa was
determined using microsatellite markers. This study was
done within the framework of the Sustainable Tree Crop
Program (STCP) sponsored by the United States Agency for
International Development (USAID), Department of Agri-
culture (USDA), and Mars Incorporated.

Microsatellite markers are known to be very efficient in
assessing genetic diversity due to their high discriminatory
power and information content arising from their multi-allelic
nature and co-dominant transmission of alleles (Powell et al.
1996). They have been successfully used in many studies on
genotype identification and genetic mapping (Wu and
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Tanksley 1993; Risterucci et al. 2000; Ramsay et al. 2000)
and linkage map construction (Pugh et al. 2004; Lu et al.
2005). Microsatellite markers have also been recommended
as an international standard for defining genetic identity and
have been used to study diversity in cacao genetic resources
(Gilmour 2000; Cryer et al. 2006; Sereno et al. 2006; Zhang
et al. 2006). The objective of the present study was to
determine the genetic diversity present in sub-samples of cacao
collections present in farmers’ field cultivation in relation to
diversity present in primary germplasm introductions.

Materials and methods

Plant materials and sample collection

Five hundred and seventy eight cacao accessions from both
field genebanks in four West African countries—Ghana,
Nigeria, Cote d’Ivoire, and Cameroon (Table 1)—and
commercial farm plantations were used in this study. Some
control samples representing major cacao populations were
also included (Lower Amazon Forastero (LAF)—Brazilian
Amelonado SIC 20, SIC 70; Upper Amazon Forastero
(UAF)—NA 33 and PA 70 from Intermediate Quarantine
Center, Reading; Trinitario—ICS 45 and ICS 95). The
accessions were classified into eight populations within
three major groups representing parental clones (65),
genebank collections (181), and farmers’ accessions (332).

1. Parental clones: This class consists of three populations:

(a) Introduced Upper Amazon clones (PUAmaz, n=
33), from which subsequent generations of Upper
Amazon materials used in all the West African
countries breeding programs were derived. These
include PA7, PA35, NA31, NA32, NA33, NA34,
IMC47, IMC53, IMC60, IMC76, and SCA12.
Clones like SCA6 and PA24 present in genebank
collections were also included.

(b) Local clones (PLocal, n=20) selected from locally
available germplasm at the inception of research
and used to generate new progenies, e.g., C-
clones, C1–C38 (Lockwood and Gyamfi 1979).
These are a mixture of local Amelonado and red-
podded local Trinitario.

(c) Trinitario (PTrin, n=12) from Trinidad, Imperial
College Selection (ICS) clones.

2. Genebank collections

(a) Posnette introduction (Posnette, n=108) represents
the first-generation progenies derived from crosses of
Upper Amazon clones introduced from Trinidad to
West African Cocoa Research Institute, Tafo, Ghana
in 1944 (Posnette and Todd 1951). These clones are

present in Ghana, Nigeria, Sierra Leone, and Ivory
Coast (Soria 1975). These are clones principally
used as parents in various national breeding pro-
grams to develop hybrid selections distributed to
farmers, e.g., WACRI Series I and II selections in
Ghana and Nigeria, 12 selected hybrids in Cote
d’Ivoire, and other selections from breeding trials.
Such materials include the 11 approved Upper
Amazon populations (T-clones) whose open polli-
nated progenies form the F3-Amazon widely dis-
tributed in West Africa, e.g., T79/501, T85/799,
T60/887, T65/326, etc.

(b) WACRI Selections (WACRI, n=73) represents the
second-generation progenies derived from crosses of
Upper Amazon clones introduced from Trinidad to
West African Cocoa Research Institute, Tafo, Ghana
in 1944. They form the bulk of released elite
varieties distributed to farmers. These include
WACRI Series II, double-cross hybrids, and Estab-
lishment Ability Elite varieties (Atanda 1977).

3. Farmers’ accessions: These were collected from farmers’
field across three agro-ecological zones, and defined as
populations from:

(a) Ideal cocoa climate ecology (IDClim, n=111) in
the rainforest vegetation zone of Nigeria with
annual rainfall amount in excess of 2,500 mm.

(b) Ideal cocoa soil ecology (IDSoil, n=156) at the
Nigeria–Cameroon border with deep soils well
suited for cocoa production but humid climate and
an annual rainfall in excess of 3,900 mm for most
parts of the year.

(c) Marginal cocoa ecology (MargE, n=65) where
annual rainfall amount is less than 2,000 mm and
vegetation of derived and southern guinea savanna.
Dry period is more pronounced than in other cocoa
growing areas.

