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Abstract Knowledge of genetic diversity in farmers’
selections is essential for planning on-farm conservation
and rehabilitation. Using 15 microsatellite loci, we analyzed
parentage and population structure in 220 farmer selections
of cacao from the Huallaga valley in Peruvian Amazon. A
high level of allele richness and heterozygosity were
detected in these selections. Coordination analysis showed
that these farmer selections are mainly comprised of
hybrids derived from Trinitario and Upper Amazon
Forastero germplasm. Bayesian clustering analysis assigned
54 selections as Trinitario and 166 as Upper Amazon
Forastero hybrids. Parentage analysis identified 15 interna-
tional clones as probable parents for 96 farmer selections,
which corresponded to a fraction of the known hybrid
families disseminated in this region in the late 1980s.
Combined analysis of demographic and molecular data
revealed a significant spatial autocorrelation (r=0.235; P=
0.006) at short geographical distances (<5.0 km). This
patch-like distribution of spatial heterogeneity suggests a
significant “neighborhood effects” in seeds distribution or
variety adoption, where closely related hybrid progenies
were adopted in the neighboring farms or villages. The

outcomes of this study indicate that in spite of the
introgressions of exotic germplasm in the past, Upper
Amazon Forastero is still the dominant component in the
Huallaga valley of Peru. The high level of on-farm diversity
can offer needed variability for participatory selection of
superior clones in this low input, small-scale production
system, where adaptability to specific environment is more
preferred than in a high input, large scale production
system.
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Introduction

Farmer participatory varietal selection refers to processes
whereby farmers are systematically involved in selecting
lines that are most adaptable to local conditions (Witcombe
et al. 1996). Farmer participatory varietal selection has been
advocated as an efficient approach to promote on-farm
conservation of genetic resources, because farmers are more
likely to have continued preferences to use these selections
in the local agro-ecosystem (Almekinders and Elings 2001;
Bellon 2004; Brush 2000). Participatory selection may be
more useful for tropical perennial crops in low input and
small scale production systems, where farmers’ experience
in multi-year field observations can benefit the selection of
superior trees, because specific adaption would receive
adequate weights as selection criteria (Dias 2001; Eskes
2006; Leakey and Akinnifesi 2007). To use this breeding
scheme, the underlining assumption is that high levels of
genetic diversity and variability in agronomic traits exist in
farmers’ fields, which can be explored for the identification
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of promising cultivars (Bellon 2004; Dias 2001). An
improved understanding of the structure of genetic
diversity in farmer selections is therefore essential for
the application of participatory selection, and to ensure
that the indigenous component of genetic diversity is
well represented in the “elite” materials that are
selected.

Theobroma cacao L., which is native to tropical South
America, is in the family Sterculiaceae (alternatively
Malvaceae senso latu) (Alverson et al. 1999; Bayer et al.
1999; Cuatrecasas 1964). This species comprises a large
number of highly morphologically variable populations,
which can all be crossed with one another (Cheesman
1944; Bartley 2005). Although it is commonly accepted
that cacao was domesticated in Mesoamerica (De la Cruz
et al. 1995; Young 1994), the Upper Amazon, including
the rain forest in Peru, has been proposed as the center of
origin of this species (Bartley 2005; Cheesman 1944;
Cuatrecasas 1964; Pound 1945).

The cultivated cacao has been traditionally subdivided
into three main groups: (Criollo, Forastero and Trinitario)
although other distinctive groups are recognized (Cheesman
1944; Wood and Lass 2001). Among the three main groups,
Criollo cacao was domesticated more than 3,000 years ago
primarily for its sweeter pulp by early indigenous tribes in
Mesoamerica (Henderson et al. 2007). It was believed that
Criollo was the only cacao variety cultivated in Meso-
america before the arrival of the Europeans (Bartley
2005; Motamayor et al. 2002). The term Forastero refers
to introduced foreign trees that are not Criollo. Forastero
encompasses a diverse range of populations from South
America and each population has a distinctive genetic
identity (Bartley 2005; Motomayor et al. 2008). Forastero
were brought to the traditional cocoa producing regions
including Central America and the Caribbean) in the mid
of 18th century when the cacao plantations were devas-
tated by unknown diseases. The resultant hybridization
between the Criollo survivors and the introduced Forastero
materials generated Trinitario, which was started in
Trinidad in the mid of 18th century (Cheesman 1944;
Bartley 2005).

