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Abstract This study reports on the cross-species

amplification of 23 microsatellite markers previously

developed for Theobroma cacao L. (Sterculiaceae),

source of chocolate in three economically important

Amazonian species of Theobroma (T. grandiflorum,

T. subincanum, T. sylvestre). Thirteen of the 23

microsatellite loci tested were polymorphic across the

three species at 2–13 alleles per locus. The observed

heterozygosity per locus varied from 0.18 to 0.84 and

expected heterozygosity ranged from 0.28 to 0.87.

The high level of transferability and genetic infor-

mation content of these microsatellite loci indicate

their usefulness for population genetic, mating sys-

tem and breeding studies of these economically

important Amazonian fruit trees.

Keywords Amazon � Cocoa � Genetic diversity �
SSR � Transferability � Tropical tree

Introduction

The genus Theobroma (Sterculiaceae) is exclusively

Neotropical and comprises 22 species, ten of which

occur in the Brazilian Amazon (Cuatrecasas 1964).

The most widely cultivated and economically impor-

tant species in the genus is Theobroma cacao L.,

source of cacao or chocolate. The chocolate industry

is based on the selection of T. cacao cultivars, some

of them polyembryonic and or originated by crossing

with other species of the genus. In the Amazonia

region T. cacao occurs spontaneously in the wild

(Cheesman 1944); pulp from its fruits is used in

juices and ice cream by local populations.

Other species of the genus are cultivated in home

gardens or exploited from wild sources in the

Amazonia. Fruit pulp from cupuaçu (Theobroma

grandiflorum (Willdenow ex Sprengel) Schumann) is

used in juices, desserts, ice cream, and cosmetics, and

is considered one of the most profitable crops of the

Amazonia region with excellent potential for agro-

forestry cultivation (Smith et al. 1998; Browder and

Pedlowski 2000). Cupuaçu seeds can also be used for

the production of high-quality chocolate. Other

under-exploited cocoa species occurring in the Bra-

zilian Amazon and cultivated in home gardens

include Theobroma sylvestre Martius and Theobroma

subincanum Martius (Schmidt 2003).

Microsatellites or SSRs (Simple Sequence

Repeats) are polymorphic DNA loci that are one to

six nucleotide repeat sequences wide and randomly

dispersed in the genomes of all prokaryotes and

eucaryotes (Litt and Lutty 1989; Tautz 1989). Owing

to their high variability, these markers have been

widely employed as a powerful tool in fields such as

M. R. Lemes (&) � T. M. Martiniano �
V. M. Reis � C. P. Faria � R. Gribel
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genetic mapping, breeding, analyses of parentage,

mating systems, gene flow, and conservation (Morg-

ante and Olivieri 1993; Chase et al. 1996, Jarne and

Lagoda 1996; Zane et al. 2002; Ellegren et al. 2004;

Varshney et al. 2005). The main limitations to

widespread use of microsatellites are the expensive

and laborious cloning and screening procedures

involved in their development. If phylogenetically

related species present homologous SSR flanking

sequences, it is possible that SSR primers developed

for one species could be used to detect polymorphism

in others. Several studies of tropical tree species have

reported the utility of heterologous primers for the

identification of SSR loci in closely related taxa

(Dayanandan et al. 1997; White and Powell 1997;

Collevatti et al. 1999; Roa et al. 2000; Zucchi et al.

2002; Braga et al. 2007).

Lanaud et al. (1999) reported on the isolation and

characterization of 23 microsatellite loci in Theo-

broma cacao and tested their amplification for eight

other species of the Sterculiaceae. Here we report on

the ability of these markers to amplify SSR loci in

three congeneric species (Theobroma grandiflorum,

T. subincanum, and T. sylvestre) with the goal of

making a set of polymorphic markers available to

researchers for investigations of genetic diversity,

breeding, and mating systems of these species.

Material and methods

Plant material

For the genetic analysis we collected leaves from 33

adult trees of T. grandiflorum, 31 of T. subincanum,

and 33 of T. sylvestre from cultivated (T. grandiflo-

rum) and natural (T. subincanum and T. sylvestre)

populations located in the Manaus region in Central

Amazonia. The leaves were dried in silica gel and

stored at –20�C until DNA extraction.

DNA extraction

Total genomic DNA was extracted following the

standard CTAB protocol (Doyle and Doyle 1987).

DNA quantification was performed by comparison

with known concentrations of a DNA standard

(Lambda DNA) in 1% agarose gel stained with

ethidium bromide.

