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ABSTRACT - The objective of this work was to study the genetic variability of 19 clonal accessions of Theobroma cacao L.
from the Brazilian, Ecuadorian, and Peruvian Amazons, based on RAPD and microsatellite markers. Six primers were used
to obtain the RAPD markers and six pairs of primers for the microsatellite loci. The amplification products were submitted
to electrophoresis on 1.2% and 3.0% standard agarose for RAPD and microsatellite markers, respectively. The generated
molecular markers were analyzed separately, by transformation into numeric matrices, whereupon the genetic distances
were calculated and the cocoa accessions grouped. The six primers used in each technique generated 56 RAPD and 45
microsatellite markers. In the cluster analyses, the groups involved accessions from different origins, with no clear evidence
of regionalization of the genetic variability. The high genetic variability found in this work confirms the importance of the
Amazon basin for germplasm collection.
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INTRODUCTION cacao L.) have stimulated improvement programs of many
research institutions. Pound (1938, 1943) found important

Natural genetic resources offer all requirements toyiiq cocoa collections along the Amazon River and some of

improve many important and economic traits such as yield,
adaptability, stability, resistance to plagues, and seed quality
in varieties. The Amazon region holds an immense plant
wealth, not duly explored yet in respect to its genetic
resources. Exploratory collections in the Amazon that
gathered natural genetic resources of cocoa (Theobroma

itstributariesin Peru and Ecuador. The accessions of Pound’s
collection were taken to Trinidad and used in the local
breeding program. As they presented a large genetic
variability, several other collection expeditions have been
realized since then in the Upper Amazon region (Soria 1970,
Allen and Lass 1983, Ocampo 1984, Clement et al. 1988).
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Several cocoacollectionsalso took placein the Brazilian Amazon.
Themost important of these collections since 1965 were the ones
realized by CEPEC/CEPLAC (Vello and Medeiros 1965, Barriga
et al. 1985, Almeidaet al. 1987, Almeidaet a. 1995).

Studies into the genetic diversity of cocoa accessions
from natural aswell as domesticated or genetically improved
populations generate important and useful information for
the maintenance and evaluation of germplasm collections,
for the planning of future collections, and for the devel opment
of crossing plans in improvement programs and in the
establishment of heterotic groups. Nowadays, different types
of molecular markers have enabled such studies of genetic
diversity in cocoa, allowing a rapid analysis of a limitless
number of polymorphic markers at the DNA level, without
any environmental influence (Laurent et al. 1993, 1994,
Lerceteau et al. 1997a, N’ Goran et al. 1994, Pireset al. 2000,
Marita et al. 2001, Faleiro et al. 2001).

Some cocoa accessions from the Upper Amazon
demonstrated high genetic diversity in studies realized with
genetic markers based on isozymes, RAPD and RFLP markers
(Laurent et al. 1993, 1994, N’ Goran et al. 1994, Maritaet al.
2001). In some cocoa accessions from Ecuador, Lerceteau et
al. (1997b) verified a high allelic diversity by associating
DNA and morphologic markers. Due to the large genetic
variability found in the wild Ecuadorian cocoa populations,
Cheesman (1944) described the forks of the rivers Napo,
Caqueta, and Putumayo, tributaries of the Amazon River, as
the most probable center of origin of cocoa species.

Objectives of the present work was the investigation
of the genetic variability of cocoa accessions from the
Brazilian, Ecuadorian, and Peruvian Amazons, based on
RAPD and microsatellite markers and to establish
conclusions on the information generated by each molecular
marker type.

MATERIAL AND METHODS

A total of 18 Theobroma cacao L. accessions from the
Brazilian, Ecuadorian, and Peruvian Amazons and a Trinitarian
accession (ICS-1), were used in the present study (Table 2).