Farmers’ accessions consisted of trees used as source of
planting materials for future plantings (“mother tree”) or
identified as interesting for yield and or disease resistance
(“farmers’ best trees”) as well as those selected by random
sampling. Samples were also taken of trees that farmers
would consider as “worst trees” and not use for future
plantings. This was done to ensure that most alleles in the
population were sampled in their relative frequencies and to
minimize allele loss through genetic drift.

DNA extraction, polymerase chain reaction (PCR),
and electrophoresis

Total genomic DNA was extracted from recently fully
expanded leaves about 2months old according to Bhattacharjee
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Table 1 Some West African cacao clones representing Local Amelonado and Trinitario, Upper Amazon Forastero, and Trinidad Trinitario
parental populations and genebank clones used in this study

Clone WACRI codea Pedigree Ghana Nigeria Cote D’Ivoire Cameroon

N38 C4 Local Amelonado + + + +

C13 ACU85 Local Trinitario + + + +

C14 W41 Local Trinitario + + + +

C17 Con D44/4 Local Amelonado + + − −
C22 E9:B31/195 Local Amelonado + + − −
C24 K5:C44/353 Local Trinitario + + + +

ICS1 Trinidad Trinitario + + + +

ICS6 Trinidad Trinitario + + + +

ICS39 Trinidad Trinitario − + − −
ICS40 Trinidad Trinitario + + + +

ICS45 Trinidad Trinitario + + + +

ICS60 Trinidad Trinitario + + + +

ICS95 Trinidad Trinitario + − + +

UF676 Trinidad Trinitario + + + +

MXC67 Criollo + + + +

NA31 Upper Amazon Forastero + − + +

NA32 C64 Upper Amazon Forastero + + + +

NA33 C81 Upper Amazon Forastero + − + +

NA149 Upper Amazon Forastero + + + +

NA187 Upper Amazon Forastero + + + +

PA7 C85 Upper Amazon Forastero − + − −
PA24 Upper Amazon Forastero − + − −
PA35 C65 Upper Amazon Forastero + + + −
PA35_OW C65 Upper Amazon Forastero − + − −
PA107 Upper Amazon Forastero + + + +

PA120 Upper Amazon Forastero + + + +

SCA6 Upper Amazon Forastero + + + +

SCA12 Upper Amazon Forastero + + + −
SCA24 Upper Amazon Forastero + + + +

IMC47 Upper Amazon Forastero + + + +

IMC53 Upper Amazon Forastero + − + −
IMC60 C84 Upper Amazon Forastero + − + +

IMC67 Upper Amazon Forastero + − + +

IMC76 Upper Amazon Forastero + − + +

T60/885 C40 PA7×NA32 + + + +

T60/888 C43 PA7×NA32 + + + +

T79/416 C68 NA32×PA7 + + + +

T79/467 C69 NA32×PA7 + + + +

T85/799 C77 IMC60×NA34 + + + +

T17/11 IMC53-OP + + + +

T65/7 PA7×IMC47 − + − −
T7/12 ICTA M8 − + − −
T86/45 PA35×PA7 + + + −

aWest African Cocoa Research Institute breeding materials (Lockwood and Gyamfi 1979)
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et al. (2004b) and standardized to a concentration of
≈2.5 ng μl−1. Twelve microsatellite markers previously
reported (Lanaud et al. 1999; Pugh et al. 2004) were used
in this study. PCR amplification reactions were performed in
a MJ research PTC 200 thermal cycler (MJ Research,
Watertown, MA, USA) with 5 μl total volume, containing
0.5 μl of cacao DNA (∼2.5 ng μl−1). All PCR reactions
contained 0.5 μl of 10× PCR buffer (10 mM Tris–HCl pH
8.3, 50 mM KCl), 0.5 μl of 25 mM MgCl2, 0.125 μl each of
forward and reverse primer (10 mM), 0.1 μl of 10 mM
dNTPs, and 0.05 U μl−1 of Taq polymerase (Bioline).
Thermal cycling profile consisted of the following: 4 min
denaturation at 94°C; followed by 32 repeats of the following
cycle: 94°C for 30 s, 1 min at 46°C or 51°C annealing
temperature depending on primer, 1 min extension at 72°C,
with a final 7 min 72°C extension. For quality control,
comparisons were made among three PCR reactions carried
out with primer/DNA samples of some accessions. Capillary
electrophoresis (CE) was performed on ABI PRISM® 3100
Genetic Analyzer (Applied Biosystems Inc., Foster City, CA
94404, USA) in a 36-cm capillary array using POP 4
(Applied Biosystems). The master mix consisting of 0.5 µl
of diluted amplification product (1:15 ddH2O), 9.5 µl Hi-Di
Formamide, and 0.5 µl Rox 500 size standard (Applied
Biosystems) was denatured at 95°C for 5 min and chilled on
ice. A run module of 15 kV voltage, 60°C temperature, 10 s
injection time, 1 kV injection voltage, injection duration of
20 min, and run duration of about 52 min was used for data
collection. Resulting data were analyzed with GeneMapper™
software version 3.5 (Applied Biosystems) for internal
standard and fragment size determination, and allelic designa-
tion was done according to standards used for cocoa (Johnson
et al. 2004; Cryer et al. 2006).