Microsatellite analysis

Twenty-three pairs of microsatellite primers devel-

oped for Theobroma cacao (Lanaud et al. 1999) were

tested in T. grandiflorum, T. subincanum and T.

sylvestre. PCR amplification was carried out in a final

reaction volume of 13 ll containing 0.9 lM of each

primer, 1 U Taq DNA polymerase, 200 lM of each

dNTP, 10 mM Tris–HCl pH 8.3, 50 mM KCl,

1.5 mM MgCl2, BSA (2.5 mg/ml), and 7.5 ng of

genomic DNA. PCR amplifications proceeded

according to the following protocol: 94�C for 5 min

followed by 30 cycles of 94�C for 1 min; annealing

temperature (�C) for each locus/species for 1 min

(Table 1); 72�C for 1 min; and a final elongation step

at 72�C for 7 min. Amplified fragments were visu-

alized in 3.5% agarose gel and sized with 1 kb DNA

ladder.

After PCR optimization, the loci that showed clear

and robust band amplification in agarose gels were

selected for analysis of polymorphisms in 4% poly-

acrylamide gel (PAGE) stained with silver nitrate

(Creste et al. 2001). DNA ladder (10 bp) was used to

estimate the allele sizes.

Data analysis

Polymorphic loci were characterized for each species

considering the number of alleles per locus, expected

and observed heterozygosities for each locus and

averaged over all loci, using the software GDA

(Lewis and Zaykin 2001). Hardy-Weinberg equilib-

rium was tested by Fisher’s exact test. Two

parameters of genetic information content were

estimated for each locus and over all loci: (1)

probability of genetic identity (I) (Paetkau et al.

1995), and (2) paternity exclusion probability (Q)

(Weir 1996).

Results and discussion

From 23 microsatellite markers developed for T.

cacao, 17 loci (74%) were successfully amplified for
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the three species (T. grandiflorum, T. subincanum, T.

sylvestre). Of these, 13 loci showed polymorphisms

across the three species. For each species we found

eight informative loci (47%). According to Peakall

et al. (1998), studies on cross-species transferability

of SSR loci within genera in plants have shown that

the proportion of putative loci yielding amplified

products that are informative (polymorphic) range

from 20 to 100%.

Figure 1 shows allelic variation in polyacrylamide

silver stained gels for the loci mTcCIR02, mTcCIR17

and mTcCIR22 for T. subincanum, T. grandiflorum

and T. sylvestre respectively. The number of alleles

per locus varied from 5 to 10 (mean 6.9) for T.

grandiflorum, 6 to 13 (mean 9.0) for T. subincanum

and 2 to 10 (mean 6.5) for T. sylvestre. The allelic

diversity found here for T. grandiflorum was higher

than that registered by Alves et al. (2006) for the

same species analyzing 21 SSR loci (mean = 5.38,

ranging from 2 to 11) over 214 individuals from

seven populations.

The values for observed and expected heterozyg-

osities across the three species ranged from 0.18 to

0.84 and 0.28 to 0.87, respectively (Table 1). The

values for observed heterozygosities were higher in

our study compared to Lanaud et al. (1999) and

Alves et al. (2006). The mean observed heterozyg-

osities per locus were slightly lower than mean

expected heterozygosities in the three species, sug-

gesting predominantly allogamous reproductive

systems with low levels of inbreeding. Most loci

deviated from Hardy–Weinberg proportions

(p \ 0.05) in all three species with the exception of

loci mTcCIR25 for T. grandiflorum and mTcCIR15

for T. subincanum.

The combined probability of paternity exclusion

(QC) indicates the probability of correctly excluding

a random nonparent individual in the population over

all loci, and is estimated based on allele frequencies

(Weir et al. 1996). QC values were high for these

three species (0.9982, 0.9862, 0.9974 for T. grandi-

florum, T. subincanum and T. sylvestre, respectively).

Values determined for the combined probability of

genetic identity (IC)—the probability that two indi-

viduals selected at random from a population will

have identical genotypes—were extremely low

(6.6 · 10–8, 2.6 · 10–9, 5.1 · 10–8 for T. grandiflorum,

T. subincanum, and T. sylvestre, respectively).

Results reported here demonstrate that these loci

allow for precise discrimination among species and

even individual trees, making these markers extre-

mely useful for studies of breeding and mating

systems, parentage, and gene flow of the study

species.
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Fig. 1 Allelic variation for

three microsatellite loci in

Theobroma subincanum
(A), T. grandiflorum (B)

and T. sylvestre (C). First

and last lanes in the gel

show a 10 bp ladder
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Amazonas, Brazil. MSc thesis, University of Florida,

Gainesville, USA

Smith N, Dubois J, Current D, Lutz E, Clement C (1998)

Agroforestry experiences in the Brazilian Amazon: con-

straints and opportunities. Pilot program to conserve the

Brazilian Rain Forest, Ministério do Meio Ambiente,
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