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Abstract

Cacao (Theobroma cacao L.) is indigenous to the Amazon basin, but is generally believed to have been domesticated in
Mesoamerica for the production of chocolate beverage. However, cacao’s distribution of genetic diversity in South America
is also likely to reflect pre-Columbian human influences that were superimposed on natural processes of genetic
differentiation. Here we present the results of a spatial analysis of the intra-specific diversity of cacao in Latin America,
drawing on a dataset of 939 cacao trees genotypically characterized by means of 96 SSR markers. To assess continental
diversity patterns we performed grid-based calculations of allelic richness, Shannon diversity and Nei gene diversity, and
distinguished different spatially coherent genetic groups by means of cluster analysis. The highest levels of genetic diversity
were observed in the Upper Amazon areas from southern Peru to the Ecuadorian Amazon and the border areas between
Colombia, Peru and Brazil. On the assumption that the last glaciation (22,000–13,000 BP) had the greatest pre-human
impact on the current distribution and diversity of cacao, we modeled the species’ Pleistocene niche suitability and overlaid
this with present-day diversity maps. The results suggest that cacao was already widely distributed in the Western Amazon
before the onset of glaciation. During glaciations, cacao populations were likely to have been restricted to several refugia
where they probably underwent genetic differentiation, resulting in a number of genetic clusters which are representative
for, or closest related to, the original wild cacao populations. The analyses also suggested that genetic differentiation and
geographical distribution of a number of other clusters seem to have been significantly affected by processes of human
management and accompanying genetic bottlenecks. We discuss the implications of these results for future germplasm
collection and in situ, on farm and ex situ conservation of cacao.
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Introduction

Numerous studies have been dedicated to investigating the

genetic diversity of cacao (Theobroma cacao L.) [1–8], but most of

these had a local or at most national scope. The first larger scale

investigation, covering representative sites of the current distribu-

tion pattern of cacao in the whole of Latin America was recently

published by Motamayor et al. [9]. The latter authors genotyped

1241 trees, leading them to propose a new classification of the

currently known cacao germplasm. Here we use part of this

dataset to investigate spatial diversity patterns of cacao at the

continental level. Available information about spatial patterns and

gene flow in cacao is still scarce [5] and the work that does exist

relates to patterns at relatively small scale. For example, Zhang et

al. [5,7] found significant spatial correlations at regional scale in

Peru and Bolivia, respectively, providing evidence for the

hypothesis of isolation by distance in cacao populations. This

long-expected pattern has been related to the limited, short-

distance gene flow in cacao, and the fact that self-pollination may

be more common than assumed in natural populations [3,4,7,10].

A better understanding of the spatial distribution of genetic

diversity in cacao is important because it can contribute to

improving our knowledge of the temporal and spatial dynamics of

this economically important crop [5], which in turn underlie the

species’ adaptability to environmental change [11]. Furthermore,

it can provide information to guide the identification of priority

areas for (i) collection of promising germplasm material for ex situ

conservation and potential use in breeding programs, and (ii) in situ

conservation (cf. [12]). Finally, geospatial diversity analyses can

help confirm or refute cacao’s putative center of origin, and

improve our understanding about possible historical dispersal

routes [13].

Genetic differentiation triggered by local adaptation of geo-

graphically separated (sub)populations of a species is in many cases

the result of evolutionary processes running over hundreds to

thousands of generations. Current intraspecific diversity patterns

of many Amazonian plant species are at least in part a reflection of
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their distribution during the last period of glaciation (22,000–

13,000 BP), which had the greatest impact on the vegetation of

northern South America in Pleistocenic history [4]. There seems

to be growing consensus that during the Last Glacial Maximum

(LGM,21,000 BP) the Amazon Basin experienced significant

cooling, combined with a reduction in precipitation, and water

stress in plants due to lowered atmospheric CO2 concentrations

[14–18]. As a consequence of this, part of the Amazon Basin, or at

least the ecotonal areas towards its northern and southern

margins, was probably occupied by non-rainforest vegetation,

such as (more open) dry forest, and in some areas even savannah

[14,16,17,19,20]. Consequently, the floristic composition and

structure of the vegetation in the Amazon basin at the LGM

were probably also quite different from what they are today

[15,16,18]. The most notable example is possibly the occurrence

of typical Andean taxa like Podocarpus or Alnus in the Amazon basin

[14,15,18], but it is likely that climatic conditions during the LGM

also affected the Amazonian distribution of cacao, e.g. by

restricting it to a number of geographically and genetically

isolated refugia as suggested by Motamayor et al. [1].

During the glacial-Holocene transition, evergreen rainforest

distribution probably increased again owing to ameliorating

climatic and CO2 conditions [18]. During the Early-Mid-

Holocene (ca. 8000–3600 years ago) there was a new drop in

precipitation causing seasonal widespread, frequent fires in

southern Amazonia, and increased abundance of dry forest taxa

and savannahs in ecotonal areas. Finally, in the Late Holocene

rainforests expanded once more because of increased precipitation

[18]. Considering that different responses to climate change may

be expected from different species, depending on their adaptation

and environmental tolerance [16,21], here we model the potential

past distribution of cacao based on the average of two climate

models of the LGM by means of Ecological Niche Modeling. This

approach has been used successfully for reconstructing past

potential distributions of species, e.g. to better understand their

current distribution and diversity [17,22].

For species with longstanding economic or livelihood impor-

tance like cacao and Brazil nut, varying levels of past human

intervention contributed to shaping current spatial diversity

patterns [23]. In the case of cacao, human-mediated dispersal

probably began in the warming period in the Holocene after the

initial peopling of the Amazon which started around 11,200 BP at

the latest [24]. It is clear now that cacao was brought to

Mesoamerica by early humans where use and domestication of

this crop may have started some 4,000 years ago [25], but humans

also played an important role in distributing the species over the

Amazon Basin [24]. It has been hypothesized that certain cacao

populations, particularly those from the lower Amazon, might

derive from selection and domestication processes conducted by

pre-Colombian Amazonian peoples for the aromatic pulp of the

fruits [3,5,24,26–29]. As is the case for several other Theobroma and

Herrania species, the pulp surrounding cacao seeds was a popular

snack and was fermented to make an alcoholic beverage, and

occasionally vinegar, by numerous Amazonian indigenous groups

at the time of European contact [27], a practice which persists

until today [30]. In fact, preparation of alcoholic beverages from

cacao pulp may have led to the discovery of the usefulness of cacao

seeds for preparing chocolate in Central America [25,29].

In addition, when considering recent findings concerning the

biological characteristics of cacao in wild populations (rare flowers,

pollination by small midges with limited action-sphere, short

pollination distances, general self-incompatibility, indehiscent

fruits, recalcitrant seeds, seed dispersal over short distances, and

a high degree of vegetative reproduction in wild populations), and

the aggregated occurrence of cacao trees in natural stands

[3,4,7,10], it seems implausible that the current continent-wide

distribution of cacao was entirely due to natural processes.

Although sporadic seed dispersal under natural conditions has

been reported to be mediated by monkeys, birds, squirrels and

even deer [27], this does not seem to have been very efficient [4],

possibly because its original megafauna dispersal agent(s) went

extinct [31].