Diversity analysis

Genetic diversity estimates for each locus, and averaged
across all loci, were calculated using Nei (1978) unbiased
estimate,
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Unbiased gene diversity (Hnb) and observed heterozy-
gosity were estimated from allelic frequencies determined
from each locus of the ten populations studied using the
software package GENETIX 4.0.2 (Belkhir et al. 2001).

Test of deviation of fixation indices from Hardy–Weinberg
equilibrium was done with FSTAT software (Goudet 2001).
Standard deviations for the above parameters and confi-
dence intervals at 95% and 99% levels were estimated over
all loci by bootstrapping (1,000 bootstraps) and jackknifing
(Quenoille 1956; Efron 1982) using 1,000 replications.

In comparison of allelic richness (Ar) and private allelic
richness (Ap) among the eight populations, the rarefaction
method (Kalinowski 2004; Hurlbert 1971) was used to
eliminate the effect of differences in sample size. Sample
size was standardized to g=2, i.e., two genes (one
individual); here, g takes its smallest useful value, where
the allelic richness is equal to the expected heterozygosity
(H) of the population plus one, i.e., H+1 (Smith and
Grassle 1977); and g=18 (nine individuals), where g is
lower than the number of individuals in the population with
the least sample size (Trinitario, n=12).

Population differentiation was tested assuming random
mating within samples over 10,000 randomizations with
Exact G-test (Goudet 2001). The population structure was
analyzed assuming the infinite allele model (IAM) (Kimura
and Crow 1964). Population differentiation for polymor-
phism between populations was analyzed by F-statistics
estimator (Fst, theta) (Wright 1965), as described by Weir
and Cockerham (1984) based on 1,000 permutations. Fst

(theta) values were subjected to standard Bonferroni
corrections (Holm 1979; Rice 1989) to guide against type
I error. To determine the parental source of allelic diversity
found in the farmers’ population, the Upper Amazon
parental population was partitioned into sub-populations:
Parinari (PA), Nanay (NA), Scavian (SCA), and Iquitos
Mixed Calabacillo (IMC). These were tested along with
Local and Trinitario parent populations. Historical gene
flow (Nm) between pair of populations was then estimated
according to Wright (Wright 1965) as Nm=(1/4)(1−Fst)·Fst,
where Fst was the measured genetic differentiation among
populations and executed in GENETIX 4.0.2. The distances
between pairs of populations were measured by the unbiased
minimum genetic distance (Dj) of Nei (1978) and clustered
based on UPGMA using TFPGA (Miller 1997). Bootstrap-
ping was done with 1,000 resamplings to test the stability of
clusters generated. A factorial analysis of correspondences
was also done using GENETIX 4.0.2 to determine the genetic
relationships among individuals in the eight populations.

Results

Allelic distribution and polymorphism

Genetic diversity in 578 cacao accessions grouped into
eight populations was assessed using 12 microsatellite loci.
A total of 148 alleles were detected with an average of 12.5
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alleles per locus that ranged from eight at two loci,
mTcCIR6 and mTcCIR18, to 22 at mTcCIR3 locus (Table 2).
All the 12 markers used were highly polymorphic across all
genotypes. However, unbiased heterozygosity (Hnb) was
highest in mTcCIR15 (H=0.856) and mTcCIR3 (0.852),
while it was lowest in mTcCIR24 (0.343). The mean allelic
richness (effective number of alleles, i.e., frequency >0.05)
was 4.39 per locus, and ranged from 2.37 for mTcCIR9 to
6.37 for mTcCIR3. The mean fixation index (Fis=0.058)
ranged from −0.032 in mTcCIR25 to 0.149 in mTcCIR15,
and indicated a significant deficiency of heterozygotes
among all loci except in mTcCIR21 and mTcCIR25. Test of
deviation from Hardy–Weinberg equilibrium in the total
population failed to accept the null hypothesis for all 12
microsatellite markers except mTcCIR21 (p=0.280) and
mTcCIR25 (p=0.433), indicating that the population was
not in H-W equilibrium for most loci. The average genetic
differentiation, Gst was 0.050 and Exact G-test indicated
significant (p<0.0001) power of the 12 microsatellite loci
for differentiation among the studied populations.

