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Cacao (Theobroma cacao L.) is the basis of the lucrative confectionery

industry with “fine or flavour” cocoa attracting higher prices due to

desired sensory and quality profiles. The Amazonas Region (north Peru)

has a designation of origin, Fine Aroma Cacao, based on sensory

quality, productivity and morphological descriptors but its genetic structure

and ancestry is underexplored. We genotyped 143 Fine Aroma Cacao

trees from northern Peru (Bagua, Condorcanqui, Jaén, Mariscal Cáceres,

and Utcubamba; mainly Amazonas Region), using 192 single nucleotide

polymorphic markers. Identity, group, principal coordinate, phylogenetic and

ancestry analyses were conducted. There were nine pairs of matched trees

giving 134 unique samples. The only match within 1,838 reference cacao

profiles was to a putative CCN 51 by a Condorcanqui sample. The “Peru

Uniques” group was closest to Nacional and Amelonado-Nacional genetic

clusters based on FST analysis. The provinces of Bagua and Utcubamba were

genetically identical (Dest = 0.001; P = 0.285) but differed from Condorcanqui

(Dest = 0.016–0.026; P = 0.001–0.006). Sixty-five (49%) and 39 (29%) of the

Peru Uniques were mixed from three and four genetic clusters, respectively.

There was a common and strong Nacional background with 104 individuals

having at least 30% Nacional ancestry. The fine aroma of cacao from

Northern Peru is likely due to the prevalent Nacional background with some

contribution from Criollo. A core set of 53 trees was identified. These findings

are used to support the continuance of the fine or flavour industry in Peru.

KEYWORDS

core collection, fine or flavour cocoa, genetic structure, group differentiation,
Nacional ancestry, north Peru, phylogeny, Peruvian Amazonas region
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Introduction

Domestication and use of Theobroma cacao L. (cacao;
chocolate tree) dates back to ∼5,000 years from ruins of
the Chinchipe culture, Palanda, south-eastern Ecuador and
Montegrande, Jaen, Peru (Valdez, 2013; Ochoa, 2017; De la
Fuente, 2018; Olivera-Núñez, 2018; Zarrillo et al., 2018). Cacao
is used to refer to the plant while cocoa is used for the
fermented and dried seeds and their processed products. Cacao
is a tropical dicot Malvaceae tree (Alverson et al., 1999; Bayer
et al., 1999) native to the Amazon basin of South America
(Toxopeus, 1985; Motamayor and Lanaud, 2002; Bartley, 2005).
The fruits produce seeds that are used in the pharmaceutical
and cosmetic industries but primarily as the raw ingredients
for the multibillion dollar chocolate industry (Oddoye et al.,
2013; Wickramasuriya and Dunwell, 2018). The consumption
of chocolate and its products is estimated to increase by 3% each
year (Wickramasuriya and Dunwell, 2018) and acts as the main
economic driver of global cacao farming (Tacer-Caba, 2019).

Cacao crops are critical for local economies of about 6
million smallholder farmers in Latin America, Africa, and Asia
(Rice and Greenberg, 2000; Beg et al., 2017). Peru produced
160,289 metric tonnes of cocoa in 2020 making it the 9th largest
producer of cocoa worldwide (FAO, 2022). In the Amazonas
region of Peru, cacao is the second most economically important
crop with a cultivated and harvested area of 13,416.83 ha
(Instituto Nacional de Estadística e Informática [INEI], 2012).
In this region, three provinces are the main producers of cacao:
Bagua with the highest cocoa production (75%), followed by
the Utcubamba, and Condorcanqui provinces (Torres-Armas
and Gonzáles-Castro, 2018). The discovery of high-yielding
and disease-resistant varieties is needed to support the growing
global cacao industry (Goenaga et al., 2009; Phillips-Mora
et al., 2013). The conservation and utilisation of cacao genetic
diversity are crucial for the sustainable cultivation of cacao
(Zhang and Motilal, 2016; Laliberté et al., 2018).

The cocoa industry recognises “bulk cocoa” and “fine or
flavour cocoa” with the latter garnering a higher premium
price. While bulk cacao still contributes to more than 80% of
worldwide production (Wickramasuriya and Dunwell, 2018),
there has been an increase in demand for fine or flavour
chocolate, along with consumer appreciation for the traditional
histories and origin of native cacao varieties (Mejía et al., 2021).
Peru has been designated a 75% producer and exporter of
fine flavour cocoa (International Cocoa Organization [ICCO],
2021) and is thus well poised to capitalise on this consumer
base. Cacao from the Peruvian Amazonas region currently
has a designation of origin, namely Fine Aroma Cacao,
based on its peculiar characteristics in terms of its sensory
quality (aroma and flavour) (Instituto Nacional de Defensa
de la Competencia y de la Protección de la Propiedad
Intelectual [INDECOPI], 2016). These qualities have given
a high value and demand which strongly improve the

competitiveness of Peruvian Amazonas cocoa in the foreign
market (Oliva and Maicelo-Quintana, 2020). Five groups
of cacao (Bagüinos, Cajas, Indes, Toribianos, Utkus) were
identified according to these sensory features, in addition
to productivity and morphological descriptors (Oliva-Cruz,
2020). Sensory evaluation of Bagua type cacao determined
that this upper Amazon variety differed from the native
“Chuncho” cacao found in Quillabamba, Cusco (Céspedes-
Del Pozo et al., 2018; Mejía et al., 2021). The Indes and
Bagüinos morphotypes had the best floral and fruity sensory
characteristics and the highest dry weight and number of seeds
(Oliva-Cruz, 2020).

Bulk cocoa traditionally comes from Forastero cacao while
“fine or flavour” cocoa can be obtained from Criollo, Nacional
and some Trinitario varieties (Pridmore et al., 2000). Cacao
was traditionally classed as Criollo, Forastero and Trinitario
varieties, based on morphological and agronomical traits with
the latter variety being thought to be a hybrid of the former two
(Toxopeus, 1985; Pridmore et al., 2000). Forastero encompassed
a range of cacao types including the Amelonado variety
responsible for the basis of the West African bulk cocoa industry
and the Nacional variety from Ecuador known for its fine Arriba
flavour. The Refractario variety also from Ecuador arose out of
a mass field selection program in the 1920s for witches’ broom
disease resistance (Pound, 1938, 1943; Bartley, 2001).