The cultivation of cacao in Peru did not start until the
18th century, after the European colonization. However,
historical evidence indicates that the indigenous people in
the Amazon probably utilized the sweet pulp surrounding
the seeds in pre-Columbian times (Clement et al. 2010;
Dias 2001; Smith 1999). Whether this early utilization
pattern has had any impact on the evolution of traditional
cacao varieties in Peru is unknown. Nevertheless, it is
known that germplasm from Caribbean, Central America
and Ecuador was introduced into Peru in the eighteenth
century, when a small commercial cacao production started
in Peru (Bartley 2005). The cacao genotypes currently

cultivated in Peru consist of traditional varieties and hybrids
derived from introduced germplasm. It has been suggested
that the genetic background of these genotypes can be
partially traced back to the “Pound collection,” which was
established in the 1930’s (Hernandez 1991; Arévalo et al.
1999; Pound 1945). This collection was comprised of five
natural populations from the Peruvian Amazon including
germplasm groups of Iquitos Mixed Calabacillo (IMC),
Morona (MO), Nanay (NA), Parinari (PA) and Scavina
(SCA) (Pound 1938; 1945; Lockwood and End 1993;
Zhang et al. 2009). In the early 1950’s, new foreign clones
were introduced into Peru. Included among them were the
United Food Company selections from Costa Rica (UF
clones), the Imperial College selections from Trinidad (ICS
clones), and the selections from Ecuador (EET clones). A
breeding program was launched in 1953 by Peruvian
national institutions to develop high-yielding and disease-
resistant cacao hybrids (Arévalo et al. 1999; UNDCP and
UNOPS 1996). Controlled crosses were made between
introduced foreign clones and Peruvian Forastero germ-
plasm. A large number of hybrid families were distributed
in cacao producing regions, including the Huallaga valley.
This was an especially significant effort in the various
rehabilitation programs supported by the United Nations
Drug Control Programs (UNDCP) in the 1980’s–1990’s
(Evans et al. 1998; UNDCP and UNOPS 1996).

Farmer participatory selection and dissemination of
new cocoa varieties has been promoted in this region by
NGOs, International organizations and local govern-
ment. The underlining assumption is that large allelic
diversity, based on the disseminated hybrid families,
exists in farmer’s fields and this diversity can be
explored for the identification of superior clones (Eskes
2006). Working with the rural communities through
farmer field school, the individual trees with superior
yield and disease resistance are identified and collected.
These promising clones are being evaluated in replicated
trial and the best performers with field resistance to
witches’ broom and frosty pod at the various participat-
ing locations will be selected (Eskes 2006). These elite
farmer selections then will either be recommended for
direct adoption on farm (by grafting) or serve as parental
clones for breeding.

In this paper we describe a pilot study in which we
genotyped 220 farmer selections from Juanhui region in the
Huallaga valley, Peru, using microsatellite molecular
markers. The first objective of the study was to assess the
level of on-farm genetic diversity and infer the ancestry and
parentage of these farmer selections. The second objective
was to understand how the genetic diversity is spatially
distributed in the studied area. The results of the study will
elucidate the status of on-farm diversity in the Huallaga
valley of Peru. They will also be used for the development
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of a rational strategy in participatory varietal selection and
deployment in rehabilitation programs.

Results

Genetic Diversity in Farmer Selections

A high level of genotype diversity was observed among the
farmer selections from Juanjui. SSR data showed that the
220 farmer selections are all distinctive clones. The farmer
selections not only had high level of genotype diversity, but
also had a high level of allelic diversity (Table 2). A mean
number of alleles of 10.0 was observed in the 220 farmer
selections. The expected heterozygosity in the Juanjui
farmer selections was 0.741, where as the observed
heterozygosity was 0.694 (Table 2). Moreover, there was
a negligible inbreeding coefficient (F=0.058 per locus;
Table 2) in the 220 farmer selections (Fig. 1).