Genetic diversity and differentiation

All 12 microsatellite markers were highly polymorphic
across all populations (Table 3). Unbiased gene diversity
(Hnb) which averaged 0.663 was highest in the Upper

Amazon (PUAmaz) parent population (0.730) and lowest in
the local parent (PLocal) population (0.471). The mean
observed heterozygosity (Ho) was relatively high (0.587),
and ranged from 0.397 in local parent population to 0.739
in Trinitario parent population. The high mean observed
heterozygosity obtained among all the samples is consistent
with the outcrossing nature of cacao. Evaluation of fixation
index (Fis) showed deficiency of heterozygotes in all ten
populations except the Trinitario population (Fis=−0.341),
where excess of heterozygotes was found. Deficiency of
heterozygotes was highest in the Upper Amazon (0.209)
and Local (0.160) parent populations. Although present,
deficiency of heterozygotes was generally lower (Fis=
0.020–0.091) in the genebank and farmer’s population
groups.

Without rarefaction, the number of alleles per locus
was highest in the Genebank’s Posnette population (9.17)
and farmer’s population in ideal soil ecology (9.00).
Number of alleles per locus was lowest in the Trinitario
population (2.75). However, with the rarefaction method
(Table 4) using standardized sample size across all
populations, allelic richness was found to be highest in
Upper Amazon (5.67), followed by Posnette population
(5.65). The number of alleles per locus was drastically
reduced to 4.49 in ideal soil population and 4.80 in ideal
climate population.

Table 2 Characteristics and F-statistics estimate of microsatellite markers used in this study

LG Hnb Ho A Ar Fis Fit* Fst Gst**

mTcCIR12 4 0.822 0.706 11 5.30 0.071 0.127 0.060 0.099

mTcCIR15 1 0.856 0.735 13 6.27 0.149 0.178 0.035 0.050

mTcCIR17 4 0.361 0.308 9 2.57 0.039 0.076 0.038 0.093

mTcCIR18 4 0.740 0.647 8 4.89 0.070 0.115 0.049 0.076

mTcCIR19 2 0.712 0.564 14 4.44 0.102 0.134 0.035 0.086

mTcCIR21 3 0.670 0.644 15 4.64 −0.018 0.012ns 0.029 0.054

mTcCIR24 9 0.343 0.298 9 2.37 0.036 0.104 0.070 0.131

mTcCIR25 6 0.747 0.724 14 4.92 −0.032 0.009 ns 0.040 0.071

mTcCIR26 8 0.688 0.624 12 3.85 0.050 0.096 0.049 0.059

mTcCIR3 2 0.852 0.765 22 6.37 0.051 0.101 0.052 0.072

mTcCIR6 6 0.661 0.588 8 3.78 0.033 0.083 0.052 0.097

mTcCIR9 6 0.547 0.462 13 3.30 0.115 0.192 0.087 0.113

Mean over all loci 0.667 0.589 12.5 4.39 0.058 0.103 0.048 0.050

Jackknifing over all loci (mean ± std. error) 0.058±0.017 0.103±0.017 0.048±0.004

Bootstrapping over all loci (1,000 BS)

95% CI 0.026–0.089 0.070–0.134 0.041–0.057

99% CI 0.016–0.099 0.059–0.143 0.039–0.060

LG Linkage group, Hnb unbiased gene diversity, Ho observed heterozygosity, A number of alleles over all loci, Ar allelic richness per locus
(frequency >5.0%), Fis inbreeding among individuals within subpopulations, Fit inbreeding within entire population, Fst variation due to
differentiation between subpopulations, Gst coefficient of gene differentiation, BS bootstrap, CI confidence interval

*Hardy–Weinberg test showed significant departure (p<0.002) except for loci mTcCIR21 and mTcCIR25, **G-test for population differentiation
was significant (p<0.0001)
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Pairwise comparison, gene flow, and relationships
among populations

Pairwise estimates of Fst (theta) over all loci between
populations (Table 5) was highest (Fst(θ)=0.234) between
Trinitario and Upper Amazon parent populations. Signifi-
cant differentiation was found between populations in the
parental and genebank groups, except between WACRI and
the local parent population (Fst(θ)=0.054). Also, the farmer
populations were also significantly differentiated from the
parental populations except between the local parent and
farmers’ population in the marginal climate ecology
(Fst(θ)=0.060). The genebank’s Posnette population was
significantly differentiated from the farmers’ population
except in the marginal climate ecology (Fst(θ)=0.028). On

the other hand, there was no significant differentiation
between WACRI population and the three farmers’ popu-
lation except the ideal soil ecology population, which also
differentiated significantly from population in the ideal
climate ecology.