A variety of molecular approaches have enabled better
separation and understanding of the true genetic diversity and
varietal classification than the traditional names and industry
convention. A review of these molecular approaches can be
found in Livingstone et al. (2012), Motilal et al. (2017), and
Everaert et al. (2020). Genetic diversity is higher when there
are unique samples that increase differentiation within and
among groups. Accurate identity analysis is, however, dependent
on the number of markers, as well as, the composition of
the marker set used for both microsatellite markers (Motilal
et al., 2009) and single nucleotide polymorphism (SNP) markers
(Mahabir et al., 2020).

The use of microsatellite markers is currently being
supplanted by SNP markers especially for large genetic diversity
studies. Genotyping of cacao germplasm with SNPs has been
performed using the novel integrated fluid circuit (IFC)
technology (Osorio-Guarín et al., 2017), which increased the
throughput per run, simplified setup of reactions, and decreased
the running cost (Xu, 2016). Lately, the analysis of the genetic
diversity and population structure of cacao have used a set of
reduced and informative SNP markers (Singh and Singh, 2015;
Cosme et al., 2016; Osorio-Guarín et al., 2017; Mahabir et al.,
2020; Wang et al., 2020). The identification and authentication
of fine flavour cacao varieties have also employed SNPs (Fang
et al., 2014; Arevalo-Gardini et al., 2019).

Genetic clustering of cacao was clarified by Motamayor
et al. (2008) who used 106 microsatellite markers to identify
ten genetic groups (Amelonado, Contamana, Criollo, Curaray,
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Guiana, Iquitos, Marañon, Nacional, Nanay, and Purús) in
the Amazon basin of South America. The clustering of
these groups has been supported and refined by Thomas
et al. (2012) and Nieves-Orduña et al. (2021). Five of the
10 genetic clusters (Contamana, Iquitos, Marañon, Nacional,
and Nanay) occur in Peru (Motamayor et al., 2008). Nieves-
Orduña et al. (2021) identified 23 chloroplast microsatellite
haplotypes on a sample of 233 cacao plants with the highest
variation being found in western Amazonia; particularly in
the north-western Amazon with Peru having seven unique
haplotypes. The genetic clustering of cacao is expected to
change as more wild natural stands of cacao are explored in
the Amazon. North-eastern Peru hosts a wide diversity and
genetic variability of cacao that is under-explored (Motamayor
et al., 2008; Thomas et al., 2012). Two traditional fine or
flavour varieties in Peru are the small-seeded variety known as
Chuncho from the Urubamba valley in southern Peru; and the
“Piura Porcelana” variety with large pale seeds mainly cultivated
in Piura, Amazonas, and Cajamarca provinces of northern
Peru (Arevalo-Gardini et al., 2019). Céspedes-Del Pozo et al.
(2018), using 96 single nucleotide polymorphism (SNP) markers
reported that the native cacao variety “Chuncho” –from La
Convencion, Cusco in southern Peru – was distinct but
closest to the Contamana population, Beni population (unique
population from Beni River in Bolivia, Zhang et al., 2012),
and cacao from the Madre de Dios region. “Piura Porcelana”
formed an immediate sister clade to the Nacional group
(Arevalo-Gardini et al., 2019).

Additionally, Chia-Wong et al. (2018) tried to assess about
80 fine or flavour trees from the five principal cacao regions
of Peru (Amazonas, Cusco, San Martin, Piura, and Huánuco)
with 18 microsatellites but the amplification was unsuccessful.
Zhang et al. (2006a), using 15 microsatellites, demonstrated that
cacao in Huallaga and Ucayali Valleys were distinct groups.
The Huallaga farmer selections were shown to be mainly
hybrids of Trinitario and Upper Amazon Forastero accessions
(Zhang et al., 2011).

Saavedra-Arbildo et al. (2018) demonstrated from fruit and
seed morphology that the cacao in the Peruvian regions of
Amazonas, Cusco and Piura were similar in thickness of fruit
wall, fruit length, water content of testa, and seed width but
differed in depth of primary furrows, fruit mass, seed mass, fruit
width, number of seeds, dry mass of seeds, seed length, and seed
thickness. In addition, the northern regions of Amazonas and
Piura appeared more similar to each other than Cusco although
all three areas were differentiated on the basis of number
of seeds and seed length with the Piura region having the
greatest proportion of white seeds in fruits that were generally
elliptic-obovate with obtuse apices and little to no rugosity
(Saavedra-Arbildo et al., 2018).

There is a scarcity of recent work on the phenotypic
and genetic diversity of cacao in Peru, far less for northern
Peru. In addition, the use of the current SNP marker

technology is limited to a few studies. Studies on the
genetic diversity of cacao and especially fine aroma cacao
in northern Peru are lacking. The goal of this study is
to determine the genetic uniqueness, genetic diversity and
ancestry of Fine Aroma Cacao from the Peruvian Amazonas
region by SNP genotyping. In addition, we examined if
three provinces (Bagua, Condorcanqui, and Utcubamba) were
genetically distinct and harboured new cacao genetic clusters.
The resultant information is expected to be a significant
addition to our understanding of the genetic diversity of cacao
in Peru and how it can be leveraged to bolster the fine
flavour status in Peru.

Materials and methods

Sample collection

A total of 143 trees (15–20 years old) of Fine Aroma Cacao
were sampled mainly from farmers’ fields in three provinces of
the Amazonas region, in northern Peru (Bagua, Condorcanqui,
Utcubamba; Supplementary Table 1 and Figure 1) and
were deposited in the herbarium of Universidad Nacional
Toribio Rodríguez de Mendoza (KUELAP), Peru (Thiers, 2016).
A permit for scientific research on wild flora (RDG N◦ D000319-
2020-MINAGRI-SERFOR-DGGSPFFS, with authorisation code
N◦ AUT-IFL-2020-051) was provided by Servicio Nacional
Forestal y de Fauna Silvestre (SERFOR). For each site, the
date, time, and GPS coordinates were recorded. The 143
test trees from northern Peru were compared to reference
profiles of cacao accessions belonging to the 10 genetic
clusters of Motamayor et al. (2008) as well as Trinitario
and Refractario accessions. A maximum of 1,838 reference
accessions from the International Cocoa Genebank Trinidad
were used. Reference profiles are maintained and curated
by the Cocoa Research Centre (CRC), The University of
the West Indies.