The present paper has three objectives. First we investigate the

distribution of genetic diversity of cacao in Latin America (alpha

diversity) and identify areas holding the highest levels of genetic

diversity under the assumption that these may correspond with

areas where original wild populations can be found, or at least

populations that are most related to the original wild populations

(cf. [1]). Wild populations that are adapted to locally prevailing

environmental conditions are of interest because they can contain

genetic material for potential use in breeding programs, e.g. for

improving disease or drought resistance. Our second objective is to

describe and explain the spatial distribution of different genetic

groups or clusters that can be distinguished in the cacao dataset

here analyzed (beta diversity). Hereby we explicitly take into

consideration the historical distribution of cacao, as well as the

impact of historical human activities. Finally, we interpret the

results obtained in terms of their implication for future germplasm

collection and in situ, on farm and ex situ conservation of cacao.

Methods

Datasets
A number of different data sources were analysed to produce

the results presented in this paper. Most importantly, we used the

open-access dataset elaborated by the Agricultural Research

Service (ARS) of the United States Department of Agriculture

(USDA), which contains microsatellite marker data from 1241

cacao individuals, evaluated over 106 loci (available at http://

www.ars.usda.gov/Research/docs.htm?docid = 16432). This same

dataset formed the basis for the paper of Motamayor et al [9] who

cleaned the data by eliminating mislabeled accessions, duplicates,

hybrids, and markers yielding inconsistent observations. As such,

the authors retained data for 952 individuals and 96 microsatellite

markers. This germplasm originates from 12 countries and was

collected between 1937 and 2005 (for further information see [9]).

The latter dataset formed the starting point for the present paper.

We removed two points from Ecuador for which coordinates were

missing and two points from Ghana. Subsequently, we performed

additional cleaning with respect to consistency between adminis-

trative units mentioned in the passport data, and observed after

projection of the geographic coordinates, and applied the reverse

jackknife method integrated in DIVA-GIS [32] to identify climatic

outliers. The latter analysis was based on the bioclimatic values

associated with all of the cacao records, extracted from 2.5 minute

rasters of the 19 bioclim variables, obtained from the Worldclim

website [33]. This data cleaning exercise resulted in the exclusion

of 9 additional South American data points. Hence the

microsatellite dataset used in the present paper consisted of 939

cacao individuals evaluated with 96 markers.

For the distribution modeling of cacao under past, current, and

future climatic conditions, we extracted additional georeferenced

observation points from GBIF (www.gbif.org) to obtain a more

representative distribution of cacao growing sites in Latin

America. After the previously described data cleaning, a total of

1333 cacao records were retained (i.e. the 939 records with genetic

data and 394 additional ones). We performed the same exercise for

obtaining representative observation points for cacao’s wild

The Spatial Diversity of Cacao in the Neotropics
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relatives (i.e. the 19 other species in the Theobroma genus (APG [34]

and The Plant List [35] website, accessed October 2011)), leading

to 1636 additional (non-cacao) records.

Genetic Parameters
The neutral SRR genetic marker data used in the current study

are particularly useful for investigating processes such as gene flow,

migration or dispersal [36]. Neutral molecular marker diversity

can additionally provide useful indications about the level of

historic and/or ongoing genetic isolation of populations, and

hence to a certain extent also about their potential for adaptation

to local environmental conditions, as a consequence of such

isolation. Of particular interest in this respect are what Frankel et

al. [37] called locally common alleles. These are alleles -or DNA

sequences- that only occur in a limited part of the total area of

a species, but in those areas have a relatively high frequency,

which, in combination, are indicative for the level of genetic

isolation and possibly also local adaptation.

In this paper, genetic parameters were calculated following two

different approaches: one based on grid cells and the other based

on genetic clusters. Grid-based calculations of genetic parameters

included allelic richness per locus, the number of locally common

alleles per locus (i.e. alleles occurring in 25% or less of all grid cells

and with a frequency of at least 5% in a grid cell), Shannon

information index and Nei gene diversity [38]. Cluster-based

calculations of genetic parameters included the average number of

private alleles per locus, i.e. alleles that only occur in one single

cluster, and average observed heterozygosity in addition to the

ones previously listed. Locally common alleles for clusters were

calculated as the average number of alleles per locus occurring in

one or two clusters and with a frequency higher than 5% in

a cluster.

Grid-based Spatial Diversity Analyses
Circular neighborhood. Grid-based spatial diversity analy-

ses were performed using 10 minute grid cells (,18 km at the

equator), constructed in ESRI ArcMap 10, as the unit of analyses.

To obtain sufficient and more evenly distributed data points for

constructing high resolution maps of genetic diversity at a conti-

nental scale, we applied circular neighborhoods of one degree

diameter around the locations of all the cacao trees considered in

this paper, following van Zonneveld et al. [12]. With this we

assume that each of the sampled trees is representative for the

circular area with one decimal degree diameter (,111 km at the

equator) around it. Consequently, each tree was replicated in all

the 10 minute grid cells contained in a one degree diameter

around its location. This replication exercise resulted in a total

dataset of 26,067 trees, distributed over 1,678 grid cells of 10

minutes size (note that the original dataset consisted of 939 trees

(i.e. the trees with microsatellite data considered in this paper)

distributed over 138 grid cells). For a more in-depth discussion of

the circular neighborhood methodology, please refer to [12].

Bootstrap correction of sample bias. The previously

described circular neighborhood technique does not in itself

eliminate the sampling bias that was already present in the original

dataset: the number of trees per grid cell after the replication

exercise varied between 1 and 244. To allow for standardized and

statistically sound comparisons of genetic parameters between grid

cells containing different numbers of trees, these parameters were

calculated on bootstrapped subsamples (without repetition) of trees

per grid cell. The bootstrap approach generates highly similar

results as the rarefaction methodology that is commonly used for

correcting the sample bias in allelic richness calculations [39], but

has the advantage that it can be used for correcting sample bias of

any genetic parameter and not just allelic richness. We set the

sample size equal to the median of the distribution of the number

of trees per grid cell, i.e. 8 trees or 16 gene copies (g = 16) (see [40]

for terminology). By applying this threshold value (i.e. discarding

all cells containing less than 8 trees), we retained 55% and 90% of

the 1,678 grid cells and 26,067 trees obtained after the replication

exercise. For each of the retained grid cells, we averaged the values

obtained for each of the genetic parameters as calculated for 1,000

bootstrap samples. Calculations were performed in R statistical

package version 2.14 [41]. The R script of this bootstrap sample

bias correction methodology is freely available from the authors on

request. To assess whether 1,000 bootstrap repetitions were

sufficient for obtaining an acceptable level of precision, we applied

the rarefaction algorithm in ADZE program [42] on the cacao

dataset using a sample size of 16 genecopies (g = 16,) and

compared the values obtained with the results from our respective

bootstrap calculations. This resulted in values of 0.99 and r = 0.99

for regression slope coefficient and Pearson correlation coefficient,

respectively, justifying the validity of the methodology used.

Spatial Principal Components Analysis
To visualize continental-scale gradients in the genetic diversity

of cacao and enhance our understanding of how geographical and

environmental features structure this genetic diversity, we applied

a spatial principal components analysis (sPCA) [43] in adegenet

package version 1.3–2 [44] for the statistical program R. This

method yields scores that summarize both the genetic variability

and spatial structure among individuals. It uses both a matrix with

allele frequencies of genotypes and a spatial weighting matrix

containing measurements of spatial proximity among entities,

based on a connection network [43]. Here we used the Delaunay

triangulation algorithm for constructing the connection network

between the sampled cacao trees. More specifically, sPCA uses

Moran’s I to measure spatial structure in allele frequency values of

samples. Moran’s I values are highly positive when allele

frequency values observed at neighboring sites tend to be similar

(contributing to global structures in data), whereas it is strongly

negative when allele frequency values at neighboring sites tend to

be dissimilar (contributing to local structures). An sPCA generates

two sets of axes: one set with positive eigenvalues and the other

with negative eigenvalues. Positive eigenvalues correspond to

global structures, while negative values are indicative of local

patterns. Applied to the present cacao dataset, a very strong global

structure was detected. The positive eigenvalues of the first two

axes were clearly much higher than all other eigenvalues and

therefore we only interpreted the first global structure associated

with the first two axes. This decision was confirmed by a Monte-

Carlo test on the global and local structures in the dataset

(simulated p-values ,0.001 and 0.78, respectively). We visualized

the global structure in the cacao dataset on a raster map with 10

minute grid cells, by assigning to each cell the average value of the

projections on the first sPCA axis of all individuals enclosed by

a circular neighborhood of one degree diameter constructed

around its center.