Genetic Relationship and Ancestry Inference

The genetic relationships among the 220 Peruvian farmer
selections, as well as the 27 candidate parental clones, were
shown by Principal Coordinates Analysis (Fig. 2). The
plane of the first two main PCO axes accounted for 53.9%
of total variation. Most of the Upper Amazon Forastero
clones (e.g. the NA, PA, and Pound clones) scattered
among the farmer selections, indicating the Upper Amazon
Forastero background in these farmer selections. A small
proportion of the farmer selections showed close proximity
with the Trinitario cacao (e.g. the ICS clones; Fig. 2).

The contribution of known candidate parental clones to
these farmer selections was further illuminated by assign-
ment test (Table 1). Using the admixture model, Bayesian
clustering analysis assigned the 247 accessions (220 farmer
selections and 27 candidate parents) into three genetically
distinct clusters (Fig. 3). The first cluster is comprised of
130 farmer selections that share membership with one
group of Peruvian Upper Amazon Forastero clones,
including NA 33, PA 7, PA 150, POUND 7, POUND 12,
and EET 400. The second cluster consists of 54 selections,
which fall in the same cluster with most of the ICS
Trinitario and UF clones. The third cluster includes 23
selections assigned in the same cluster with another group
of Upper Amazon Forastero clones, including SCA 6 and
SCA 12, which originated from the Ucayali river valley of
Peru. There are also 13 selections which could not be
assigned to any cluster, because their Q value in any one
cluster was less than 50%, but their joint Q-value in the two
Forastero clusters are above 0.50, thus they are counted as
Upper Amazon Forastero. In total, there were 54 farmer
selections that were classified as Trinitario type, whereas

166 selections were classified as Upper Amazon Forastero
(Table 1; Fig. 3).

Parentage Analysis

Parentage analysis shows that, out of the 27 candidate
parents, fifteen were responsible, at 80% confidence level,
for the parentage (maternity or paternity) of 96 farmer
selections in Juanjui. When the confidence level is raised to
95%, the number of identified parents was reduced to 11
clones that contributed to 56 farmer selections (Table 3).
Among the identified parental clones, ICS 1 was by far the
largest parentage contributor, which accounted for 34
parent-offspring pairs at 80% confidence. IMC 67 and
SCA 6 ranked second and third, with 13 and 10 offspring,
respectively, at 80% confidence. These top three clones
were found to be responsible for 59.4% of the parent-
offspring relationships identified among the international
clones, at 80% confidence.

Spatial Genetic Structure

Mantel tests did not detect significant correlation between
genetic and geographic distances by (Rxy=0.027, P=0.198).
However, the global autocorrelation analysis of the 220
farmer selections found significantly positive correlation
within short distance classes (Fig. 4). The correlograms
indicated significant positive spatial autocorrelation within a
distance of 5 km (Fig. 4). The autocorrelation became erratic
after this range.

Significant local spatial genetic structure was also
detected by the Two-Dimensional Local Spatial Autocorre-
lation Analyses (2D LSA). Among the 220 farmer
selections, 50% of the local correlation (lr) values, with
the number of nearest neighbors at six (NN=6), were
significantly positive based on a one-tailed test (Fig. 5). The
result is compatible with that generated by global autocor-
relation analysis, indicating a patch-like distribution of
diversity, where genetically similar individual trees aggre-
gated in the same villages or townships (Fig. 5). Positive
values were also found when lr estimates were based on 4,
8, 10, and 12 nearest neighbors, confirming the strength
and consistency of this patch-like pattern of genotype
distribution (data not shown).

Discussion

Genetic Diversity, Parentage and Spatial Pattern in Farmer
Selections

The maximum of genotype diversity (each selection has a
unique genotype) and high level of heterozygosity in the
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220 farmer selections from Juanjui was consistent with
the previously reported results in the Huallaga clones
from the same region (Zhang et al. 2006b). This result
supports the hypothesis that these farmer selections were
mainly derived from families of hybrid. Cacao planting
materials in the Amazon were traditionally distributed
by pods (Dias 2001; Bartley 2005). Propagation by
clones was not common until very recently. The segre-
gating hybrids families with diverse background offer a
high level of gene and genotype diversity in the cacao
fields.