Single nucleotide polymorphism
genotyping and curation

Tissue samples were taken from the distal regions of
healthy cacao leaves and stored in pre-labelled 1.5 mL Safelock
Eppendorf tubes containing silica gel desiccant. Six leaf
discs (6 mm diameter) were prepared from each test plant
using the BioArk leaf collection kit from LGC Biosearch
Technologies. The plates were shipped to LGC Genomics,
United Kingdom for DNA extraction and SNP genotyping
using their proprietary KASP chemistry. Genotyping was
performed at 192 SNP sites from flanking sequences provided
by the Cocoa Research Centre (CRC) of The University
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FIGURE 1

Distribution of collected Fine Aroma Cacao samples from northern Peru. The national, provincial and district boundaries were obtained from
the Geoportal of the National Geographic Institute of Peru (IGN) in shapefile format with a DATUM WGS 1984 for illustrative purposes only.

of the West Indies (Motilal et al., 2017; Mahabir et al.,
2020; Supplementary Table 2). Returned multilocus data
from LGC was curated by removing SNPs and samples with
more than 7% missing data. This is expected to reduce
the impact of missing data on the genetic analyses. Seven
of the 192 SNPs (TcSNP 0456, 0701, 1,038, 1,156, 1,229,
1,408, 1,457) had 100% missing data and were removed from
subsequent analyses.

Software and analysis overview

Multilocus SNP profiles were analysed using GenAlEx
v6.502 (Peakall and Smouse, 2006, 2012). This software
was used for frequency analysis, group differentiation tests,
principal coordinate analysis (PCoA) and to prepare in files
for other programs. Identity analyses were conducted in
Cervus v3.0 (Kalinowski et al., 2007), phylogenetic analysis
in DARwin v6 (Perrier et al., 2003; Perrier and Jacquemoud-
Collet, 2006), ancestry analysis in STRUCTURE v2.3.4

(Pritchard et al., 2000) and core collection identification
in PowerCore v1.0 (National Institute of Agricultural
Biotechnology, 2006). Statistical tests to determine if there
were significant differences in genetic parameters were
conducted in MedCalc Statistical Software v12.7.7 (MedCalc
Software bvba, 2013).

Identity analysis

Identity analyses were conducted in Cervus v3.0
(Kalinowski et al., 2007). A minimum of 170 matching
loci with a flexibility mismatch of 5 loci was applied to identify
possible groups of matched samples among the data matrix
of 185 SNPs/143 Peru test trees (Supplementary Table 3).
Missing data occurred at 0–7 SNPs with an average of 0.60%
(standard error = 0.05) in the entire dataset. Members within
a group are equivalent to each other but not equivalent to
members of other groups. One member of each group was
retained to obtain a maximal list of unique Peru samples
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(Peru Uniques). Identity analysis was conducted between
the Peru Uniques dataset and 1,838 CRC reference profiles
mainly from the International Cocoa Genebank Trinidad. The
reference profiles had data at 175 SNPs so identity analysis
was conducted using a minimum of 160 matching loci with
a flexibility mismatch of 5 loci. In this dataset, missing data
was present at 0–42 SNPs per sample (mode = 6) with an
average of 7.69% (standard error = 0.16) in the entire dataset.
The probability of identity among siblings (PIDSIB), was
obtained to estimate the chance of a false match. The PIDSIB

is the probability that two siblings drawn at random from a
population have identical genotypes (Evett and Weir, 1998;
Waits et al., 2001) and was recommended to be used in cacao
(Zhang et al., 2006b).

Frequency analysis

The 134 Peru Uniques had 8 and 26% missing data
at TcSNP0230 and TcSNP1350, respectively, over the
maximal set of 185 SNPs. In addition, three monomorphic
SNPs (TcSNP: 0097, 0383, 1,158) were present. These five
SNPs were removed so that missing data was present
at 0–14 SNPs per sample (mode = 0) with an average
of 0.41% (standard error = 0.05) in the entire dataset.
Frequency analysis was conducted in GenAlEx v6.502 (Peakall
and Smouse, 2006, 2012) to obtain descriptive genetic
measures of number of effective alleles (Nrme); Shannon’s
Information Index (I); observed, expected and unbiased
expected heterozygosities (Ho, He, uHe, respectively); the
fixation index (F); and individual heterozygosities (Hind)
of the sampled trees for each sampled provinces and
the Peru Uniques.

Principal coordinate analysis

Principal coordinate analysis was conducted on the set
of Peru Uniques in relation to 390 reference accessions (40
Amelonado, 8 Contamana, 12 Criollo, 17 Curaray, 56 Guiana,
32 Iquitos, 70 Marañon, 40 Nacional, 60 Nanay, 5 Purús, 25
Amelonado/Nacional hybrids, and 25 Amelonado/Criollo
hybrids) using 170 SNPs. Population references are from
selected accessions with exclusive membership to their
respective genetic clusters. Similarly hybrid references
were selected based on contributions from only the two
required genetic clusters. Accessions and SNPs were chosen
to minimise missing data. In this dataset, missing data
was present at 0–14 SNPs per sample (mode = 0) with
an average of 0.44% (standard error = 0.03) in the entire
dataset. The analysis in GenAlEx v6.502 (Peakall and
Smouse, 2006, 2012) implemented a standardised linear
genetic distance.

Phylogenetic analysis

Phylogenetic analysis was performed on the same dataset
as for the PCoA in DARwin v6 (Perrier et al., 2003; Perrier
and Jacquemoud-Collet, 2006). The program accepts allelic
data and creates a simple matching dissimilarity index. Missing
data was set at 50, 70, or 90% with the default pairwise
allele deletion to construct dissimilarity matrices with 1,000
bootstraps. Tree construction employed the weighted Neighbor-
Joining algorithm with 1,000 bootstrap replicates. Bootstrap
values > = 70% were displayed on the trees.