Identification and Characterization of Genetic Clusters
We used adegenet to identify different genetic groups in the

cacao dataset. To identify the optimal number of clusters this

package runs the k-means algorithm with increasing values of k on

the PCA-transformed data (i.e. the 939 genotyped trees) and then

compares different clustering solutions using Bayesian Information

Criterion (BIC). It is important to bear in mind that in many

(most) cases the ultimate choice of the optimal k value is user-

defined. In this respect Jombart [45] says that ‘‘clustering

The Spatial Diversity of Cacao in the Neotropics
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algorithms help make a mere caricature of a complex reality which

is most of the time far from following known population genetics

models’’. There simply is no true k, but some values of k are better,

more efficient summaries than others [45]. For the present analysis

we chose the same number of ten clusters as used by Motamayor

et al [9] which was backed up by the first noticeable elbow in the

BIC curve generated by adegenet. Membership probabilities of

each individual cacao tree for the different groups were calculated

in adegenet by means of a discriminant analysis of principal

components (DAPC) on the previously determined clusters. These

membership values are different from the admixture coefficients of

software like STUCTURE (used by Motamayor et al [9]) but can

be interpreted in a similar fashion as proximities of individuals to

the different clusters [45]. Ninety-eight percent of the 939

individual trees had cluster membership values larger than 0.7

(more than half of the remaining trees had membership values

over 0.6). Separate raster maps were constructed for each of the

clusters with cells of 10 minutes. For this, only individuals with

membership values of at least 0.7 were considered. Each cell was

assigned the highest membership value of the individuals enclosed

by a circular neighborhood of one degree diameter constructed

around its center. To visualize the genetic similarity of clusters we

additionally constructed a dendrogram in R package vegan 1.17–

12 [46] based on Nei’s distance and using the complete linkage

clustering algorithm. This yielded a cophenetic correlation value of

0.92 confirming the validity of using this method. To compare

genetic parameters among the different clusters of different sizes

(varying between 35 and 158 individuals with membership values

$0.7), we applied the bootstrapping method described above,

using a sample size of 35 (the size of the smallest cluster) and 1,000

repetitions.

To compare the climatological niches occupied by the different

clusters, we extracted the values of the 19 bioclim variables and

altitude for each of the sampled trees corresponding to their

location from the respective 2.5 minute raster maps. Furthermore,

to allow visualizing the environmental niches of the different

clusters in two-dimensional space, we applied a Principal Co-

ordinates Analysis (PCoA) by means of R packages Vegan 1.17–12

and BiodiversityR 1.5 [47], using Nei’s distance as a distance

parameter. A posteriori, we performed vector fitting in Vegan to

visualize the importance of the different bioclim variables and

altitude, as well as the correlations between them. As input for this

ordination exercise we used (1) an allele matrix with the cacao

individuals in rows, the SSR loci in columns and corresponding

alleles in cells, and (2) an environmental matrix with the cacao

individuals in rows, the 19 bioclim variables and altitude in

columns and the corresponding values in cells. All the environ-

mental variables were significant (p = 0.001; permutation tests).

Highly similar results were obtained from a distance-based

redundancy analysis (i.e. the constrained analog of PCoA).

However, given that cacao trees -even abandoned cultivars- are

able to survive naturally in appropriate humid forest ecosystems

[24], and given that a large part of cacao’s current distribution is

due to human dispersal processes (cf. discussion), we do not believe

it is appropriate to characterize the ecological niches in ordinate

space where the axes are constricted to linear combinations of the

environmental variables here considered.

Niche Modeling
We characterized the spatial distribution of suitable habitat

conditions of cacao under current, past, and future climatic

conditions, by means of the ecological niche modeling algorithm

implemented by Maxent version 3.3.3e [48], using the default

settings. Maxent identifies potential distribution areas on the basis

of their similarity in environmental conditions, compared to those

at the sites where the species has already been observed. We

trained the model based on the extended dataset of 1,333 cacao

records (see above) and the current monthly climate data at 2.59

spatial resolution obtained from the Worldclim database (i.e.

averages from 1960–1990 [33]; www.worldclim.org/current) and

projected it on past and future climate scenarios at the same

resolution. The Area Under Curve value obtained was 0.912,

pointing to good model performance. For past climate conditions

we used the average of the two downscaled climate models of the

Last Glacial Maximum (LGM; , 21000 yr BP) obtained from the

WorldClim database (www.worldclim.org/past). It is highly

probable that processes of expansion and constriction of species

distributions occurred also in times preceding the LGM [16], but

we assume that current spatial patterns in the intraspecific

diversity of cacao most strongly reflect the impacts of climate

change during the LGM [4]. For characterizing future climate

conditions, we averaged 19 downscaled climate models for 2050

based on the A2 scenario [49] of greenhouse gas emissions

(International Center for Tropical Agriculture; available at http://

ccafs-climate.org/). We restricted the modeled distributions

visualized on maps to the maximal threshold value generated by

Maxent (maximum training sensitivity plus specificity (cf. [50]),

here 0.37 for the logit threshold) to compensate for the uncertainty

associated with the (averages of the) past and future climate models

used.

For developing a map of the modeled species richness of genus

Theobroma, we ran Maxent’s ecological niche modeling algorithm

for each of the species for which a reasonable number of

georeferenced observations were available in GBIF, using the

current monthly climate data at 2.59 spatial resolution obtained

from the WorldClim database. Five species for which only

between 1 and 3 records were available were excluded from this

analysis. All records of these species are located in South America,

three of which in western Amazonia. Numbers of records for the

retained Theobroma species (excluding cacao) varied between 8 and

670, and values obtained for the Area Under Curve were higher

than 0.9 (except for one species for which a value of 0.84 was

obtained), suggesting good model performance in all cases. Next

we made binary (presence-absence) maps of each of the species at

the same resolution, applying Maxent’s ten percentile training

presence threshold values and overlaid these rasters so as to obtain

a map showing for each cell the number of Theobroma species with

modeled distribution in that cell. A map of the observed species

richness of genus Theobroma (i.e. showing the distribution of records

extracted from GBIF) was developed in DIVA-GIS at resolution of

10 minutes and a circular neighborhood of one degree.

Results

Alpha Diversity Patterns
Highest species richness of genus Theobroma is observed in

southern Nicaragua, Costa Rica and western Panama (observed

and modeled species richness up to 5 and 11, respectively) on the

one hand and the Upper Amazon regions of Ecuador, Northern

Peru and southern Colombia (observed and modeled species

richness up to 6 and 9, respectively), as well as northeastern Brazil

and southern Venezuela (figure 1).