L eaf samples of each T. cacao L. accession were collected
and stored at -80 °C. The genomic DNA was extracted from
each sample individually by the CTAB method with some
modifications (Faleiro et al. 2002a). After the extraction, the
concentration of the DNA was determined by the
spectrophotometer at 260 nm. The total genomic DNA was
evaluated by electrophoresis in 0.8% agarose gel to test its
integrity and purity. The DNA samples of good quality were
diluted to a concentration of 10 ng mL"1.
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The amplification reactions for the RAPD and
microsatellite markers were carried out according to the
procedures reported by Faleiro et al. (2001). The sequences and
other characteristics of RAPD and microsatellite primers used
in this work are listed in Table 1. After the amplification, 3 ml
of a mixture of bromophenol blue (0.25%) and glycerol (60%)
was added to each sample. The amplified fragments were
separeted in 1.2 and 3% agarose gels for RAPD and
microsatellite markers, respectively. The electrophoresis was
performed in TBE buffer (Tris-borate 90 mM, EDTA 1 mM) for
approximately four hours, at 90 volts. After the electrophoresis,
the gels were stained with ethidium bromide and photographed
under ultraviolet light.

The RAPD and microsatellite markers generated were
analyzed independently, by transforming them into coded
numeric matrices, from which genetic distances were cal culated
between the accessions according to the procedures reported by
Faleiro et al. (2001).

Genetic distances obtained from RAPD and microsatellite
markers were displayed, independently, in a biplot based on the
multidimensional scaling, using the principal coordinates
analysis discussed by Dias (1998). Similarity groups of
accessions obtained by each marker type were established based
on cluster analysis using the UPGMA method as grouping
criterion. The softwares SAS (SAS Institute Inc. 1989) and
Statistica (StatSoft Inc. 1999) were used for the analysis and
plot construction. The heterozygosis level was also calculated
based on the relation between the number of loci in heterozygosis
and the total number of analyzed loci.

To compare the results obtained with the two types of
molecular markers, the polymorphic information content (PIC)
(Smith et al. 1997) was cal culated by the following expression:

n -1 n
pic=1- .07 B[z, 3 2070 Dwhere

p, and p;arethefrequenciesof it"and j" allelesat alocusand n
is the allele number.

The Pearson correlation coefficient among the genetic
distances and the coincidence of the cocoa accessions in the
groups obtained by each marker type were calculated.

RESULTSAND DISCUSSION

The six primers used in each technique generated 56
RAPD loci (45 polymorphic) and 45 microsatellite alleles
(45 polymorphic). The DNA amplification products for the
19 accessions obtained by the techniques used in this study
are shown in Figure 1. The number of polymorphic loci and
polymorphic alleles per locus depend on the genetic
variability of the analyzed accessions. The average 7.5 loci
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Figure 1. Amplification products of genomic DNA from 19 cocoa
accessions, by using the RAPD primer OPH8 (A) and the microsatellite
mTcCIR3 (B). The arrows indicate markers with 1160, 730, and 250
pb. Accessions coded asin Table 2.

per primer for RAPD and the average 7.5 alleles per locus
for microsatellite in this study are above average compared
to other studies (Risterucci et al. 2000a, Maritaet al. 2001).
The average alleles per locus for microsatellite could be lager
if high resolution gels were used for the electrophoresis.

The genetic distances among the different accessions
based on RAPD markers ranged from 0.10 to 0.40, while the
ones based on microsatellite markers varied from 0.25 to 1.00.
Although the two techniques brought forth the same number
of polymorphic bands for the studied accessions,
microsatellite markers were more efficient at differentiating
the cocoa accessions (Figure 2). The number of loci analysed
by RAPD was higher than by microsatellite markers (Table
1). On the other hand, the polymorphic information content
(PIC) ishigher with microsatellite than RAPD markers (Table
1). According to Risterucci et al. (2000a), the efficiency of
genotype identification with different kinds of molecular
markers depends on the number of alleles that can be
identified at a single locus. The larger efficiency of the
microsatelliteis explained onceit isacodominant and multi-
allelic marker, providing more genetic information per locus,
when compared to RAPD (Litt and Luty 1989, Russell et al.
1997).