Estimates of historical gene flow (Table 6) from the
parental population to accessions in the farmer’s population
showed that the local parent population (3.60–6.05)
followed by the Parinari sub-population (2.17–3.26) of the
Upper Amazon parental population have the highest
estimates for all three farmer populations. The Scavina
and IMC sub-populations have the lowest estimates.

Factorial analysis of correspondence (Fig. 1) which
accounted for 77.2% of total variation among all 578
individuals showed that the range of diversity was narrower

Population Without rarefaction With rarefaction

g=2 (one individual) g=18 (nine individuals)

No. of alleles Allelic
richness

Private allelic
richness

Allelic
richness

Private allelic
richness

PLocal 5.08 1.47 0.05 3.86 0.04

PTrin 2.75 1.56 0.01 2.67 0.04

PUAmaz 7.50 1.73 0.78 5.67 0.75

POSNETTE 9.17 1.70 0.39 5.65 0.37

WACRI 8.00 1.60 0.21 4.69 0.19

IDSoil 9.00 1.56 0.15 4.49 0.16

IDClim 8.25 1.62 0.21 4.80 0.20

MargE 7.67 1.62 0.18 4.73 0.18

Table 4 The allelic richness
(alleles per locus) and total
number of private alleles in
eight cacao populations across
12 microsatellite loci used
without and with rarefaction
(rarefaction included two genes
and 18 genes, respectively)

N Hnb Ho P A Fis

Parental population

PLocal 20 0.471(0.125) 0.397(0.145) 1.0 5.08 0.160

PTrin 12 0.560(0.084) 0.739(0.145) 1.0 2.75 −0.341
PUAmaz 33 0.730(0.164) 0.579(0.157) 1.0 7.50 0.209

Genebank collections

POSNETTE 108 0.704(0.167) 0.687(0.168) 1.0 9.17 0.024

WACRI 73 0.601(0.220) 0.580(0.225) 1.0 8.00 0.036

Farmers accessions

IDSoil 156 0.563(0.207) 0.512(0.179) 1.0 9.00 0.091

IDClim 111 0.624(0.216) 0.611(0.209) 1.0 8.25 0.020

MargE 65 0.617(0.191) 0.567(0.187) 1.0 7.67 0.081

Mean over all loci 0.663 0.587 0.06

Jackknifing over all loci# 0.06±0.017

Bootstrapping over
all loci (1,000 BS)
95% CI 0.03–0.09

99% CI 0.02–0.10

Table 3 Genetic diversity
indices of eight populations of
West African cocoa accessions
classified into three main
groups—parent, genebank,
and farmers’ materials (standard
error estimate (std error) in
parentheses)

Standard deviations are indicated
in parentheses

Hnb unbiased heterozygosity (Nei
1978), Ho observed heterozygos-
ity, P polymorphism at 0.95 cri-
terion, A mean number of alleles
per locus, Ar allelic richness per
locus (frequency >5.0%), Fis

fixation index, CI confidence
interval, BS bootstrap
# Obtained from 1,000 permuta-
tions at p<0.0001
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in the farmers’ populations which clustered around the
Genebank’s WACRI, Posnette, and Local parent popula-
tions. The Upper Amazon parent population was most
diverse. The dendogram (Fig. 2) showed significant
differentiation of cacao grown in the ideal soil farmer’s
population from those in ideal climate and marginal climate
ecologies. While the farmer’s population in ideal soil
ecology clustered with Local and Trinitario parent popula-
tions, those in ideal climate population clustered with the
Posnette population.

Discussion

In this study, 12 microsatellite markers were used to assess
genetic diversity of West Africa cacao gene pool covering
parental, genebank, and farmers’ held collections. All the
microsatellite loci used were highly polymorphic with a
mean number of 12.5 alleles per locus. Cacao is largely out-
crossing due to self-incompatibility prevalent in the species
(Knight and Rogers 1955; Cope 1976) and could have
explained the high level of polymorphism in microsatellite
loci used in this study. The total number of 144 alleles
obtained in this study compared with, although less than, a
total of 150 alleles from 16 microsatellite markers obtained
by Motamayor et al. (2002). The mean allelic richness of
4.39 per locus (2.37–6.37 alleles/locus) reported for these
collections in this study is also greater than previously
reported by other workers in cacao: N’Goran et al. (2000)
reported 2.15–2.3 alleles/locus, while Motamayor et al.
(2002) reported 2.36 alleles/locus. The greater number of

alleles here reported could be due to the higher number of
samples used in this study. While both previous studies
focused on primary genepools, e.g., Criollo, Trinitario, and
Lower and Upper Amazon Forastero, this present study
included samples introduced from these genepools into
West Africa as well as materials cultivated and conserved in
farmers’ fields.