An overview of the spatial distribution of several genetic

diversity parameters calculated for Theobroma cacao, to which the

rest of our analyses are dedicated, is given in Figure 2. First of all,

a comparison of allelic diversity with (right) and without (left)

bootstrap correction shows different patterns in the distribution of

the genetic diversity of cacao, confirming the importance of

The Spatial Diversity of Cacao in the Neotropics
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correcting sample bias in the dataset. Second, the different genetic

parameters show a fairly consistent pattern whereby the highest

values are observed in the extensive bean-shaped Amazonian area

covering both the Peruvian-Brazilian border, and the southern

part of the Colombian-Brazilian border. Comparably high values

are also observed in Amazonian Ecuador. It is notable that the

highest values were consistently found in central (i.e. the southern

part of Loreto Department) and south-Eastern Peru (i.e. the

Amazonian area of Cuzco department).

We applied environmental niche modeling to investigate

whether the current patterns observed in cacao alpha diversity

can be related to its potential distribution during the last glacial

maximum (LGM; ,21,000 years BP). Figure 3 shows that the

Amazonian areas where suitable habitat conditions for cacao

prevailed during the LGM may have been quite extensive, but at

the same time also quite fragmented whereby some of these

fragments could have acted as isolated refugia. While it is highly

unlikely that cacao was already present in the LGM refugia areas

of Central America or the Brazilian east coast, it is less

straightforward to rule out potential cacao survival in the extensive

refugium area covering the Guyana shield due to the lack of

genetic observations from that area.

In any case, only in the western Amazon, a certain level of

correspondence seems to exist between the areas where the highest

levels of locally common alleles (and other genetic parameters)

were observed and some potential refugia (figure 3). As argued

above, high values of locally common alleles may be indicative of

local adaptation of cacao populations to environmental conditions

prevailing in isolated refugia. The red dashed polygons in figure 3

are only intended to indicate potential approximate areas in which

genetic differentiation may have taken place, based on available

data, and should not be considered as rigid interpretations of

LGM refugia. Figure 3 additionally shows that some of the

sampling areas where highest locally common allele values were

observed correspond to areas to which cacao populations

expanded from the potential LGM refugia (indicated by the fact

that they are located in blue areas). This expansion seems to have

been mainly directed towards the center of the Amazon basin.

Beta Diversity
A Mantel test comparison of the geographical distances with

Nei’s genetic distance between individual cacao trees showed

strong evidence for isolation by distance (r = 0.27; p,0.001),

which was expected given the continental scale of the dataset. A

better visual representation of continental-scale gradients in the

genetic diversity of cacao is obtained through projection of the

results of a spatial Analysis of Principal Components (sPCA) on

a map of the study area (figure 4). Interestingly, the location of the

genetic cline identified by the first global scores (scores on the first

sPCA axis) coincides with the bean-shaped area (and particularly

the southern part of it) where the highest values of the measured

genetic parameters were observed (figure 2). Furthermore, it tends

to suggest that the Central American cacao populations are more

related with their Ecuadorean counterparts and less so with those

from the Colombian, Peruvian and Brazilian Amazon.

The 10 clusters obtained from k-means clustering in adegenet

(figure 5) correspond quite well with the clusters described by

Motomayor et al [9]. Half of our clusters made a perfect match,

i.e. Criollo (our cluster2), Guiana (cluster 3), Amelonado (cluster

5), Nanay (cluster 9) and Curaray (cluster 10). By contrast, in the

present analysis the Marañon cluster of [9] was split into two

different clusters (one associated with the Amazon River (cluster 4))

and one located in Rondônia (cluster 7)), whereas the Contamana

and the Nacional were joined in a single cluster (cluster 6). Most

individuals assigned to the Purus cluster by [9] were also assigned

to one cluster in our analysis (cluster 1), but the entire ‘‘Upper

Solimões R[iver] Iça R[iver]’’ subcluster was grouped together

with the individuals of the Iquitos cluster (cluster 8). A number of

other individuals of the Purus cluster for which [9] generally found

low membership values and hence did not assign them to any

subcluster, in our analysis were partly assigned to clusters 6 and 8.

It is important to stress that the purpose of this clustering is clearly

not to challenge the genetic groups described by [9]. We merely

use these groups to try to uncover some of the general patterns

underlying the observed spatial distribution of cacao’s genetic

diversity.

Somewhat surprisingly, and as opposed to the result obtained by

[9], the Nacional cultivar from coastal Ecuador was not assigned

to a separate cluster by the k-means algorithm applied here (while

the Criollo and Amelonado cultivars did cluster consistently). In

fact, all 20 cacao trees in the dataset from the Ecuadorian coastal

area obtained membership values of 100% for cluster 6, which is

hence the only cluster that occurs in this area. However, when

repeating k-means clustering for k = 3 in adegenet only for

individuals with membership values of at least 0.7 within cluster

6, the Nacional cluster as identified by [9] could be separated

(figure 5). Most of the trees (20) in this subcluster are located on the

coastal plains of Ecuador, but also two trees that are located at the

Amazonian side of the Andes were included (red colored dots).

This suggests that the germplasm that lead to the development of

the Nacional cultivar crossed the Andes in southern Ecuador [9]

Figure 1. Species richness of genus Theobroma. Left: observed species richness in 10 minute grid cells and a circular neighborhood of 1 decimal
degree; Right: modeled species richness in 2.5 minute grid cells.
doi:10.1371/journal.pone.0047676.g001
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where the mountains are lower, hence facilitating human move-

ments.

Highest cluster diversity is observed in northeastern Peru, in the

region around and to the south of Iquitos, with up to 4–5 different

clusters occurring in this relatively small area (figure 6). Up to

three clusters are observed in areas from the Ecuadorean Amazon

and the Brazilian states of Acre and Para, respectively. High

cluster richness around Iquitos is partly due to sample bias

whereby many more collections were made in this region as

compared to other areas.

Large variation exists in the measured genetic parameters from

one cluster to another (table 1). Clusters 6, 8, 1 and 10 show the

highest levels of genetic diversity for nearly all parameters

measured (mean allelic richness values per locus without bootstrap

correction for these clusters were as high as 11.05, 10.23, 6.73 and

6.89, respectively). It is remarkable that a relatively high value was

calculated for locally common alleles for the least diverse and

highly homozygous Criollo cultivar (cluster 2). A closer look at the

twenty cacao trees from coastal Ecuador, corresponding to the

Nacional cultivar, in comparison with other trees from cluster 6

reveals the enormous difference between the two groups in terms

of genetic diversity (table 2). Furthermore it shows that the genetic

diversity parameters obtained for the Nacional cultivar are highly

comparable to those of the Criollo cultivar. The so called ‘‘pure

Nacional’’, same as the ‘‘pure Criollo’’, has white beans (D.

Zhang, personal communication).

Figure 7 shows a dendrogram of the different clusters described

above. Cluster 2 (Criollo cultivar) is genetically most separated

from all other clusters (average Nei distance 1.82) and shows most

affinity with cluster 6 (1.32). When comparing the genetic

distances between the Criollo group and the subclusters of cluster

6 identified in figure 5, the Nacional group was more dissimilar

(1.82) than the other two subclusters (1.39 and 1.45 for the green

and black subclusters in figure 5 respectively).