Microsatellites have been isolated and characterized
in cocoa (Lanaud et al. 1999) and applied in genetic studies
(Risterucci et al. 2000a, Risterucci et al. 2000b). Twenty
microsatelliteloci were utilized to construct the genetic map
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Figure 2. Dispersion analysis of 18 cocoa accessions coming from the Brazilian (1-67), Peruvian (7-120) and Ecuadorian (13-18 O) Amazons
plus a Trinitario (19). The similarity groups of accessions were established based on cluster analysis using the UPGMA method as clustering

criterion. Accessions coded as in the Table 2
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Table 1. Primers utilized for RAPD and microsatellite markers and the number of respective polymorphic and monomorphic bands (loci and
aleles, respectively)

RAPD Primer Sequence (5" - 3) Ne of polymor phic loci Ne of monomor phic loci PIC mean

OPF1 ACGGATCCTG 6 2 0.220

OPF2 GAGGATCCCT 0 0 -

OPF3 CCTGATCACC 6 4 0.178

OPG6 GTGCCTAACC 6 0 0.151

OPH8 GAAACACCCC 17 4 0.204

OPH12 ACGCGCATGT 10 1 0.187

Total 45 11 -

Microsatellite Primer* Sequence (5’ -»3') Fand R Ne of polymorphic alleles N° of monomorphic alleles PIC

mTcCIR3 CATCCCAGTATCTCATCCATTCAGT 9 0 0.834
CTGCTCATTTCTTTCATATCA

mTcCIR4 CGACTAAAACCCAAACCATCAA 6 0 0.658
AATTATTAGGCAACCCGAACTT

mTcCIR6 TTCCCTCTAAACTACCCTAAAT 8 0 0.836
TAAAGCAAAGCAATCTAACATA

mTcCIR9 ACCATGCTTCCTCCTTAC 8 0 0.714
ACATTTATACCCCAACCA

mTcCIR11 TTTGGTGATTATTAGCAG 6 0 0.752
GATTCGATTTGATGTGAG

mTcCIR12 TCTGACCCCAAACCTGTA 8 0 0.773
ATTCCAGTTAAAGACCAT

Total 45 0 -

PIC (Polymorphic Information Content)
*Isolated and characterized by Lanaud et al. (1999)

Table 2. Geographical origin of the accessions of Theobroma cacao L. and the respective groups to which they were allocated according to the
cluster analysis based on RAPD and microsatellite markers (presented in the Figure 2), the grouping coincidence, and the average heterozygosity
of each group of accessions based on microsatellite markers

Origin Code Accession Grouping Group coincidence Aver age heter ozygosity
RAPD Microsatellite
— % —— — % —
Brazilian Amazon 1 C.sul 3 3 3 yes 64
2 SIAL 70 4 4 yes
3 CAB 324 2 3 no
4 CAB 191 2 4 no
5 C.sSul 8 2 1 no
6 CAB 148 2 2 yes
PeruvianAmazon 7 SCA 6 1 3 no 61
8 U 32 2 2 yes
9 ueb 1 1 yes
10 Ul 1 1 yes
11 U4 1 1 yes
12 U 10 2 2 yes
Ecuadorian Amazon 13 LCTEEN 37 3 3 yes 61
14 EQX 3360 2 2 yes
15 COCA 3370 2 2 yes
16 EQX 3348 2 2 yes
17 EQX 107 2 2 yes
18 EQX 3161 2 1 no
Trinidad 19 ICS1 2 2 yes 66
Total 74 62
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of cocoa (Risterucci et al. 2000b). The use of this marker
type to analyze cocoa genetic diversity and the germplasm
characterization have been discussed (Risterucci et al. 2000a).
Advantages of the microsatellite markers are the high
polymorphism levels per locus, random distribution in the
genome, and different alellic frequencies — aspects which
make this marker an appropriate choice for diversity analyses
and for germplasm characterization (Risterucci et al. 20003,
Yamada et al. 2003). According to Risterucci et al. (2000a),
eight microsatellite loci would be enough for an initial
characterization of cacao accessions, but 15 loci would be
necessary for the differentiation of genetically strongly related
accessions. However, the of RAPD marker technique will
continue to be used for different genetic studies owing to its
feasibility, speed, and relatively lower cost than other
techniques (Figueiraand Cascardo 2001, Yamadaet al. 2001,
Faleiro et al. 2002b). Actually, the availability of laboratory
infrastructure and the study target define whether the use of
RAPD or microsatellite is preferable.