This present study provides insight into the pattern of
genetic diversity in the cacao collections in West Africa.
The greatest gene diversity was found in the Upper
Amazon parent population, followed by the Posnette
population, while the lowest gene diversity was found in
the local parent population. Among the eight populations
studied, the lowest gene diversity (Hnb=0.471) observed in
the local parent population and the deficiency of hetero-
zygotes (Fis=0.16) suggested a less frequent presence of
heterozygous loci and inbreeding in this population. The
significant excess of homozygotes obtained for the local
landrace parent population could be attributed to inbreeding
or consanguinity (mating among closely related individu-
als) and indicates significant amount of self-compatibility
in the local Amelonado population. The observed deficien-
cy of heterozygotes provides a possible explanation for the
loss of fitness and susceptibility of the West African
Amelonado cocoa to the cocoa swollen shoot virus disease
epidemic experienced in the 1930s, when almost all trees
planted belonged to this population. The low gene diversity
found in the local parent population is similar to results
obtained from previous ones indicating low genetic
diversity of Lower Amazon Forastero from which intro-
ductions into West Africa was made (N’Goran et al. 2000;
Motamayor et al. 2002; Toxopeus 1973). However, al-
though the local parent populations are generally believed
to be self-compatible, the relatively high gene diversity and
fixation index could also be attributed to substructure
(Wahlund’s effect). This is because the local landraces, so
referred as local parent population, is usually a mixture of
Bahia Amelonado (Lower Amazon Forastero) and red-
podded Trinitario introduced in the late nineteenth century.
A similar situation was also reported by Sereno et al. (2006)
in Brazilian Lower Amazon population where they ob-
served unusually high gene diversity value (Ho=0.372)

PLocal PTrin PUAmaz POSNETTE WACRI IDSoil IDClim MargE

PLocal – 0.211** 0.194** 0.113** 0.054ns 0.040* 0.065** 0.060ns

PTrin – 0.234** 0.160** 0.180** 0.223** 0.188** 0.196**

PUAmaz – 0.033** 0.107** 0.122** 0.088** 0.083**

POSNETTE – 0.035** 0.047** 0.024** 0.028ns

WACRI – 0.014* 0.008ns 0.012ns

IDSoil – 0.012* 0.011ns

IDClim – 0.008ns

Table 5 Pairwise estimate of
Fst (theta) among the eight pop-
ulations of cocoa accessions

*, ** Significant at p<0.01 and
p<0.001, respectively; ns not
significant

Table 6 Estimates of historical gene flow (Nm) from parental to
farmer’s populations

Local Trinitario Upper Amazon

Parinari Nanay Scavina IMC

Ideal soil 6.05 0.87 2.17 1.03 0.44 0.65

Ideal climate 3.60 1.08 3.26 1.40 0.51 0.78

Marginal climate 3.89 1.02 2.95 1.46 0.51 0.80
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comparable to the Ho=0.397 obtained for the local parent
population in this study.