Figure 2. Spatial variation of different genetic parameters, represented at a resolution of ten minute grid cells and a circular
neighborhood of 1 degree. Highest values are consistently observed in the extensive bean-shaped Amazonian area covering both the Peruvian-
Brazilian border, and the southern part of the Colombian-Brazilian border, as well as Amazonian Ecuador.
doi:10.1371/journal.pone.0047676.g002
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The remaining clusters are grouped together more or less in

accordance with the geographical range they occupy. Cluster 6

and 10 are separated by a relatively small genetic distance (0.44)

and both occur closest to the Andean foothills (figure 5). Cluster 8

has the lowest mean distance compared to all other clusters (0.64

on average) and shows relatively high similarity with clusters 9 (Nei

Figure 3. Observed locally common alleles compared to past and current modeled distribution of cacao. Upper: distribution of areas
with modeled habitat suitability of cacao during the LGM; red dashed polygons show potential relatively isolated refugia associated with areas
holding high levels of locally common alleles. Lower: changes in cacao habitat suitability from the LGM until present; red areas represent potential
habitat suitability during LGM but no longer at present (high impact or restriction areas); green indicates areas with continued habitat suitability from
LGM until present (low impact or stable areas); and blue indicates areas that were probably not suitable for cacao at the LGM, but are suitable at
present (new or expansion areas).
doi:10.1371/journal.pone.0047676.g003
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distance 0.28), 5 (0.34) and 4 (0.37). The smallest distance was

observed between clusters 4 and 5 (0.27) and both these are

proximate to cluster 3 (0.32 and 0.39, respectively). This could

suggest that these clusters differentiated genetically from a common

gene pool. Geographically, these clusters also occupy the area

from central to eastern Amazonia (figure 5). Finally, cluster 1 and

7 are grouped together (Nei distance 0.61), which is in line with the

fact that they are geographical neighbors (figure 5).

The different clusters occupy different ecological niches (p-

values,0.0001; Kruskall-Wallis tests for all variables here

considered). A Mantel test confirmed the relation between genetic

distance (Nei) and environmental distance (Euclidean) (r = 0.38,

p = 0.001). The PCoA ordination diagram in figure 8 gives an

approximate representation of how the realized niches of the

different clusters relate to one another. The pattern observed

corresponds relatively well with the outcome of the clustering

exercise depicted in figure 7. Cluster 2 occupies an ecological

niche that is quite different from all other clusters. It grows in areas

with much higher temperature and precipitation seasonality.

However, bearing in mind that Criollo cacao was introduced to

Central America by humans, it is unlikely that this extreme

ecological niche is entirely due to adaptation to local environ-

mental conditions. Individuals of clusters 10 and -to lesser extent-

cluster 6 occur at higher altitudes and higher levels of precipitation

during the warmest and wettest quarters of the year than the other

South American clusters. Cluster 8 occupies an intermediate

ecological niche between clusters 6 and 10 on the one hand, and

the remaining clusters on the other hand, which occupy much

more similar niches. This is in line with the previous observation

that cluster 8 has the lowest mean distance compared to all other

clusters.

To assess the in situ conservation status of cacao in light of future

climate change, we modeled its potential distribution based on the

average of 19 currently available downscaled climate models for

2050 and the A2 greenhouse gas emission scenario. Although we

do not expect this model to give a 100% trustworthy high

resolution map of the 2050 niche suitability of cacao, through the

use of a high threshold value (see methodology) it should give us

a fair approximation of the main areas where the species will have

a high likelihood of surviving. Figure 9 shows that environmental

change will likely cause considerable shifts in the current

distribution range of the species. Particularly in the extensive

bean-shaped Amazonian area covering both the Peruvian-

Brazilian border and the southern part of the Colombian-Brazilian

border, which we previously identified as the region of highest

genetic diversity (figure 2), a considerable negative impact is

expected with a net decrease in habitat suitability. However,

a closer look (lowermost map of figure 9) shows that cacao should

be able to survive in the vicinities of all locations where the highest

values of the genetic parameters here considered were recorded.

Significant parts of these suitable habitats for cacao are located in

protected areas which should, in principle, safeguard these areas

and allow for in situ survival and conservation of cacao

populations. The region around Iquitos in northeastern Peru,

where both high levels of genetic diversity (figure 2) and the

highest number of clusters (figure 6) were observed, is the most

notable area where the potential future distribution of cacao is not

significantly secured in protected areas.

Discussion

Role of Historical Factors in Contemporary Spatial
Diversity Patterns of Cacao

The regions with highest diversity in Theobroma species are the

upstream areas of the western Amazon, and to a lesser extent the

southern part of Central America (figure 1). However, it is likely

that most, if not all, Theobroma species are not native to Central

America [1,27,29,51]. This would suggest that the origin of the

Theobroma genus may be situated in the Western Upper Amazon

region which is in line with Bartley’s [52] argument that the

Peruvian Amazon is a center of diversity for the genus Theobroma.

The fact that there exists a certain level of overlap between the

areas of highest species richness of the Theobroma genus and the

area where the highest genetic diversity of cacao is observed

corroborates the hypothesis that cacao also originated in the

Western Upper Amazon.

Interpretation of the Pleistocene modeled distribution of cacao

together with present-day genetic observations suggests that the

species was already distributed widely across the Western Amazon

prior to the LGM. Furthermore, the model suggests that the

glaciation cooling and drying may have led to restriction of cacao’s

distribution to a number of relatively isolated refugia centers

(figure 3) where precipitation remained fairly high, within

a broader Amazonian mosaic composed of different vegetation

types. Several of these putative refugia are located at the foot of the

Andes where humid forests seem to have prevailed during the late

Pleistocene [14–16]. It has been shown before that intraspecific

diversification occurred in the Middle-Late Pleistocene [53–55]. In

line with this, and as suggested by Motamayor et al [1], it is likely

that long-term constrained gene flow in LGM refugia led to

genetic differentiation between isolated cacao populations prior to

the subsequent phase of forest expansion in the warming period of

the Holocene, including to the areas where some of the

observations of the dataset here considered were made.

The locations of most putative refugia (figure 3) correspond to

a certain extent with the locations where the genetic parameters

considered here, and particularly locally common alleles, attain

their maximum values (figure 2). However, the paleo-distribution

model of cacao also predicts a high probability of favorable habitat

conditions for cacao in extensive areas covering the northern

Peruvian and southern Colombian Amazon for which no

representative observation points were included in the present

dataset. More data from these areas are necessary for a more

comprehensive understanding of the extent and distribution of

potential LGM refugia of cacao.

The current distribution of cacao and of most, if not all, of the

clusters described previously (figure 5) are likely to have been

partly shaped by a varying degree of human intervention in the

Figure 4. Scores of sampled trees as projected on the first
ordination axis of the biplot of a Spatial Analysis of Principal
Components. Location of the genetic cline coincides with the bean-
shaped area (and particularly the southern part of it) where the highest
values of the measured genetic parameters were observed (figure 2).
doi:10.1371/journal.pone.0047676.g004
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warming period in the Holocene, superimposed on ongoing

natural processes of range contraction and expansion. The

consistently lower values of genetic parameters observed along

the margins of the cacao distribution area -likely to be the

consequence of human-induced bottlenecks-, and the fact that the

most important cacao cultivars occur along the margins corrob-

orate this hypothesis. Likewise, the observation of high values for

genetic parameters (figure 2), and cluster richness in the area

around Iquitos-Peru (figure 6) may be partly the consequence of

human intervention whereby material from different areas was

brought to the Iquitos region (cf. [9]) and possibly further selection

and cultivation of cacao took place for its edible pulp [24]. This is

in line with the fact that the Iquitos region was an important center

of crop genetic resources at the time of European conquest [24,28]

and that major pre-conquest population centers concentrated crop

genetic resources to guarantee their subsistence and survival [28].