In this work, the correlation between RAPD and
microsatellite marker-calculated genetic distances was low
(r=0.27,P<0.01). Thislow correlation could be explained
by the differences in the analyzed loci number (45 RAPD x
6 microsatellites). Faleiro et al. (2001) used 117 polymorphic
RAPD and 9 microsatellite loci to characterize the genetic
diversity of the 10 varieties of Theobroma cacao and obtained
a 0.69 correlation between the calculated genetic distances
using RAPD and microsatellite markers.

Although the correlation between RAPD and
microsatellite marker-cal culated genetic distances was low,
the grouping established with these genetic distances was
similar and presented a 74% coincidence coefficient of the
accessionsin the groups (Table 3). Four similarity groups of
accessions obtained by each marker type were established
based on cluster analysis using the UPGMA method as
grouping criterion (Figure 2). The grouping analyses gave
rise to groups with materials from different amazon origins,
with no tendency to aregionalization of the genetic variability
(Figure 2). This non-regionalization can be explained by the
high genetic variability among the materials used in the

present study. A high genetic variability hasbeen also verified
among other Amazon accessions (Pires et al. 2000, Marita et
al. 2001). Other observations that also corroborate the high
genetic variability of the analyzed materials are the high
means of the observed heterozygosity, i.e., 64, 61, and 61%
of the genetic materials from the Brazilian, Ecuadorian, and
Peruvian Amazon, respectively (Table 2). This heterozygosity
could be larger if high resolution gels were used for the
electrophoresis. The high genetic diversity among plants from
the Upper Amazon, evidenced by molecular, agronomic, and
morphologic markers, has given support to the hypothesis
that the Upper Amazon is the most probable center of
diversity for the Theobroma cacao L species (Cheesman
1944, Figueira et al. 1994).

Smallest genetic distances were verified among the
accessions of the Ucayali series from the Peruvian Amazon,
for both molecular markers. This fact can be verified by the
proximity of the accessions of this series in the scattered
diagram (Figure 2). Thisgenetic similarity within the Ucayali
series can be explained by the fact that these accessions had
been collected in a restricted area belonging to the lower
part of the Ucayali River basin. Thistype of regionalization
of the genetic diversity associated to a river has also been
detected with RAPD markers (Figueira et al. 1994) and
morpho-agronomical traits (Dias 2001).

Both RAPD and microsatellite markers showed broad
genetic variability in the cocoa accessions from the Brazilian,
Ecuadorian, and Peruvian Amazons. Microsatellite markers
had a higher capacity of differentiating accessions dueto the
higher content of genetic information per locus. The high
genetic diversity of the accessions used in thiswork confirms
how important the Amazon is for germplasm collection
missions aiming at the enlargement of the genetic base for
cocoa improvement programs.
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Variabilidade em acessos de cacau da Amazé6nia brasileira,
equatoriana e peruana com base em marcadores moleculares

RESUMO - O objetivo desse trabalho foi estudar a variabilidade genética de 19 acessos clonais de Theobroma cacao L.
oriundos das amazonias brasileira, equatoriana e peruana com base em marcadores RAPD e microssatélites. Foram utilizados
6 primers para obtencdo de marcadores RAPD e 6 pares de primers especificos para locos microssatélites. Os produtos da
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amplificacao foram submetidos a eletroforese em gel de agarose 1,2% e 3,0% para marcadores RAPD e microssatélites,
respectivamente. Os marcadores molecul ares gerados foram analisados separadamente e convertidos em matrizes numéricas,
a partir das quais foram calculadas distancias genéticas e realizadas andlises de agrupamento dos acessos de cacaueiro.
Os 6 primers utilizados em cada técnica geraram 56 marcas RAPD 45 microssatélites. As andlises de agrupamento mostram
a formacé&o de grupos contendo materiais provenientes das diferentes origens, ndo mostrando uma regionalizacéo clara da
variabilidade genética. A alta variabilidade genética encontrada neste trabal ho, confirma a importancia da amazonia para

a coleta de recursos genéticos.

Palavras-chave: cacau, diversidade genética, germoplasma, marcadores RAPD e microssatélites.

REFERENCES

Allen JB and Lass RA (1983) London cocoa trade amazon project:
final report, phase 1. Cocoa Growers' Bulletin 34: 1-72.

AlmeidaCMV C, Barriga JP, Machado PFR and Bartley BGD (1987)
Evolugao do programa de conser vagéo dos recur sos genéticos
de cacau na Amazonia brasileira. CEPLAC, DEPEA, Belém,
108p. (Boletim Técnico 5).