On the other hand, the high observed gene diversity
(Ho=0.739) and excess of heterozygotes (Fis=−0.341)
recorded for the Trinitario parent population present in
West Africa indicated the outbreeding and hybrid origin of
this population. This result which is similar to what was
reported in a previous work (Motamayor et al. 2002)
showed that representative diversity of Trinitario gene pool
in Latin and Central America that could be exploited in
cacao breeding programs is present in the West African
collection of Trinitario population. However, results
obtained from this study showed that not a significant
proportion of the Trinitario genepool has been utilized in
breeding, and consequently has little impact on materials
grown by farmers in West Africa. Although few in number,
the accessions used in this study constituted the Upper
Amazon parent population from which the present varieties
used in West Africa were developed. The highest gene
diversity observed in these Upper Amazon parent popula-
tion attests to the considerable amount of genetic diversity
in the collection of Upper Amazon Forastero materials
present in West Africa. This population consisted of
individuals from the Nanay, Parinari, Scavina, and Imperial
Mixed Calabacillo groups from South America Upper
Amazonian basin (Pound 1938, 1943), which was proposed
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Fig. 1 Factorial analysis of correspondence accounting for 77.2% of total variation among eight cacao populations assessed using 12
microsatellite loci
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Fig. 2 Graphic representation of the clustering analysis of eight
populations of T. cacao based on 12 microsatellite loci using UPGMA
based on unbiased minimum genetic distance of Nei (1978) containing
the p value of bootstrap analyses over 1,000 resamplings
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as the center of diversity and possibly the center of origin
for the species (Cheesman 1944). Our result showed a
significant deficiency of heterozygotes (Fis=0.209) in the
Upper Amazon parent population studied. We suggest that
this could be due to substructure (Wahlund effect) as a
result of pooling the different populations together (admix-
ture). Wahlund effect produces a situation where the
proportion of homozygotes increases above expectation
(Law et al. 2003). This is because, while allelic indepen-
dence occurs within sub-populations, the Wahlund effect
causes a dependence to exist at the population level
whenever the allele frequencies vary among sub-
populations (Law et al. 2003). On the other hand, the
deficit of heterozygotes obtained in this study also suggests
inbreeding, and this indicates that self-compatibility could
not be ruled out in this largely assumed self-incompatible
group. N’Goran et al. (2000) using RFLP probes also
reported a fixation index of 0.38 in Upper Amazon
population. Anecdotal information obtained by the first
author in isolated monoclonal plots of Upper Amazon
clones in Nigeria showed good pod production on trees,
which indicated a need to further study this phenomenon in
the Upper Amazon populations.

The genetic differentiation observed between the paren-
tal populations of Trinitario, the local Amelonado, and
Upper Amazon in this study could provide explanation for
the reported hybrid vigor and superior performance in the
WACRI Series II variety, which was a hybrid between
Upper Amazon T-clones and the local Amelonado popula-
tion (Toxopeus 1964b; Atanda 1975). This may also
explain why WACRI Series II was superior to WACRI
Series I, which were mainly intra-Upper Amazon crosses.
This reported genetic variation can be further exploited in
cacao breeding for development of superior hybrid varie-
ties. In this study, Trinitario and local Amelonado parents
clustered together and both separated distinctly from the
Upper Amazon parents. Other workers like Laurent et al.
(1994), Lerceteau et al. 1997, and Motamayor et al. (2002,
2003) also showed the same pattern, which confirmed
earlier proposition that Trinitario could have originated
from the Amelonado Forastero of the Lower Amazon of
Brazil (Cheesman 1944, Pound 1943).

Gene flow estimates of parental populations on farmers’
population showed that, apart from the base local parent
population, the Upper Amazon’s Parinari sub-population
had the greatest impact on cacao types cultivated in
farmer’s population. However, it appeared that alleles from
the local parent population may be more preponderant in
the ideal cocoa soil conditions at the Nigeria–Cameroon
border than in other farmer populations. Rarefaction of
alleles based on a standardized sample size of nine
individuals from each of the population indicated that
allelic richness in farmer’s population, 4.49–4.80 alleles per

locus, was greater than in the local parent population.
Although lower than in the parent Upper Amazon and
Genebank’s Posnette population, greater allelic richness in
farmers’ population indicated greater genetic diversity in
cocoa presently grown in farmer’s fields than in the initial
base Amelonado population. This could be attributed to the
use of new varieties developed and distributed from the
national breeding programs through the ‘Seed gardens’
system. However, the possible lack of effective Seed garden
system and poor access to improved planting materials
distributed from the national breeding program could
explain the significant differentiation of cacao types grown
by farmers in ideal soil population at the Nigeria–
Cameroon border from those grown in ideal climate and
marginal population in south-western Nigeria, where farm-
ers had greater access to research stations and a more
effective Seed garden system. The possible frequent inter-
border germplasm exchanges and use of seeds obtained
from Cameroon, where the local Amelonado cocoa popu-
lation predominates, could also have contributed to the
spatial differentiation of cacao grown in the ideal soil
population from the other farmer populations. As shown
from the dendrogram, farmers in the ideal climate ecology
might have benefited most from the use of materials
developed from the Posnette population. This could be
attributed to the more successful diffusion of the ‘F3
Amazon’ cocoa variety to farmers in this area than in other
cocoa growing areas.