Also the fact that the pulp of several other species in the Theobroma

genus was used in a similar fashion as cacao by South-American

indigenous groups [27] might explain why the present-day highest

species richness of genus Theobroma is located in this very same area

(figure 1).

In sum, we concur with other authors [1,3,5] that the center of

genetic diversity of cacao is located in the upper Amazonian

regions bordering Peru, Brazil, Colombia and Ecuador. Our

observations are less conclusive about a putative origin of cacao in

the Upper Amazon near the Colombian-Ecuadorian border [56].

In this reasoning we made the following assumptions: (i) cacao

populations were already more widely distributed prior to the

LGM, at least in Western Amazonia, complicating the tracing

back of the true center of origin; (ii) these populations were

restricted to a number of relatively isolated refugia during the

period(s) of cooling and drying in the Pleistocene; and (iii) they

expanded again during the Holocene warming, partly due to

natural range expansion and partly due to human-mediated

dispersal. Van Etten and Hijmans [13] recently proposed a method

for tracing back the putative origin of a crop based on the

assumption that one would expect a regular decline in observed

heterozygocity of a crop when moving away from its origin. The

highest levels of observed heterozygocity of individual trees in the

current dataset were consistently observed in the vicinities of the

putative refugia here identified (results not shown). Application of

the latter authors’ model-based approach could possibly shed more

light on the validity and patterns of post-GLM spread of cacao

from these refugia.

Spatial Distribution and Genetic Differentiation of Cacao
Clusters

The previously described general spatial diversity patterns are

reflected in the geographical distribution and diversity of the ten

clusters described above. Based on the values of the genetic

parameters obtained for the different clusters (table 1), the clusters

that are most likely closest related to original wild populations are

cluster 6 (Nacional + Contamana (+Purus) clusters of [9]), cluster 8

(Iquitos (+Purus)), followed by cluster 10 (Curaray) and cluster 1

(Purus). Mean allelic richness per locus in these clusters is

comparable to the allelic richness observed for the upper Amazon

Forastero group by Motamayor and Lanaud ([26]; 8.69 alleles per

locus – but based on smaller set of markers), who assume that these

high values are indicative for wild populations, or at least

populations that are most closely related to the original wild

Figure 5. Overview of the different locations of the ten clusters identified by k-means clustering. The three subclusters of cluster 6 are
highlighted with different colours, clearly distinguishing the group that is largely composed of the Nacional cultivar of the Ecuadorean coastal plains
(red colour).
doi:10.1371/journal.pone.0047676.g005

Figure 6. Cluster richness, i.e. the number of different clusters shown in figure 5 that occur in a given area.
doi:10.1371/journal.pone.0047676.g006
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populations. The present results also corroborate previous findings

that the highest number of private alleles are typically observed in

the Upper Amazon region of Peru and Brazil [3,9].

The origin of cluster 6 (Nacional + Contamana (+Purus)) seems

to be located in the southern part of Amazonian Peru since it is the

only prevailing cluster (figures 5 and 6) and highest values are

observed for genetic parameters (figure 2). Zhang et al [7] also

found high levels of cacao genetic diversity (average allelic richness

of 8.93 and gene diversity of 0.74 per locus) close to the region in

Peru where cluster 6 possibly originated (Ucayali cacao germ-

plasm). The fact that this cluster extends to the Ecuadorian Pacific

coast suggests that material from southern Peru could have been

the original genepool that led to the Nacional cultivar. If this is

true, cacao germplasm from the original southern-Peruvian

genepool that differentiated in local refugia (figure 3) could have

been moved northwards by pre-Columbian people, and eventually

crossed the Andes [24,57]. As suggested by Loor et al [2], the size

of the ancestral population of the Nacional that was brought to

coastal Ecuador was very small, leading to a profound bottleneck

and low diversity values.

The center of origin of cluster 8 (Iquitos (+Purus)) may well be

located in the upper Amazon region of northwestern Brazil, close

to the corresponding refugium (figure 3). As for cluster 6 this is

based on the observation that this is one of the few areas where the

highest levels of genetic parameters have been observed in the

present study (figure 2) and cluster 8 is either the only cluster found

here, or in combination with cluster 5 (Amelonado; figures 5 and

6), which may have evolved from the same original genepool as

cluster 8 (fourth smallest Nei distance between clusters 5 and 8).

Cluster 10 (Curaray) is restricted to Amazonian Ecuador and

may have developed from a part of the original cacao population

that was isolated during the LGM and resulted in relatively high

values of genetic parameters observed in some parts of this region

(figure 2). The fact that none of the trees from this cluster occur

outside Amazonian Ecuador (not even with low membership

values) (figure 5), points to a local differentiation of this cluster.

The observation that the previous three clusters are the only ones

found in Ecuador (and the Ecuadorian-Colombian border), and

that clusters 6 and 8 probably originated in different areas in Peru

and Brazil, respectively, would argue against an Ecuadorian origin

of cacao as a species. In addition, the fact that clusters 6 and 8

both occur in the Ecuadorian and Peruvian Amazon, while cluster

10 is restricted to the Ecuadorian Amazon suggests that material

was only distributed upwards, from Peru to Ecuador, and not vice

versa.

The remaining cluster that is notable in terms of observed

values for genetic parameters is cluster 1 (Purus) whose potential

origin is located in the Brazilian state of Acre (figure 5). This

cluster is also associated with a refugium center (figure 3) and

prevails in an area where the highest levels of genetic parameters

were observed per grid cell. Furthermore, the high genetic

diversity is paralleled by high phenotypic diversity for various

morphological, molecular and agronomic characters observed in

the region [3].

Table 1. Averages of genetic parameters per locus for clusters 1 to 10, based on 1,000 bootstrap samples of 35 trees (i.e. the size
of the smallest cluster).

Allelic
Richness

Shannon Information
Index

Locally Common
Alleles

Private
alleles

Nei Gene
Diversity

Observed
Heterozygocity

Cluster 6 (Contamana
+ Nacional (+Purus))

8.02 1.50 0.28 0.70 0.68 0.40

Cluster 8 (Iquitos
(+ Purus))

7.12 1.33 0.13 0.17 0.63 0.55

Cluster 1 (Purus) 5.75 1.04 0.17 0.26 0.51 0.40

Cluster 10 (Curaray) 5.23 1.00 0.18 0.16 0.50 0.36

Cluster 4 (Marañon – Amazon
river)

4.23 0.88 0.04 0.07 0.47 0.45

Cluster 5 (Amelonado) 3.67 0.63 0.04 0.02 0.33 0.15

Cluster 9 (Nanay) 3.66 0.56 0.03 0.04 0.29 0.25

Cluster 7 (Marañon – Rondônia) 3.33 0.66 0.12 0.07 0.36 0.30

Cluster 3 (Guiana) 2.41 0.40 0.03 0.01 0.23 0.11

Cluster 2 (Criollo) 1.77 0.18 0.17 0.10 0.10 0.02

Four highest values for each of the parameters are underlined.
doi:10.1371/journal.pone.0047676.t001

Table 2. Averages of genetic parameters per locus for trees from coastal Ecuador (Nacional cultivar) and the remaining trees from
cluster 6 (Contamana + Nacional (+Purus)), based on 1,000 bootstrap samples of 20 trees (i.e. the number of trees from coastal
Ecuador).