The allele richness (10.0 alleles per locus) in the 220
farmer selections was high, and comparable with the wild
populations collected by J.F. Pound from Peruvian Amazon
(12.0 alleles per locus in 316 accessions; Zhang et al.
2009). The allele richness was much higher than the
cultivated populations in the coast regions of Ecuador
(4.96 alleles per locus in 322 accessions; Loor et al. 2008).
The expected heterozygosity (He=0.741; Table 2) is higher
than in the cultivated populations in Ecuador (He=0.561;

Loor et al. 2008) and the five wild cacao populations from
Loreto (He=0.628; Zhang et al. 2009).

The present results suggest that the current on-farm
diversity of cacao in Juanjui is largely built on the mixed
foundation of Upper Amazon Forastero and Trinitario, as
reflected by both PCoA (Fig. 2) and Bayesian clustering
analysis (Fig. 3). Upper Amazon Forastero is still a major
component in the current on-farm diversity in Juanjui,
whereas the Trinitario hybrids only account for 25% of the
farmer selections (Table 1; Fig. 3). Parentage analysis
supported the outcome of ancestry inference and further
showed that only 40% of the parentage (at 80% confidence
level) can be explained by the recorded International clones
used in the Peruvian cacao breeding program (Arévalo et al.
1999; Hernandez 1991). The remaining parentage was
likely from unrecorded parental clones, which may include
indigenous germplasm from Huallaga valley. In addition,
large numbers of wild populations still exist in this region.
Therefore, gene flow from wild populations may also
impact the current pattern of on-farm diversity.

Table 1 List of collection sites, number of farmer selections and assigned population membership (K=3) using Bayesian clustering analysis

Name of collecting sites in Juanjui,
Peru

Number of farmer
selections

Population membership

Upper Amazon
Forastero (I)

Upper Amazon Forastero
(II)

Trinitario Others

Chambira 7 7 0 0 0

Pachiza 20 19 0 1 0

Aucararca 9 2 0 7 0

Bajo Juñao 5 1 0 2 2

Capirona 4 3 1 0 0

Dos unidos 12 2 3 4 3

Huicungo 11 1 0 8 2

Tingo de Saposoa 17 13 0 4 0

La Libertad 27 1 12 13 1

Ledoy 9 8 0 0 1

Saposoa 12 8 1 3 0

Pajarillo 12 12 0 0 0

Puerto Ríos 8 7 1 0 0

Puerto rico 3 1 2 0 0

Retama 5 1 1 3 0

Sacanche 19 17 1 1 0

Juanjuí 14 13 0 1 0

Soledad 11 1 1 5 4

Villaprado 8 8 0 0 0

Zanja Seca 7 5 0 2 0

220 130 23 54 13

The 220 farmer selections were assigned in two clusters of Upper Amazon Forastero and one cluster of Trinitario based on the Bayesian clustering
analysis (Pritchard et al. 2000). Selections with assignment probability (Q value) above the threshold of 0.500 were accepted as a member of that
cluster. Selections that do not belong to any particular cluster because the assignment probability to any one of the three clusters was smaller than
0.500 (Q <0.500), but they can be classified as Upper Amazon Forastero based on their combined Q values
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Among the international clones tested as candidate
parents, Trinitario cacao made a significant contribution,
but the contribution was predominantly limited to a small
number of the ICS clones, especially ICS 1. The presence
of Trinitario ancestry in these selections is consistent with
the historical record of using ICS clones as an important
progenitor in Peru’s cacao breeding program since the
1950’s (Arévalo et al. 1999; Evans et al. 1998). In many
cases, ICS 1 was crossed with SCA 6 in hopes of
incorporating disease resistances (Hernandez 1991). The
high frequency of ICS 1 as the identified parental clone
in the Juanjui selections also indicates that this clone has
a good combinability and breeding value. The SCA 6
clone is a well known source of resistance to several
cacao diseases, including witch’s broom and black pod
disease (Bartley 2005; Pound 1945). Despite the numer-
ous Peruvian research documents showing that SCA 12,
PA 150, PA 46, ICS 8, ICS 9 were commonly used
parental clones in the same breeding program, no
parentage was detected from these clones in the examined
farmer selections.