Almeida CMVC, Machado PFR, Barriga JP and Silva FCO (1995)
Coleta de cacau (Theobroma cacao L.) da Amazdnia
brasileira: uma abordagem histérica e analitica. CEPLAC,
SUPOC, Porto Velho, 92p.

BarrigaJP, Machado PFR, Almeida CMV C and Almeida CFG (1985)
Preservacéo e utilizagcdo dos recursos genéticos de cacau na
Amazonia brasileira. In: Proceedings of the 9t International
Cocoa Research Conference. Cocoa Producers’ Alliance,
London, p. 73-79.

Cheesman EE (1944) Notes on the nomenclature, classification and
possible rel ationships of cacao populations. Tropical Agriculture
21: 144-159.

Clement D, Lanaud C and Salle B (1988) L es cacaoyers de Guyane,
prospections, originalités. In: Proceedings of the 10th
International Cocoa Research Conference. Cocoa Producers’
Alliance, London, p. 673-677.

Dias LAS (1998) Andlises multidimensionais. In: Alfenas AC (ed.)
Eletroforese de isoenzimas e proteinas afins: aplicagdes a
plantas e microrganismos. Editora UFV, Vigosa, p. 405-475.

Dias LAS (2001) Origem e disperséo de Theobroma cacao L.: um
novo cenario. In: Dias LAS (ed.) Melhoramento genético do
cacaueiro. FUNAPE, Vigosa. p. 81-127.

Faleiro FG, Lopes UV, Yamada MM, Pires JL, Bahia RCS, Santos
RS, Gomes LMC, Aradjo IS, Faleiro ASG, Gramacho KP, Melo
GRP, Monteiro WR and Valle RR (2001) Caracterizagdo de
variedades clonais de Theobroma cacao L. com base em
marcadores RAPD, AFLP e microssatélites. Agrotroépica 13: 79-
86.

Faleiro FG, Santos IS, Bahia RCS, Santos RF, Yamada MM and
Anhert D (2002a). Otimizacéo da extracdo e amplificacdo de DNA
de Theobroma cacao L. visando obtencdo de marcadores RAPD.
Agrotroépica 14: 31-34.

232

Faleiro FG, Yamada MM, Lopes UV, Faleiro ASG, Bahia RCS,
Gomes LMC, Santos RC and Santos RF (2002b). Genetic identity
of Theobroma cacao L. accessions maintained in duplicates in
the Cacao Research Center germplasm collection, based on RAPD
markers. Crop Breeding and Applied Biotechnology 2: 439-
444,

Figueira A and Cascardo JCM (2001) Marcadores moleculares no
melhoramento. In: Dias LAS (ed.) Melhoramento genético do
cacaueiro. FUNAPE, Vicosa, p. 385-437.

FigueiraA, Janick J, Levy M and Goldsbrough P (1994) Reexaming
the classification of Theobroma cacao L. using molecular
markers. Journal of American Society of the Horticultural
Science 119: 1073-1082.

Lanaud C, Risterucci AM, Pieretti |, Falque M, Bouet A and Lagoda
PJL (1999) Isolation and characterization of microsatellite in
Theobroma cacao L. Molecular Ecology 8: 2141-2143.

Laurent V, Risterucci AM and Lanaud C (1993) Variability for
nuclear ribosomal genes within Theobroma cacao. Heredity 71:
96-103.

Laurent V, Risterucci AM and Lanaud C (1994) RFLP study of
genetic diversity of Theobroma cacao. Angew Botany 68: 36-
39.

Lerceteau E, Robert T, Pétiard V and Crouzillat D (1997a)
Evaluation of the extent of genetic variability among Theobroma
cacao accessions using RAPD and RFLP markers. Theoretical
and Applied Genetics 95: 10-19.

Lerceteau E, Quiroz J, Soria J, Flipo S, Pétiard V and Crouzillat D
(1997b) Genetic differentiation among Ecuadorian Theobroma
cacao L. accessions using DNA and morphological analysis.
Euphytica 95: 77-87.