Allelic Richness
Shannon Information
Index Private alleles Nei Gene Diversity Observed Heterozygocity

Nacional cultivar 1.53 0.21 0.05 0.13 0.12

Other trees 7.14 1.50 5.53 0.69 0.44

doi:10.1371/journal.pone.0047676.t002
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The clusters that follow the previous ones in terms of high values

registered in the genetic parameters are clusters 4 (Marañon-

Amazon River) and 5 (Amelonado). It is likely that the genetic

differentiation of these clusters was triggered by human in-

terference [3,24]. Both these clusters also occur in the Iquitos area

(remember: a center of crop genetic resources diversity) and were

probably spread to the eastern part of the Amazon by early

humans [24]. The fact that, at the time of contact, there were

centers of crop genetic resources in the lower Amazon [28]

corroborates this assumption. These centers are the Central

Amazonian Center, that may have extended along the main

stream of the Amazon River, from the Purus River in the west to

the Tapajós River in the east, and included the lower sections of

the Negro, Madeira and Tapajós Rivers, and the Marajó -Island

Minor Center, in the region of the mouth of the Amazon river in

the Atlantic Ocean [28]. According to Clement [28] cacao was

already available in these centers at the time of contact. Hence we

tend to agree with Sereno et al [3] that part of the cacao

populations in the lower Amazon region are probably derived

from natural stands from the upper Amazon region which

underwent genetic bottlenecks associated with continued selection

by humans, which would explain their lower levels of allelic

richness and high degree of inbreeding. As such it is probable that

cluster 5 (Amelonado), and possibly also cluster 4 (Marañon-

Amazon River), originated from the same genepool that led to the

genetic differentiation of cluster 8 (Iquitos (+Purus)). Given that the

lowest genetic distance observed between clusters in the dataset

was precisely between clusters 4 and 5 and that clusters are

synthetic simplifications of reality, it is perfectly possible that under

another clustering scenario individuals from both clusters would be

grouped together.

Cluster 9 (Nanay) is a small cluster located in the northern part

of the Peruvian Amazon (figure 5). It seems to be strongly

associated with cluster 8 (Iquitos (+Purus); figure 7) and both may

have differentiated genetically from a common gene pool.

Motamayor et al [9] found that individuals of both clusters were

grouped together when redoing the clustering exercise based on

a subsample of 15 individuals from each of the 10 clusters. This

again illustrates that clusters are artificial representations of reality

and should be interpreted with caution. At the same time, the fact

that cluster 9 obtained from the present analysis made a perfect

match with Motamaoyor et al’s [9] Nanay cluster may be

indicative for a certain level of genetic differentiation (possibly

human-mediated, given its location close to Clement’s [28] center

of crop diversity located around present-day’s Iquitos).

Cluster 7 (Marañon-Rondônia) is located in Rondônia and is

geographically and genetically associated with cluster 1 (Purus;

figure 7). Almeida and Almeida [58] observed that cacao

populations from this region were morphologically homogenous

and suggested that these populations should form part of a large

complex of cacaos trees which are genetically related. Sereno et al

[3] found comparably low levels of allelic richness (3.0 alleles per

locus) and observed heterozygosity (0.288) as for cluster 7 in the

present research. It is interesting to note that cluster 7 is located in

an area outside the modeled distribution of cacao (figure 9) which

may suggest that individuals from this cluster actually represent

cultivated trees.

Cluster 3 (Guianas) mainly occurs in eastern South America

(figure 5). The relatively low values for the measured genetic

parameters (the second lowest of all clusters), and the fact that

there is a weak signal of this cluster in the Iquitos area, suggest that

also this cluster differentiated genetically through human-induced

genetic bottlenecks during the Holocene [24], in a similar fashion

as clusters 4 (Marañon-Amazon River) and 5 (Amelonado).

However, on the basis of the present data (figure 3), it cannot be

ruled out that this cluster may represent a relic of cacao

populations that were already available in the Guianas prior to

the LGM, and survived in local refugia during the period of

cooling and drying, as suggested by [4]. The latter authors

obtained comparable levels of allelic richness (2.40), observed and

expected heterozygosity (0.157 and 0.285, respectively) as the

mean values we calculated for cluster 3.

Cluster 2 corresponds to the Criollo cultivar. This cluster shows

the lowest levels of genetic diversity in the dataset, most likely

resulting from genetic bottlenecks that accompanied human

selection and domestication processes [1]. The present data are

inconclusive to determine whether cacao arrived to Central

America either from coastal Ecuador through dispersal routes

along the pacific coast, or rather through northern migration

routes along the continental side of the Andes. Based on the

observation that according to the clustering scheme proposed by

[9] the Criollo cultivar is also found in northwestern Ecuador

(observation not taken into account in the present analysis because

identified as climatic outlier, cf. methodology), Clement et al. [24]

expressed support for the first hypothesis. By contrast, Motamayor

Figure 7. Complete linkage clustering based on Nei’s distance
(cophenetic correlation=0.92).
doi:10.1371/journal.pone.0047676.g007
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and Lanaud [26] argued -in support of the second hypothesis- that

historic and genetic evidence point to south-western Venezuela as

a potential area where domestication of the Criollo group may

have started. Also the fact that today only Criollo trees are found

in the latter area would corroborate this hypothesis. In line with

this, the Criollo cacao in Ecuador may have been introduced from

Figure 8. Ordination diagram of a Principal Coordinate Analysis applied on the cacao dataset, using Nei’s distance. The first two axes
show 69% of the variation in data. Environmental variables were added a posteriori through vector fitting. Arrows point in the direction of most rapid
change in the variable and their length is proportional to the correlation between ordination and variable. According to the classification used by [9],
Cluster1 = Purus; Cluster2 = Criollo; Cluster3 =Guiana; Cluster4 =Marañon-Amazon River; Cluster5 =Amelonado; Cluster6 = Contamana + Nacional
(+Purus); Cluster7 =Marañon-Rondônia; Cluster8 = Iquitos (+Purus); Cluster9 =Nanay; Cluster10 = Curaray (alt = altitude; BIO1 =Annual mean
temperature; BIO2=Mean diurnal range (max temp – min temp) (monthly average); BIO3= Isothermality (BIO1/BIO7) * 100; BIO4= Temperature
Seasonality (Coefficient of Variation); BIO5=Max Temperature of Warmest Period; BIO6=Min Temperature of Coldest Period; BIO7= Temperature
Annual Range (BIO5–BIO6); BIO8=Mean Temperature of Wettest Quarter; BIO9=Mean Temperature of Driest Quarter; BIO10=Mean Temperature of
Warmest Quarter; BIO11 =Mean Temperature of Coldest Quarter; BIO12 = Annual Precipitation; BIO13 = Precipitation of Wettest Period;
BIO14 =Precipitation of Driest Period; BIO15= Precipitation Seasonality (Coefficient of Variation); BIO16 =Precipitation of Wettest Quarter;
BIO17 =Precipitation of Driest Quarter; BIO18 =Precipitation of Warmest Quarter; BIO19= Precipitation of Coldest Quarter).
doi:10.1371/journal.pone.0047676.g008
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Venezuela, because historically there was an intensive introduction

of cacao from Venezuela to northeastern Ecuador (D. Zhang,

personal communications).