The Juanjui farmer selections of cacao showed signifi-
cant spatial structure corresponding to a patch-like distri-
bution in short distances (<5 km), based on townships or
villages. This result indicates variation in seed distribution
and/or adoption of planting materials at different spatial

ranges. While the previous breeding records indicated that
diverse sets of hybrid families were delivered to the entire
Huallaga valley, the diversity at local community level
appeared small, likely due to the mechanism in seed (in the
form of seedlings) distribution. The intensity of local
correlation showed a rather regular decay over distance
between townships or villages. This pattern could also be
the result of different acceptance of particular genotypes by
farmers or specific adaptability to local environmental
conditions. Sharing productive genotypes has been com-
mon among cacao growers around the world and pods from
a productive tree would have higher likelihood of being
integrated into a neighbor’s field. The rehabilitation effort
in the mid-1980 may have reinforced this trend, when same
hybrid families were delivered to and adopted by farmers in
the same communities or villages.

Implication for On-Farm Conservation and Rehabilitation

On-farm conservation is increasingly recognized as an
important component of a conservation strategy for crop
genetic resources. It supplements the ex situ conservation
efforts by providing advantages in maintaining the evolution
process under the ecological and agricultural system (Bellon
2004; Love and Spaner 2007). For crops cultivated in their

Table 2 Allelic diversity of the 15 microsatellite loci scored in the 220 farmer selections from Juanjui, Peru. N, total number of alleles; HObs,

observed heterozygosity; HExp, expected heterozygosity; PID_sib, probability of identity of siblings

Genebank designation Accession namea N HObs HExp Inbreeding coefficientb PID-sibc

TCA16981 mTcCIR7 5 0.596 0.540 –0.105 0.266

TCA16980 mTcCIR6 12 0.784 0.832 0.057 0.049

TCA16995 mTcCIR22 6 0.555 0.568 0.023 0.225

TCA16996 mTcCIR24 8 0.546 0.515 –0.060 0.285

TCA16982 mTcCIR8 9 0.528 0.754 0.301 0.097

TCCTREP mTcCIR1 9 0.518 0.580 0.106 0.234

TCA16985 mTcCIR11 12 0.615 0.816 0.246 0.058

TCA16986 mTcCIR12 11 0.830 0.804 –0.033 0.065

TCA16988 mTcCIR15 9 0.761 0.805 0.054 0.058

TCA271942 mTcCIR37 13 0.826 0.862 0.042 0.032

TCA271826 mTcCIR33 15 0.748 0.833 0.103 0.048

TCA16991 mTcCIR18 9 0.833 0.794 –0.050 0.069

TCA16998 mTcCIR26 9 0.673 0.744 0.096 0.104

TCA271943 mTcCIR40 13 0.826 0.831 0.006 0.049

TCA271958 mTcCIR60 10 0.771 0.838 0.080 0.046

Mean over 15 loci 10 0.694 0.741 0.058 0.000011d

a mTcCir=microsatellite Theobroma cacao CIRAD (Centre de Coopération Internationale en Recherche Agronomique pour le Développement)
b Definition of Inbreeding Coefficient follows Wright (1965)
c PID-sib Probability of identity among siblings follows the definition of Evett and Weir (1988)
d Accumulated PID-sib as the loci add up, i.e. the PID-sib value of the second locus is the product of PID-sib of the first two loci
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center of origin, such as cocoa Peruvian Amazon, a high
level of indigenous intraspecific variation is often confound-
ed with introduced germplasm or modern varieties. In recent
years, this region experienced replacement of indigenous
germplasm by the introduction of exotic varieties with
reduced diversity. In extreme cases, a few highly productive
varieties were grafted in the whole plantation. In Juanjui and
Tingo Maria, it was estimated that 50% of the production is

from Trinitario types, including CCN 51 (The Peruvian
Ministry of Agriculture 2000). The present study in Juanjui,
however, indicates that in spite of the introductions of exotic
germplasm over the years, Upper Amazon Forastero germ-
plasm is still a major component of the current on-farm
diversity. The elite farmer selections provide a good basis for
on-farm conservation. Evaluation and distribution of the elite
farmer selections, with the support of the on-going rehabilita-