Group differentiation tests

An analysis of molecular variance (AMOVA) was conducted
using the same dataset as for the PCoA using 999 permutations
in GenAlEx v6.502 (Peakall and Smouse, 2006, 2012). Group
differentiation based on Jost Dest statistic (Jost, 2008, 2009) was
conducted on a refined dataset. This dataset involved the same
reference groups as for the PCoA but with 136 SNPs to get
less than 6% missing data per group and with an average of
0.13% (standard error = 0.01) missing data within the dataset.
In addition, the Peru Uniques was decomposed into provincial
groups that contained at least five samples. The provinces of
Bagua (n = 16), Condorcanqui (n = 24) and Utcubamba (n = 91)
were retained. If members of duplicate groups were present, only
one sample per group province was retained. In this dataset,
there was also less than 6% missing data per group and with
an average of 0.12% (standard error = 0.01) missing data. The
Dest pairwise calculations were performed in GenAlEx v6.502
(Peakall and Smouse, 2006, 2012) using 999 permutations and
999 bootstraps. Phylogenetic clusters in the collected samples
were identified and Jost Dest was used to determine if the
clusters were separate groupings. Datasets were examined for
private alleles.

Ancestry analysis

Population structure of the 143 samples was determined
via the model-based clustering method implemented in
STRUCTURE v2.3.4 (Pritchard et al., 2000). Reference
accessions that represent the 10 genetic clusters identified by
Motamayor et al. (2008) were cloned to obtain a sample size
of 200 for each population. An initial run using number of
populations (K) from nine to 14 [the expected 10 of Motamayor
et al. (2008) plus one more than the number of expected
clusters in the collected samples] was conducted. A dataset
of 154 SNPs was used to obtain minimal missing data. An
admixture model with an inferred alpha value, independent
allele frequency with 100,000 burnins and 200,000 Markov
Chain Monte Carlo (MCMC) repetitions was used with 10
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iterations at each K value. The optimal K was selected based
on best differentiation of samples to maintain Motamayor
et al. (2008) grouping and on the ad hoc method of Evanno
et al. (2005). Then with a maximal dataset of 170 SNPs
in the Peru samples and cloned population references an
admixture model with an inferred alpha value, independent
allele frequency with 300,000 burnins and 600,000 MCMC
repetitions was used at the chosen K with 10 iterations. The
run with the most positive ln P(D) was chosen to represent
the ancestral background. A minimum level of 5% was used
as evidence of the presence of a genetic group. A minimum
level of 95% without a 5% level in any other group was used
to establish exclusive membership to a genetic group. The
distribution of the predominant ancestral group(s) for the
Bagua, Condorcanqui and Utcubamba provinces was tested
for equivalence using the comparison of proportions test in
MedCalc Statistical Software v12.7.7 (MedCalc Software bvba,
2013).

Core collection identification

The Peru Uniques typed at the maximal number of
SNPs underwent core selection in PowerCore v1.0 (National
Institute of Agricultural Biotechnology, 2006) under its heuristic
algorithm. The number of SNPs was reduced to those with less
than 6% missing data. The core set was then compared to the
entire set of Peru Uniques as well as to the group remaining
after the core was removed from the entire set. Comparison was
performed at summary statistics (Ne, I, Ho, He, uHe), private

alleles and Jost Dest as obtained in GenAlEx v6.502 (Peakall and
Smouse, 2006, 2012).

Results

Identity analysis

In the dataset of 143 trees/185 SNPs, there were nine pairs
of matched samples (Table 1). Eight of these pairs were within
the same province with the exception of INDES095 from Bagua
being matched at all 185 SNPs to INDES098 from Utcubamba.
A PIDSIB of 2.21 × 10−28 was obtained for the dataset of 143
trees/185 SNPs. Removal of one sample from each of the nine
pairs gave a set of 134 unique samples (Peru Uniques). The Peru
Uniques compared to 1,838 reference accession profiles at 175
common SNPs returned only one possible match of a putative
CCN 51 to CCA015 from Condorcanqui with 171 matching
loci and one mismatched locus. A PIDSIB of 1.862 × 10−30

was obtained for the dataset of 1,972 samples/175 SNPs. The
average minor allele frequency over all the 562 samples is 0.261
(Supplementary Tables 3, 4).

Frequency analysis

The resultant frequency analysis showed that Ho was close
to He with a very low (0.006) fixation index (Table 2). Using this
same set of 180 SNPs, the provinces of Bagua, Condorcanqui,
and Utcubamba had a low to zero fixation index (Table 2)

TABLE 1 Groups of matched samples in 143 cacao trees in northern Peru using 185 single nucleotide polymorphism (SNP) markers.

Group Members
(Provinces)

Number of
SNPs with data

Number of
matching SNPs

Number of
differing SNPs

aPIDSIB

1 CAP032, CAP125
(Utcubamba)

184 184 0 5.75 × 10−28

2 CAP040, INDES054
(Utcubamba)

181–184 181 0 2.32 × 10−34

3 CCA001, CCA021
(Condorcanqui)

183–184 183 0 7.01 × 10−29

4 CCA004, CCA008
(Condorcanqui)

185 185 0 2.06 × 10−27

5 CCA009, CCA010
(Condorcanqui)

185 185 0 1.83 × 10−34

6 CCA016, CCA017
(Condorcanqui)

182–184 181 0 1.61 × 10−30

7 INDES020, INDES023
(Bagua)

184–185 183 1 0

8 INDES021, INDES039
(Bagua)

184 184 0 5.25 × 10−25

9 INDES095 (Bagua), INDES098
(Utcubamba)

185 185 0 1.51 × 10−31

aProbability of identity that two siblings drawn at random from a population have identical genotypes (Evett and Weir, 1998; Waits et al., 2001). Estimates obtained in GenAlEx v6.502
(Peakall and Smouse, 2006, 2012).
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with slightly higher He than Ho in Condorcanqui but slightly
higher Ho than He in the other two provinces. The Hind in
the Peru Uniques ranged from 0.056 to 0.578 with all samples
being heterozygous (Supplementary Table 5). The lowest Hind
values were observed in the Utcubamba province (INDES032,
Hind = 0.056; INDES002, Hind = 0.089). The highest Hind values
were observed in the Bagua (INDES070, Hind = 0.578) and the
Utcubamba provinces (INDES061, Hind = 0.578). There was an
absence of low Hind (0–0.015) in Condorcanqui and Mariscal
Cáceres provinces. The single sample from Jaén had a low
heterozygosity (Hind = 0.117; Supplementary Table 5).

Principal coordinate analysis

The 134 Peru Uniques were distributed across three
quadrants in a linear pattern from Amelonado to Nacional but
excluding close association with Criollo, Marañon and Guiana
groups (Figure 2). There was no apparent sub-clustering of
samples. The PCoA explained 23.9, 10.8, and 9.5% on the first
three axes, respectively.