The high gene diversity (Hnb=0.704) obtained in the
genebank’s Posnette population gave an indication of
genetic variability in the parents used by Posnette in 1944
to generate the West African T-clones (Posnette and Todd
1951). Although largely of Upper Amazon origin, a good
proportion of the F1 hybrid population which constituted
the T-clones used in the West African cocoa breeding
programs are of Trinitario and Criollo origin. T1 to T59
were derived from open pollinated crosses with only the
female parents known. Out of the 59, 27 female parents
were of Criollo and Trinitario origin, 15 of Upper Amazon,
and eight were obtained from Ecuador. In the case of T60–
T121, for which both parents were known, 16 crosses were
full sibs of Upper Amazon origin; five were from Upper
Amazon female parents mated with a Criollo or Trinitario
male, while eight were full sibs of Trinitario or non-Upper
Amazon origin. This wide genetic background could have
been responsible for the large amount of gene diversity
observed in this population. The high genetic diversity in
this population makes the genebank collections a valuable
resource for further exploitation. However, the mean
fixation index (Fis=0.024) indicated deficiency of hetero-
zygotes among this population. The WACRI population
which derived from both intra-Upper Amazon and crosses
between Posnette and Local parent population exhibited
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high gene diversity and deficiency of heterozygotes. The
absence of significant genetic differentiation of the Posnette
and WACRI populations from some of the farmers’
population indicated the significant impact that these
populations have had on materials grown in farmers’
plantations. The ‘F3 Amazon’ cacao or “Mixed Amazon”
was widely distributed in Ghana and Nigeria since 1954 on
the recommendation of the Commission of Inquiry into the
Cocoa Swollen Shoot Virus (CSSV) Disease of Cocoa that
“every possible method be used to speed up the production
of improved selections” (WACRI 1955). This was aimed at
making these highly vigorous materials available for replant-
ing of areas where trees had been cut down during the CSSV
control scheme of the Department of Agriculture. These
materials were found to be precocious and outstanding in
growth performance over the local Amelonado population.
Results obtained indicated the successful adoption by farmers
of the widely distributed ‘F3 Amazon’ and the WACRI Series
II varieties. In Ghana, Seed production plots planted with
selected Amazon × Amelonado hybrids and Inter-Amazon
hybrids are the main sources of materials for farmers. In a
recent survey, Edwin and Masters (2005) showed that
released hybrids accounted for 42% higher yields obtained
by Ghanaian farmers. In Cote d’Ivoire, the 12 released
selected Upper Amazon derived hybrids (Besse 1975) played
a very significant role in the phenomenal increased cocoa
production. In Nigeria, the Old Western Region comprising
of the present Ondo, Oyo, Ogun, Ekiti, and Osun States had
functional Cocoa Development Units (CDU) or Tree Crops
Unit (TCU), responsible for distributing seeds of the ‘F3
Amazon’ and the WACRI Series II varieties from seed
gardens helped established by CRIN.

A large number of alleles were found in the farmers’
populations (7.67–9.00), compared with the number
recorded for the genebank’s collection, although the
effective number of alleles (4.49–4.80) were lower than in
Posnette’s population (5.65). This situation is encouraging
as it indicated that genetic diversity held in farmers’
collection in commercial plantations is much greater than,
and showed a major shift from, what it was since introduction
in the late nineteenth century till the 1950s when the highly
uniform local Amelonado cocoa was predominant on the
field. We can conclude from the molecular data used in this
study that there has been a significant variety replacement of
the Amelonado cacao grown on fields in West Africa with
Upper Amazon and Amazon × Amelonado hybrids. A recent
study by Aikpokpodion et al. (2003) showed that farmers
rarely used local Amelonado for new plantings, but pods
used for raising seedlings are taken from the Amazon trees,
which characteristically produce throughout the year, unlike
the traditional local Amelonado, which has only one peak of
fruit production. This year-round production and high
yielding potential of Amazon cocoa are the two most

important criteria used by farmers for selecting “im-
proved varieties”. The higher number of alleles in
farmers’ population could also be useful in the adapta-
tion of farmers’ materials since allelic richness is known
to facilitate better adaptation of a population to different
ecological conditions (Gottlieb 1975). This greater diver-
sity in field collections gives a guarantee against sudden
disease outbreaks in the future unlike in the past when the
swollen shoot virus disease (Posnette 1947) almost
destroyed the cocoa industry in the 1930s and 1940s.
The presence of some private alleles in farmers’ popula-
tion also gives an opportunity to select useful recombi-
nants on the field that have shown greater adaptation and
possibly accumulated genes for resistance to prevalent
diseases such as Phytophthora pod rot, mirid attack
(Sahlbergella singularis and Distantiella theobromae),
and abiotic stress (e.g., drought). On the other hand, the
discontinued use of the Amelonado cocoa by farmers have
significant implication for the conservation of this stock,
some of which are completely homozygous at all 12 loci
used in this study. It is hereby suggested that conservation
strategies should be developed to preserve the local
Amelonado landraces in order to exploit their useful
values in future breeding programs.
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