IQUITOSIQUITOS

Fig. 1 Sampling sites of farmer selections in the Juanjui region in the upper Huallaga valley on the eastern slopes of the Andes. Administratively,
Juanjui belongs to the Province of Mariscal Cáceres in the Department of San Martin
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tion program, is an economically viable approach to conserve
these germplasm in situ.

The present study showed that a high level of intraspecific
allelic diversity exists in farmer’s fields in the Huallaga valley
in Peru. This high level of diversity can be explored for
participatory selection of superior clones in this low input,
small-scale production system, where adaptability to specific
environment is more preferred than in a high input, large scale
production system. Furthermore, the detected local spatial
correlation suggested that the varietal deployment at the
community level needs further improvement. Currently a
large number of individual trees with superior traits have been
identified and collected from rural communities through
farmer field school. Genetic insight from analysis of these

selections, as provided by the present study, will be useful for
the identification and deployment of clones with diverse
genetic background aiming for durable diseases resistances in
this region.

Materials and Methods

Site of Investigation

Juanjui is located in the upper Huallaga valley on the
eastern slopes of the Andes, Administratively, it belongs to
the Province of Mariscal Cáceres, in the Department of San
Martín (Fig. 1). In the past two decades this region has been

NA/PA/POUND SCAICS/UF

Upper Amazon Forastero (UAF) Trinitario UAF

Fig. 3 Inferred clusters of 247 cacao accessions, including 220 farmer
selections from Juanjui, Peru and 27 candidate parental clones used by
the Peruvian breeding program in the 1980s using STRUCTURE. The
most probable clusters were obtained at K=3, where K is the potential
number of genetic clusters that may exist in the overall sample of

individuals. Each vertical line represents one individual multilocus
genotype. Individuals with multiple colors have admixed genotypes
from multiple clusters. Each color represents the most likely ancestry
of the cluster from which the genotype or partial genotype was
derived. Clusters of individuals are represented by colors

Fig. 2 PCoA plot of 247 cacao
accessions, including 220 farmer
selections from Juanjui, Peru
and 27 candidate parental clones
used by the Peruvian breeding
program in the 1980s. First
axis=35.6% of total information
and the second=18.3%
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Fig. 4 Global spatial autocorrelation of the 220 farmer selections of
cacao from Juanjui, Peru based on a dataset of 15 SSR loci. The Y
axis is the spatial genetic correlation coefficient (r) computed as a
function of distance (Peakall and Smouse 2006). The dashed lines

represent the 95% confidence interval around the null hypothesis of no
spatial structure (or random distribution) and the error bars represent
the bootstrapped 95% confidence around r. Distance classes of 2 km
were used

Table 3 Likelihood assignment of parentage in the 220 Juanjui farmers selections based on twenty-seven candidate parental clones

Candidate parents Source of samples Country of origin Number of assigned parent-offspring pairs