Based on the highest genetic affinity of cluster 2 with cluster 6

(Nacional + Contamana (+Purus)) found in the present analysis, it

seems that the Criollo cultivar may be derived from an original

southern Peruvian genepool (from which cluster 6 may also have

Figure 9. Observed locally common alleles compared to current and future modeled distribution of cacao. Upper: predicted changes in
cacao habitat suitability from present until 2050; red areas represent potential habitat suitability at present but no longer by 2050 (high impact or
restriction areas); green indicates areas with continued habitat suitability from present until 2050 (low impact or stable areas); and blue indicates
areas which are currently unsuitable for cacao, but may become suitable by 2050 (new or expansion areas) Lower: distribution of areas with modeled
habitat suitability of cacao by 2050, overlaid with the location of currently existing protected areas.
doi:10.1371/journal.pone.0047676.g009
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originated). The Criollo cluster shows also higher affinity with the

northernmost subcluster of cluster 6 (figure 5) of which

representatives are found in southeastern Colombia, relatively

close to southwestern Venezuela, than with the Nacional sub-

cluster of cluster 6 of coastal Ecuador, providing support for the

second hypothesis mentioned higher. However, it cannot be ruled

out that cacao germplasm crossed the Andes and consequently was

moved northwards up to Central-America, before the start of

human selection in coastal Ecuador that led to the Nacional

cultivar. Vice versa, it is perfectly possible that the Criollo trees

presently found in northwestern Ecuador or southwestern

Venezuela are southward reintroductions from Central-America,

after conclusion of the genetic differentiation of the Criollo cultivar

there. Future application of modeling approaches such as those

proposed by van Etten and Hijmans [13] could possibly be used to

either confirm current hypotheses or to identify alternative

solutions.

Implications for Germplasm Collection and Conservation
Most of the main clusters described above occupy different

ecological niches. This could imply that trees from a particular

niche (particularly trees growing at the high or low end of a niche;

e.g. with exceptionally low or irregularly distributed precipitation)

may contain alleles that give them competitive advantage to

survive in that niche, compared to trees from sites with different

environmental conditions. Such information can be useful when

planning collection trips in search of interesting traits for potential

use in cacao breeding programs.

The likelihood of encountering interesting genetic material for

breeding is higher where levels of (neutral) genetic diversity attain

their maximal values simply because the high neutral diversity

implies that populations did not experience genetic bottlenecks

[12,59]. Particularly, high levels of locally common alleles are

interesting because they can indicate isolation of populations,

which in turn may foster natural selection and local adaptation of

genotypes if environmental conditions differ from other areas. For

example, genetic material from Upper Amazon cacao trees (which

typically show highest diversity levels) has often been used in

breeding programs due to their strength, precocity and resistance

to disease [5,6,60]. Based on the previous, and taking into account

the probable constriction of cacao in refugia during the LGM and

posterior range extension, priority areas for germplasm collection

missions would be areas where (1) high levels of genetic diversity

and locally common alleles are observed; and (2) cacao has been

able to survive since the LGM, because the genetic diversity in

expansion areas may not attain the same levels as in areas where

local adaptation possibly took place. Hence in concreto, interesting

areas for collection of cacao germplasm would be the green areas

in figure 3 that are situated in the vicinities of observations of high

levels of genetic diversity and locally common alleles, such as the

Peruvian Madre de Dios department. It is interesting to note that

most of the locations where high genetic diversity and locally

common alleles were observed are situated at the margins or in

expansion areas of the LGM refugia. This might raise chances of

finding additional interesting genetic material more towards the

centers of the potential refugia.

However, some nuancing is in place here, because the neutral

genetic variation measured here is not generally linked with

genetic variation and population differentiation at quantitative,

adaptive traits [11,36]. More research is needed to evaluate the

usefulness of neutral markers in cacao for identifying populations

with potentially interesting adaptive traits for breeding programs.

For example, the fact that cacao trees show low neutral genetic

diversity does not necessarily mean that they cannot contain

interesting functional or adaptive traits [11]. The best examples

are the Nacional and Criollo cultivars for which the lowest genetic

diversity was recorded. This is partly the consequence of (1)

human-induced bottlenecks, whereby the size of the genepool that

led to the development of these cultivars was strongly reduced, and

partly due to (2) selection and domestication processes, whereby

the frequency of favorable traits was culturally enhanced, which in

turn led to the best quality fine-flavor chocolate known today. This

probably also explains the relatively elevated number of locally

common alleles observed for cluster 2 (Criollo; table 1). Hence, in

spite of their highly homozygous nature and higher susceptibility

to pests and diseases [2,60], these cultivars contain important

organoleptic traits of human interest. It is perfectly possible that

other trees with relatively low diversity (eg the recently character-

ized Bolivian Nacional [7] or the aromatic Chuncho variety from

Cuzco) also contain interesting functional traits.

In any case, it is important to stress that prior to planning new

collection missions, it is essential to obtain a full understanding of

what is currently conserved in existing ex situ collections. This has

not yet been done and is important to avoid duplication.

Furthermore, ex situ conservation needs to be complemented by

in situ and on farm conservation of diverse wild and cultivated

populations, respectively [61]. Such populations are exposed to

evolutionary stress and/or human-mediated selection, which

allows for continued adaptation to a changing environment [11],

and higher frequencies of desirable traits, respectively. Our

preliminary analysis of the mid-term (2050) conservation status

of cacao suggests that, in spite of possible drastic range

contractions, most of cacao’s genetic capital should be able to

withstand near-future climatic changes and survive in protected

areas. The biggest gap in the protection of interesting and highly

diverse cacao populations may be situated in northeastern Peru, in

the Amazonian region around Iquitos. Not only were high levels of

overall genetic diversity observed here (figure 2), but it is also the

area hosting the highest number of different genetic clusters

(figure 6). In addition, our niche model predicts a high likelihood

for cacao populations to survive here in the future (figure 9). This

is an important detail because the true value of protected areas lies

in their ability to sustain target plant population for perpetuity

[14]. The availability of a wide variety of building blocks in this

genetic melting pot may provide evolution with the necessary

elements to respond more flexibly to future environmental change.

Therefore, this may be a priority area for conservation of cacao,

preferably through a combination of (a network of) protected areas

and on-farm conservation.

Future Challenges
This study has shown the merit of using spatial diversity analysis

to uncover patterns in genetic marker data that may remain

‘hidden’ when using more classical approaches to population

genetics. The approach adopted has allowed us to begin to

separate the possible contributions of climate change, geography,

history and culture to the current distribution of genetic diversity

in cacao. Such modeling procedures may be applicable to other

crops as well. Although the extensive dataset used in this paper

allowed a better understanding of the spatial distribution of genetic

diversity in cacao, several questions remain unanswered. Further

validation the hypotheses we have put forward here can probably

best be achieved through a combined application of alternative

modeling approaches (e.g. [13,62]) and groundtruthing, e.g.

through future collections at strategically chosen sites, or by

verifying the model ‘fit’ of already available (genetic) observations

(from other studies or ex situ collections). Standardized use of

molecular markers is crucial in this respect [12]. More specifically,

The Spatial Diversity of Cacao in the Neotropics

PLOS ONE | www.plosone.org 15 October 2012 | Volume 7 | Issue 10 | e47676



more data from the Colombian and northern Peruvian Amazon

could improve our knowledge about the extent and distribution of

potential Pleistocene refugia, whereas additional data from

Venezuela could allow us to verify the status of the supposedly

wild populations reported by early chroniclers from the area of the

Orinoco river [27] and to assess their relation with the lower

Amazon Amelonado type [1]. Another interesting area to include

in future would be Bolivia (Cacao Nacional Boliviano) where the

southwestern limit of natural distribution of cacao is situated [7].

Observed gene diversity in this area is lower than in southern Peru

[7], but it would be interesting to investigate if Bolivian cacao also

originates from Peruvian stock or represents an isolated group that

is derived from cacao germplasm that differentiated genetically in

a southern refugium, as suggested by [7].
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