Phylogenetic analysis

Phylogenetic trees based on 50, 70, or 90% missing data
thresholds to retain sample pairs were similar (Supplementary
Figures 1, 2) and the tree based on 70% missing data is
provided in Figure 3. The 134 Peru Uniques were mainly
distributed between reference clusters rather than within
clusters and were closest to, and arrayed along, the Nacional,
Contamana, Curaray, Iquitos, Purús, and Nanay genetic groups
(Figure 3). Two samples, CCA027 (Condorcanqui) and CAP045
(Utcubamba), were associated with the Amelonado and Criollo
clusters with CAP045 being closest to the Criollo group.
INDES095 from the Bagua province was an immediate sister
clade to the Nanay group. Three phylogenetic clusters (Phylo
A, B, C) in the Peru Uniques were found (Figure 3) and
each cluster contained a variable number of samples from each
of the three main provinces. The PhyloA cluster (represented
by CAP086 from Utcubamba) contained 14 individuals

(including the three samples from Mariscal Cáceres) and was
positioned between the Iquitos and Purús genetic groups. The
PhyloB cluster (represented by INDES064 from Utcubamba)
contained 33 individuals and formed a sister clade with the
Contamana/Curaray clade. The PhyloC cluster (represented by
CAP107 from Utcubamba) contained 64 individuals (including
the single sample from Jaén) and was positioned between the
Nacional and Contamana/Curaray clades.

Group differentiation tests

The AMOVA that incorporated the 134 Peru Uniques as
a unit group partitioned 54.5% within genetic clusters and
45.5% among genetic clusters (Supplementary Table 6). The
genetic differentiation (FST = 0.455) was significant (P = 0.001)
(Supplementary Table 6). The FST among pairwise groups
(Supplementary Table 7) indicated that the set of Peru
Uniques was closest to the group of Amelonado/Nacional
hybrids (0.126) and then to the Nacional cluster (0.155).
The Jost Dest measure of group differentiation among the
reference groups were all significant (P = 0.001, 0.002) with
maximal values of 0.626 (Amelonado vs. Criollo) and minimal
values of 0.089 (Amelonado vs. Amelonado/Criollo) and
0.098 (Amelonado/Nacional vs. Amelonado/Criollo) (Figure 4
and Supplementary Tables 8, 9). Private alleles were only
present from two SNPs (TcSNP0097, TcSNP1158) in the
Contamana group.

Jost Dest measure was obtained from a dataset of 136
SNPs for which missing data was less than 6% in any
of the grouped samples. The Dest values were significant
(P = 0.001) for all pairwise comparisons involving the three
Peruvian provinces and any of the 12 reference groups with
maximal Dest (0.347) recorded for Criollo vs. Condorcanqui
(Supplementary Table 8). The reference group Iquitos was
closest to Condorcanqui (Dest = 0.098) whereas Nacional was
closest to Bagua (0.075) and Utcubamba (0.066). The three
provinces were also close to the set of Amelonado/Nacional
hybrids (Dest = 0.070 – 0.076). Among the three provinces,
significant and low Dest values were obtained for Bagua vs.
Condorcanqui (Dest = 0.016; P = 0.006) and Condorcanqui vs.

TABLE 2 Descriptive genetic statistics for set of unique cacao and its core collection in north Peru with 180 SNPs.

Ne I Ho He uHe FIS F

Peru Uniques (Entire, E) (n = 134) 1.563 ± 0.022 0.507 ± 0.012 0.340 ± 0.012 0.336 ± 0.010 0.337 ± 0.010 0.006 ± 0.014 −0.012

Bagua(n = 16) 1.579 ± 0.023 0.509 ± 0.013 0.389 ± 0.015 0.339 ± 0.011 0.350 ± 0.011 −0.126 ± 0.018 −0.147

Condorcanqui (n = 24) 1.581 ± 0.023 0.509 ± 0.013 0.319 ± 0.012 0.340 ± 0.011 0.347 ± 0.011 0.065 ± 0.017 0.061

Utcubamba(n = 91) 1.526 ± 0.022 0.486 ± 0.013 0.336 ± 0.013 0.320 ± 0.010 0.321 ± 0.010 −0.022 ± 0.016 −0.052

Core(C; n = 53) 1.594 ± 0.021 0.526 ± 0.011 0.334 ± 0.011 0.351 ± 0.009 0.354 ± 0.009 0.056 ± 0.015 0.049

Entire-Core(E-C; n = 81) 1.540 ± 0.022 0.489 ± 0.013 0.344 ± 0.013 0.323 ± 0.011 0.325 ± 0.011 −0.039 ± 0.015 −0.064

Values are mean ± standard error. Ne = number of effective alleles per locus; I = Shannon’s Information Index; Ho = observed heterozygosity; He = expected heterozygosity; uHe = unbiased
expected heterozygosity; FIS = Average fixation index of loci; F = fixation index for population. Estimates obtained in GenAlEx v6.502 (Peakall and Smouse, 2006, 2012).
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FIGURE 2

A principal coordinate analysis 2D-scatter plot of 134 Peru Uniques and 390 reference accessions using 170 SNP genetic data. The first and
second axes explained 23.86 and 10.80% of the variation, respectively.

FIGURE 3

Phylogram (based on 70% missing data) of unique cacao samples collected from Northern Peru (134 samples) and 390 reference accessions
using 170 single nucleotide polymorphisms. Three phylogenetic clusters (PhyloA-C) from the samples from north Peru are indicated together
with a representative sample. All three representative samples are from Utcubamba and each cluster also contain samples from Bagua and
Condorcanqui. Three other samples from north Peru are indicated – CAP45 (Utcubamba), CCA27 (Condorcanqui) and INDES95 (Bagua). The
three samples from Mariscal Cáceres are in PhyloA and the one sample from Jaén is in PhyloC. ≥ 70% bootstrap values are displayed.