>80% Confidence >95% Confidence

EET 51 CATIE, Costa Rica Ecuador 7 6

EET 228 CATIE, Costa Rica Ecuador 2 1

EET 400 CRU, Trinidad Ecuador 4 4

EET 59 CATIE, Costa Rica Ecuador 0 0

EET 95 CATIE, Costa Rica Ecuador 1 1

ICS 1 CRU, Trinidad Trinidad 34 8

ICS 6 CRU, Trinidad Trinidad 9 7

ICS 8 CRU, Trinidad Trinidad 0 0

ICS 9 CRU, Trinidad Trinidad 0 0

ICS 95 CRU, Trinidad Trinidad 4 4

IMC 67 CRU, Trinidad Peru 13 10

IMC 51 CRU, Trinidad Peru 0 0

NA 33 CRU, Trinidad Peru 3 2

PA 7 CRU, Trinidad Peru 5 4

PA 121 CRU, Trinidad Peru 0 0

PA 150 CRU, Trinidad Peru 0 0

POUND 12 CRU, Trinidad Peru 1 0

POUND 7 CRU, Trinidad Peru 1 0

SCA 12 CRU, Trinidad Peru 0 0

SCA 6 CRU, Trinidad Peru 10 9

UF 221 CATIE, Costa Rica Costa Rica 1 0

UF 613 CRU, Trinidad Costa Rica 1 0

UF 650 CATIE, Costa Rica Costa Rica 0 0

UF 667 CATIE, Costa Rica Costa Rica 0 0

UF 677 CATIE, Costa Rica Costa Rica 0 0

UF 668 CATIE, Costa Rica Costa Rica 0 0

UF 676 CATIE, Costa Rica Costa Rica 0 0

Total 96 56

Critical LOD for assignment at >80% and >95% confidence are 1.68 and 4.56 respectively
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the center of illicit coca production in Peru. Although
various promising crops are being promoted for alternative
development, cacao is the priority crop for local farmers
because of its market opportunity. Cacao is primarily
produced by small scale farmers and majority of the farms
are smaller than two hectares (Ministerio de Agricultura,
Peru 2006)

Plant Materials

A total of 220 farmers’ selections were sampled from fields
with full-grown cacao trees in Juanjui (Fig. 1; Table 1). The
selection was coordinated by “Instituto de Cultivos Tropicales”
(ICT), a non-profit and non-governmental organization
promoting the sustainable agricultural development in the
Peruvian Amazon region. Farmer participatory approaches
were applied in identifying these selections. The trees are
about 20 years old. Selection was based on years of
observation for productivity and disease resistance by the
local farmers.

To assess the genetic composition of the farmer
selections and their inter-relationship with the candidate
parental clones, we included 27 accessions that had been
used as parental clones in the previous cacao breeding
program in Peru (Arevalo, personal communication). These
clones also served as reference genotypes in data analysis
(Table 1).

The samples used for DNA fingerprinting profiles were
leaves of various ages collected from individual cacao trees
on local farms. Each sampled branch was tagged for

potential revisiting. Major agronomic data were recorded,
following the protocol developed for the ICT farmer field
school training program. Four healthy young leaves were
collected from each tree, and the samples were air dried and
sent to the USDA Beltsville Agricultural Research Center,
Maryland, USA for genotyping.

DNA was extracted, according to the manufacturer’s
recommendation, with the DNeasy Plant System (Qiagen
Inc., Valencia, CA, USA). Modifications were made to
impede covalent reactions with the high level of endoge-
nous phenolics in the cacao leaf samples (Saunders et al.
2004; Zhang et al. 2006a).

SSR Analysis

The development and selection of the cacao microsatellite
markers has been previously described (Lanaud et al. 1999;
Saunders et al. 2004). PCR was performed as described in
Saunders et al. (2004), using commercial hot-start PCR
supermixes that had been fortified by the addition of 30 U
of the respective hot-start Taq DNA polymerase (Invitrogen
Platinum Taq, Carlsbad, CA; Eppendorf HotMaster Taq,
Brinkman, Westbury, NY) to each ml of the supermix. The
amplified PCR products were separated by capillary
electrophoresis as previously described (Saunders et al.
2004) using a CEQ™ 8000 genetic analysis system (Beckman
Coulter Inc.). Data analysis was performed using the CEQ™
8000 Fragment Analysis software version 9.0 according to
manufacturer’s recommendations (Beckman Coulter Inc).
Sizes of SSR (Simple Sequence Repeat) fragments were

Fig. 5 Bubble plots of two-
dimensional local spatial auto-
correlation analyses of 220
farmer selections in Juanjui,
Peru. The plot shows the entire
study area with green dots
indicating the geographic
coordinates of each territory
sampled. Bubbles surround
territories with positive lr values
that fell within the 5% tails
of the permuted distribution.
The size of the bubble is
proportional to the magnitude
of lr. In these plots significantly
positive lr values range from
0.156 to 0.413. Calculations of
lr were based on sampling six
nearest neighbors
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automatically calculated to two decimal places by the
CEQ™8000 Genetic Analysis System. Allele-calling was
performed using the CEQ™8000 binning wizard software
(CEQ™8000 software version 9.0, Beckman Coulter Inc.),
and edited based on the bin list using a SAS program
(SAS, 1999).