Litt M and Luth JA (1989) A hypervariable microsatellite revealed
by in vitro amplification of a dinucleotide repeat within the
cardiac muscle actin gene. American Journal of Human
Genetics 44: 398-401.

MaritaJM, Nienhuis J, Pires JL and Aitken WM (2001) Analysis of
genetic diversity in Theobroma cacao with emphasis on witches’
broom disease resistance. Crop Science 41: 1305-1316.

N’Goran JAK, Laurent V, Risterucci AM and Lanaud C (1994)
Comparative genetic diversity studies of Theobroma cacao L.
using RFLP and RAPD markers. Heredity 73: 589-597.

Crop Breeding and Applied Biotechnology 4:227-233, 2004



Variability in cacao accessions from the Brazilian, Ecuadorian and Peruvian Amazons based on molecular markers

Ocampo RF (1984) Informe sobre recoleccién de germoplasma de
Theobroma cacao L. Cacao 29: 24-29.

Pires JL, Marita JM, Lopes UV, Yamada MM, Aitken WM, Melo
GP, Monteiro WR and Ahnert D (2000) Diversity for phenotypic
traits and molecular markers in CEPEC’s germplasm collection
in Bahia, Brazil. In: Proceedings of the 16t"-17t" Inter national
Wor kshop on New Technologiesand Cocoa Breeding. Ingenic,
Malaysia. p. 72-88.

Pound FJ (1938) Cacao and witches' broom disease (Marasmius
perniciosa) of South America, witch notes on other species of
Theobroma. Report on avisit to Ecuador, the Amazon Valley
and Colombia, April 1937 — April 1938. Yulle's Printerie, Port
of Spain, 58p.

Pound FJ (1943) Cacao and witches' broom disease (Marasmius
perniciosa). Report on a recent visit to the Amazon territory
of Peru, September, 1942 — February, 1943. Yulle's Printerie,
Port of Spain, 14p.

Risterucci AM, Eskes B, Fargeas D, Motamayor JC, Lanaud C
(2000a) Use of microsatellite markers for germoplasm identity
analysisin cocoa. In: Proceedings of the 16th-17th I nter national
Workshop on New Technologies and Cocoa Breeding. Ingenic,
Malaysia, p. 25-33.

Risterucci AM, Grivet L, N’ Goran JAK, Pieretti I, Flament MH and

Lanaud C (2000b) A high-density linkage map of Theobroma
cacao. Theoretical and Applied Genetics 101: 948-955.

Crop Breeding and Applied Biotechnology 4:227-233, 2004

Russell JR, Fuller JD, Macaulay M, Hatz BG, Jahoor A, Powell W
and Waugh R (1997) Direct comparison of levels of genetic
variation among barley accessions detected by RFLPs, AFLPs,
SSRs and RAPDs. Theoretical and Applied Genetics 95: 714-722.

SAS Institute Inc. (1989) SAS/STAT user’s guide. Version 6, 4
ed., vol. 2, SAS Institute, Cary, 846p.

Smith JSC, Chin ECL, Shu H, Smith OS, Wall SJ, Senior ML,
Mitchell SE, Kresovich S and Ziegele J (1997) An evaluation of
the utility of SSR loci as molecular markers in maize (Zea mays
L.): comparisons with data from RFLPs and pedigrees.
Theoretical and Applied Genetics 95: 163-173.

Soria J (1970) The latest cocoa expeditions to the Amazon basin.
Cacao 15: 5-15.

StatSoft Inc. (1999) Statistica 6 for Window. http://www.statsoft.com.

Vello F and Medeiros AG (1965) Expedicdo botanica a Amazonia
brasileira. Cacau Atualidades 2: 47-51.

Yamada MM, Faleiro FG, Lopes UV, Pires JL, Bahia RCS, Gomes
LMC and Melo GRP (2001) Genetic variability in cultivated
cacao populations in bahia, brazil, using isozymes and RAPD
markers. Crop Breeding and Applied Biotechnology 1: 377-384.

YamadaMM, Faleiro FG, LopesUV, PiresJL, DantasNeto A, Flores
AB and Faleiro ASG (2003) Genetic variability and
heterozygosity of cocoa accessions of Parinari (Pa) population,
based on microsatellite markers. Crop Breeding and Applied
Biotechnology 3: 289-296.

233