Utcubamba (Dest = 0.016; P = 0.006) but Bagua vs. Utcubamba
was low and non-significant (Dest = 0.001; P = 0.285).
Phylogenetic clusters of the 10 population groups of Motamayor

et al. (2008), two reference mixed groups (Amelonado/Nacional
and Amelonado/Criollo) and the three clades (Phylo A, B, C) in
the Peruvian dataset were all significantly different (P = 0.001)
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from each other (Supplementary Table 9). The PhyloB and
PhyloC clades were closest to each other (Dest = 0.037) while the
PhyloA and PhyloC clades were furthest from other Peruvian
samples (Dest = 0.144). The three clades in the Peruvian dataset
were all close to the Amelonado/Nacional group (Dest = 0.094–
0.097). The PhyloA clade was closest to the Iquitos (Dest = 0.082)
and the Amelonado/Criollo (Dest = 0.094) reference groups.
The PhyloB clade was closest to the Amelonado/Nacional
(Dest = 0.094) reference group. The PhyloC clade was closest
to the Nacional (Dest = 0.063) and the Amelonado/Nacional
(Dest = 0.095) reference groups.

Ancestry analysis

At K = 10, the reference populations were all resolved
into the expected groupings of Motamayor et al. (2008)
and the Amelonado/Nacional and Amelonado/Criollo hybrids
presented the ancestry profile to match their expected founder
populations (Figure 5A). However, the optimal K value by
Evanno’s method was for 11 populations. At K = 11, the 10
reference populations were resolved, but one population in each
run was split into two distinct groups. The population that was
split was inconsistent and occurred in the Amelonado (once),
Contamana (twice), Criollo (thrice), Curaray (twice), Guiana
(once), and Marañon (once) of the 10 iterations. An example
is presented in Figure 5B. Nonetheless, the Peru Uniques at
both K = 10 and K = 11 in the initial analysis exhibited
a strong and frequent Nacional background (Figures 5A,B)
which was supported by the more stringent analysis at K = 10
(Supplementary Tables 10, 11).

The 134 Peru Uniques were all admixed with contributions
from 2 to 7 genetic groups and with a mixture of three groups
being the most frequent (Figure 5C). Apart from Nacional,
at least 50% ancestry was present from Amelonado (CCA27,
Condorcanqui), Contamana (CAP107, Utcubamba; INDES70,
Bagua), Criollo (CAP45; Utcubamba) and Iquitos (CAP37,
INDES18, INDES62: Utcubamba; CCA16, Condorcanqui). The
combination of only Amelonado with Criollo ancestry was only
found in CAP45 and CCA27. The single sample collected from
Jaén had 85% Nacional, 8% Curaray, and 5% Iquitos ancestral
background. The three samples from Mariscal Cáceres had
a common background of Amelonado, Criollo, and Iquitos.
However, apart from the actual contributions being different,
two of these (INDES 101, 106) were higher in Iquitos (41%)
ancestry whereas the other (INDES112) had Nanay as the major
component (37%). A set of 49 samples combined both Criollo
and Nacional ancestry (each at a minimum of 10%) with the
majority (36) coming from the Utcubamba province and the
remainder from the Bagua (8) and Condorcanqui (3) provinces.
Sixteen samples lacked Nacional ancestry and contained instead
an Amelonado/Criollo background with other groups except
for INDES95 from Bagua which was mixed with Nanay (44%),

Iquitos (36%), and Curaray (13%). The proportion of cacao trees
with at least 25% Nacional ancestry was highest in Utcubamba
(91.1%; 82 of 90), then Bagua (75%; 12 of 16) with the
lowest occurrence in Condorcanqui (58.3%, 14 of 24). However,
only the comparison of Condorcanqui to Utcubamba was
significantly different (P = 0.0003; Supplementary Table 12).

Core collection identification

A set of 53 samples were identified as a core collection
from the 134 Peru Uniques and 182 SNP loci (Supplementary
Table 13). Statistical measures in the core were higher than
that of the entire set and the entire set without the core except
for Ho which showed the reverse trend (Table 2). However,
private alleles were lacking and Jost Dest was non-significant
being estimated as 0 (P = 0.993) and 0.001 (P = 0.177) for the
aforementioned two comparisons.

Discussion

Examining the genetic diversity and ancestry of cacao
from its centre of diversity is essential to better understand
its population structure and the judicious conservation and
cultivation of native varieties. In this study 143 cacao trees from
north-western Peru (the majority from the Amazonas region)
were SNP genotyped via 185 informative SNPs to examine their
genetic diversity and ancestry. Overall, the findings indicated
that the samples had moderate gene diversity (He = 0.336)
and shared ancestry with the Nacional, Amelonado, Iquitos and
Criollo groups. The 143 samples had few matching duplicates
(nine groups with two members each) and these were usually
within a province rather than across provinces. This internal
duplicate matching was lower than that recorded for cacao
collected in Belize (Motilal et al., 2010) and for farm selections
in Dominica (Gopaulchan et al., 2019), Dominican Republic
(Boza et al., 2013), Hawaii (Nagai et al., 2009), Nicaragua
(Trognitz et al., 2011), the Huallaga and Ucayali valleys in
Peru (Zhang et al., 2006a), Puerto Rico (Cosme et al., 2016)
but higher than that reported in one farm in Jamaica (Lindo
et al., 2018), Vietnam (Everaert et al., 2017) or for the ICS and
TRD accessions in Trinidad (Johnson et al., 2009). Furthermore,
an absence of duplicates was reported for 164 trees in Bolivia
(Zhang et al., 2012), 93 trees in Tumaco, Colombia (Yacenia
Morillo et al., 2014), for 53 trees in Sulawesi, Indonesia (Dinarti
et al., 2015), for 220 trees in the Juanjui province of the
Huallaga valley, Peru (Zhang et al., 2011), and for 109 trees in
Uganda (Gopaulchan et al., 2019). A set of 134 Peru Uniques
was obtained after removal of duplicate samples and only
one sample (CCA015; Condorcanqui) matched to an external
reference variety with a very low PIDSIB (1.862 × 10−30) in
the identity analysis dataset. The internal and external match
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FIGURE 4

Heatmaps representing pairwise Jost differentiation indices (Dest) (light = 0.00/dark = 0.626) among 15 groups of cacao samples based on the
genetic variation of 136 SNPs examining (A) three regions and (B) three phylogenetic clusters in north Peru. Groups – G1 (Amelonado; n = 40),
G2 (Contamana; n = 8), G3 (Criollo; n = 12), G4 (Curaray; n = 17), G5 (Guiana; n = 56), G6 (Iquitos; n = 32), G7 (Marañon; n = 70), G8 (Nacional;
n = 40), G9 (Nanay; n = 60), G10 (Purús; n = 5), G11 (Amelonado/Nacional; n = 25), G12 (Amelonado/Criollo; n = 25), G13A (Bagua; n = 16),
G14A (Condorcanqui; n = 24), G15A (Utcubamba; n = 91), G13B (PhyloA; n = 14), G14B (PhyloB; n = 33), G15B (PhyloC; n = 64). Dest values
obtained in GenAlEx v6.502 (Peakall and Smouse, 2006, 2012).