Data Analysis

Summary statistics for each marker locus were computed
using PowerMarker v. 3.0 (Liu and Muse 2005). For the
purpose of this present study, we define genotype diversity
as the percentage of unique genotypes in the farmer
selections. Gene diversity was defined by the allele richness
and expected heterozygosity. To compare the allele richness
between the farmer selections and the five wild populations
from Loreto, Peru (316 genotypes in total), we estimated
unbiased allelic richness using the rarefaction approach as
implemented in the computer program HP-Rare (Kalinowski
2005).

To assess the relationship among the individual selec-
tions, pair-wise Euclidean distance was computed for every
pair of accessions using the genetic distance procedure in
GenAlEx 6.0 (Peakall and Smouse 2006). The same
program was used to perform Principal Coordinates
Analysis (PCoA), based on the pair wise distance matrix.
Both distance and covariance were standardized. Twenty-
seven international accessions that have served as parental
clones in the cacao breeding history of Peru were included
in the Principal Coordinates Analysis.

For the analysis of population structure and inference of
admixed ancestry (hybrids or ancestral forms), we used a
model-based clustering method implemented in the soft-
ware program STRUCTURE (Pritchard et al. 2000). The
number of clusters (K-value) was set from 2 to 11 and the
analysis was carried out without assuming any prior
information about the genetic group or geographic origin
of the samples.

Ten independent runs were assessed for each fixed
number of clusters (K). The ΔK value was computed to
detect the most probable number of clusters (Evanno et al.
2005). The run with the highest Ln Pr (X|K) value of the
10 was chosen and presented as bar plots. Accessions
possessing >50% membership (Q-value) in their own
cluster were considered as a member of that cluster
(genetic group).

Parentage analysis was applied to verify the parentage
contribution of the twenty seven cacao clones that were
used in production of hybrids in the Huallaga valley during
the 1980s. A likelihood-based method implemented in the
program CERVUS 3.0 (Marshall et al. 1998; Kalinowski
et al. 2007) was used for computation. For each parent–
offspring pair, the natural logarithm of the likelihood ratio

(LOD score) was calculated. Critical LOD scores were
determined for the assignment of parentage to a group of
individuals without knowing the maternity or paternity.
Simulations were run for 10,000 cycles, assuming that
80% of candidate parents were sampled and a total of
80% of loci were typed, with a typing error rate of 1%.
The most probable single mother (or father) for each
offspring was identified on the basis of the critical
difference in LOD scores (Δ) between the most likely
and next most likely candidate parent at greater than 95%
or 80% confidence (Marshall et al. 1998; Kalinowski
et al. 2007).

To assess if there is spatial genetic structure (SGS), we
tested both global and local SGS using the spatial
procedure implemented in GenAlEx 6.0 (Peakall and
Smouse 2006). For the test of global SGS, the significance
of autocorrelation coefficient (r) was tested by constructing
a classic 2-tailed 95% CI around the null hypothesis of no
SGS (r=0) by performing 999 random permutations of
genotypes among geographic locations (Peakall and Smouse
2006). For the test of local SGS, the 2-dimensional local
spatial analysis (Smouse and Peakall 1999; Peakall and
Smouse 2006) was applied. Permutation testing and a
1-tailed test (to detect only positive SGS) at p=0.1 was
used. The 2D LSAwas computed for four, six, eight, and 10
nearest neighbors, but we present only the results for six
nearest neighbors, considering the average number of
selections is approximately five from each farm.
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