analyses indicated that the cacao samples collected in north
Peru were generally distinct and unique. This is promising for
maintaining relic diversity, identifying genotypes best suited
to local conditions and maintaining the distinctiveness of the
Peruvian fine aroma cacao industry. The few duplicate trees
may represent very closely related varieties that are unable to
be resolved with the SNP panel in this study. If not, then these
duplicated samples may represent clonal propagated material
that was disseminated in earlier years. The presence of a sample
similar to a putative CCN 51 supports the latter view and
represents a cautionary note for north Peru. However, the
ancestry profile of the sample in north Peru (CCA015) was
different from that reported in Boza et al. (2014) suggesting that
the CCN 51 may have been a mislabelled reference accession.
CCA015, while probably not CCN 51, represents an example of
a sample without Nacional but with Criollo ancestry which will
contribute to the fine aroma designation.

The low or zero fixation indices are indicative of the
absence of inbreeding. This supports the use of crosses between
trees sampled from the Peruvian Amazon region for genetic
improvement. A moderate level of gene diversity was observed
(He = 0.32–0.34) for the Peru Uniques as well as in the Bagua,
Condorcanqui, and Utcubamba provinces. This was similar to
on-farm cacao in Dominica (He = 0.320; Gopaulchan et al.,
2020), in Honduras and Nicaragua (He = 0.367; Lukman et al.,
2014), and Uganda (He = 0.332; Gopaulchan et al., 2019)

but higher than in Colombia (He = 0.28; Yacenia Morillo
et al., 2014), Ghana (He = 0.245; Padi et al., 2015), and
Chuncho cacao from the La Convención province in south
Peru (He = 0.230; Céspedes-Del Pozo et al., 2018). The He

of cacao in north Peru was lower than that reported in
Bolivia (He = 0.56; Zhang et al., 2012), Cameroon (He = 0.50;
Efombagn et al., 2008), of the Juanjui province of San
Martin in north Peru (He = 0.741; Zhang et al., 2011)
and that of Ecuador (He = 0.496; Loor Solorzano et al.,
2009). The moderate He observed in this study is probably
reflective of the lack of imported varieties to give rise to
differential hybrid material. The higher He reported above
may also have been due in part to the use of microsatellites
in those studies.

Estimates of Hind revealed that the majority of the collected
samples were heterozygous with few highly homozygous
trees. In contrast, Lerceteau et al. (1997) reported a high
level of homozygous trees in two old plantations (80–
100 years) in Ecuador. This indicated a low incidence of
inbreed individuals in the current study and the presence
of good cross-compatibilities among a greater number of
founder individuals in the current study. Highly heterozygous
samples should be assessed for vigour and productivity. The
eleven samples with low heterozygosity should be assessed
for self-compatibility toward obtaining pure lines for breeding
purposes. Differential phenotypes selected from these two
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FIGURE 5

Ancestry of 134 unique cacao samples (Peru Uniques) collected from northern Peru. Ancestry at K = 10 (A) and K = 11 (B) using 154 SNPs
obtained from STRUCTURE (Pritchard et al., 2000) output using model based on 100,000 burnins, 200,000 Markov Chain Monte Carlo (MCMC)
simulations, admixture ancestry model and independent allele frequencies. Samples are arranged as 10 reference populations (Amelonado,
Contamana, Criollo, Curaray, Guiana, Iquitos, Marañon, Nacional, Nanay, Purús), Amelonado/Nacional, Amelonado/Criollo and Peru Uniques.
Distribution of admixture classes (C) in Peru Uniques from 1 to more than five genetic groups (Grp) obtained from STRUCTURE (Pritchard et al.,
2000) output using model based on 170 SNPs, 300,000 burnins, 600,000 MCMC simulations, admixture ancestry model and independent allele
frequencies.

groups may be useful to find QTL (quantitative trait locus)
for tree breeding purposes. Although the samples had mainly
heterozygous individuals, the Shannon Index of diversity
was similar to that reported in Dominica (Gopaulchan
et al., 2020) and Uganda (Gopaulchan et al., 2019) but
lower than in Honduras and Nicaragua (Ji et al., 2013),
and in Indonesia (Lukman et al., 2014). The samples from
north Peru were therefore lower in diversity and probably
reflects the lower occurrence of introduced germplasm from
other countries.

The PCoA revealed an underlying pattern of mixed
types between Amelonado and Nacional groups that was
supported by the phylogenetic, group differentiation and
ancestry analyses. Three distinct phylogenetic clusters were
present in the collected germplasm and supported by Dest

statistics. AMOVA, FST, and Dest analyses supported the
distinction of the Peru Uniques from the reference groups
and the provinces of Bagua, Condorcanqui and Utcubamba
from the reference groups. However, the provinces of Bagua
and Utcubamba were similar to each other. This differed
from Oliva-Cruz (2020) who found that these two provinces
differed in ecotype composition. Yet, the proportion of Nacional
trees from the current study was similar between these two
provinces. These results and the identity analyses suggest

that the sampled germplasm in north Peru contained unique
multilocus profiles with possible inter-provincial differentiation
and greater similarity between the Bagua and Utcubamba
provinces. The province of Condorcanqui is recommended for
further collection to verify its difference. Likewise, the province
of Bagua was represented by 16 samples and increasing the
sample size would allow for better resolution of inter-provincial
differentiation. Bulking of cacao samples for fermentation or
marketing purposes could be undertaken for the provinces
of Bagua and Utcubamba. A similar recommendation for
bulking across regions was obtained for Dominica (Gopaulchan
et al., 2020). Further refinement could be achieved by
propagating and maintaining the three phylogenetic clusters as
distinct units provided that their sensory profiles are different.
Additional collection and SNP genotyping to ascertain the
frequency and distribution of these three clades in north Peru
should be undertaken.

The clade PhyloC with 64 members was a good candidate
for a new genetic group based on the phylogram (Figure 3).
Initial population modelling in STRUCTURE (Pritchard et al.,
2000) and assessed with the method of Evanno et al. (2005)
fitted 11 groups. However, this was at the expense of splitting
an accepted genetic cluster into two distinct groups instead
of identifying PhyloC as a separate group. Furthermore,
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the two mixed reference groups (Amelonado/Nacional and
Amelonado/Criollo) were also differentiated from Dest estimates
from all other groups indicative that samples just need to
be in groups rather than true populations to have differing
estimators of genetic differentiation. None of the three test
clades had any private alleles that could have supported
the presence of a different genetic cluster. The results were
therefore interpreted as PhyloA, PhyloB, and PhyloC being
better fitted as clades of germplasm with hybrid ancestry
from the genetic grouping of Motamayor et al. (2008).
Hence, the collected samples from north Peru were mainly
unique admixed cacao trees but did not comprise a novel
genetic cluster and did not contain a subset that could
be a novel group.

New populations in cacao were reported for Bolivia (Zhang
et al., 2012), Colombia (Osorio-Guarín et al., 2017), and Peru
(Céspedes-Del Pozo et al., 2018). However, these reports of
new populations may be tentative due to limitations in each
study. The Beni population in Bolivia was shown to be distinct
from the Ucayali population from FST values (Zhang et al.,
2012). However, an ancestry plot as well as a phylogenetic
tree were not provided and the possibility of a sister clade
to the Ucayali population cannot be ruled out. The Ucayali
population contains members of the SCA accessions (Zhang
et al., 2011) which belong to the Contamana cluster (Motamayor
et al., 2008). Hence, the Beni population could be like clade
PhyloB which was significantly different by Dest statistic from
Contamana but was not a unique group. Furthermore, the
PCoA study of Zhang et al. (2012) was limited by the few
representative members of the accepted 10 genetic clusters and
was probably lacking Purús members which may have resulted
in an artificial separation of the Beni germplasm from the
reference accessions.

Osorio-Guarín et al. (2017) indicated that two new cacao
groups in Colombia were present based primarily on their
ancestry result. However, examination of their graph revealed
that the Iquitos and Nanay genetic clusters were not resolved
from each other and the Curaray population was composed
of three groups including Contamana and Amelonado. This
suggests that the new groups were at the expense of established
populations and further modelling is required to firmly establish
whether these are new genetic clusters, subgroups of existing
populations or sister clades of related germplasm. Céspedes-
Del Pozo et al. (2018) reported that the Chuncho cacao from
the La Convención province in Cusco, Peru was a distinct
genetic cluster even from Contamana. These authors found very
close genetic distances (0.06–0.07) of Chuncho to the Beni,
Madre de Dios and Ucayali groups similar to the close Dest

values for the Peru Uniques and the clades PhyloA, Phylob
and PhyloC to the Nacional and Iquitos genetic groups in the
current study. Furthermore, the PCoA plot of Céspedes-Del
Pozo et al. (2018) apparently did not employ members from six
known genetic groups including Nacional and Curaray thereby

compromising the suggested distinct clustering of Chuncho
cacao. In addition, some members of the Ucayali/Urubamba
which are likely members of the Contamana cluster were
dispersed among the Chuncho samples. Examination of the
ancestry graphs of Céspedes-Del Pozo et al. (2018) indicated that
two genetic groups, likely Iquitos and Nanay, were unresolved as
in Osorio-Guarín et al. (2017). The allocation of Chuncho to a
new group may therefore need further validation.

The fit to the 10 genetic groups of Motamayor et al.
(2008) agreed with the close Dest values to Iquitos, Nacional,
Amelonado/Nacional and Amelonado/Criollo groups. As
a unit group, the Peru Uniques was closest to the set of
Amelonado/Nacional mixed references with the Bagua,
Condorcanqui and Utcubamba provinces being closest to
Nacional and Amelonado/Nacional groups. A similar result was
returned for test clades PhyloB and PhyloC whereas PhyloA
was closest to the Iquitos group. Actual ancestry estimates
supported the predominance of Nacional ancestry variably
mixed mainly with Amelonado and Iquitos with additional
contributions from Contamana, Criollo and Nanay groups.
Only two Amelonado/Criollo admixed samples were found in
north Peru, moderate Criollo (≥30%) ancestry was found in
only six samples and only 16 samples lacked Nacional ancestry.
This suggests that the fine aroma of cacao in north Peru is likely
due to the Nacional background. However, the Condorcanqui
province had a lower occurrence of Nacional members and it
may be worthwhile to rejuvenate or infill farms with accessions
having high Nacional ancestry already present in this region to
ensure that the fine aroma status is maintained. The 16 samples
lacking Nacional ancestry should be revisited and assessed
for disease, productivity and flavour traits. If they prove to
have superior traits including valuable or marketable flavour
attributes, these samples can be cloned and maintained for
breeding purposes. However, if acceptable trait combinations
are lacking, these trees should not be clonally propagated
or used to obtain open-pollinated seeds for distribution to
farmers. This will help to maintain the fine aroma designation.
Similarly, the set of 49 samples that contained both Criollo
and Nacional ancestry should be examined for their flavour
profile. If a distinctive flavour profile is found, this group can
be clonally propagated and distributed to farmers. Self- and
cross-compatibilities should be ascertained prior to distribution
to identify the best possible mix to achieve fruit set on farms.

The genetic diversity of the fine aroma cacao in north Peru
could be adequately represented by a set of 53 samples. The
143 sampled trees of this study have been clonally propagated
as rooted cuttings and maintained as three different germplasm
collections in an altitudinal gradient in the Utcubamba province
(420 masl, 779620.6S, 9363856.4W; 480 masl, 792305.8S,
9364081.9W; 950 masl, 801491.0S, 9364914.0W). This collection
will be expanded as additional genotyping is obtained
on germplasm from future field collections. Furthermore,
phenotyping of the three germplasm collections would provide
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information on phenotypic diversity that can be used to
complement the genetic diversity of the set of 53 accessions and
hence obtain a best core collection and a working collection.
The core collection should be safeguarded by having an internal
safety duplication where each accession is represented by at least
five clonal copies and by having replicates of the core collection
at different sites within the Peruvian Amazonas region. This
would facilitate access to budwood for propagation to resupply
farms with best local material to maintain the fine aroma status
of cacao in north Peru.
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