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ABSTRACT: Cacao (Theobroma cacao L.), the source of cocoa, is an economically important tropical crop. One problem with
the premium cacao market is contamination with off-types adulterating raw premium material. Accurate determination of the
genetic identity of single cacao beans is essential for ensuring cocoa authentication. Using nanofluidic single nucleotide
polymorphism (SNP) genotyping with 48 SNP markers, we generated SNP fingerprints for small quantities of DNA extracted
from the seed coat of single cacao beans. On the basis of the SNP profiles, we identified an assumed adulterant variety, which was
unambiguously distinguished from the authentic beans by multilocus matching. Assignment tests based on both Bayesian
clustering analysis and allele frequency clearly separated all 30 authentic samples from the non-authentic samples. Distance-based
principle coordinate analysis further supported these results. The nanofluidic SNP protocol, together with forensic statistical
tools, is sufficiently robust to establish authentication and to verify gourmet cacao varieties. This method shows significant
potential for practical application.
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■ INTRODUCTION

Cacao (Theobroma cacao L.) is an important tropical crop
because it is the source of cocoa butter and powder for the
confectionery industry. This species comprises a large number
of highly morphologically variable populations, which can all be
crossed with one another.1,2 The upper Amazon, including
parts of Ecuador, Peru, Brazil, and Colombia, is generally
believed to be the center of origin of cacao, because of the high
morphological and genetic diversity observed in this region.1,3,4

Cacao was domesticated by the Mayas and Aztecs,5,6 and this
crop was widely grown in Mexico and Central America in pre-
Columbian times.7,8

Production and marketing of differentiated (or specialty)
high-value cocoa provides socioeconomic opportunities for
cacao growers, the chocolate industry, and especially for
consumers. From the conservation perspective, the higher farm-
gate revenues from this premium market can provide strong
economic incentives for demand-driven, in situ/on-farm
conservation of cacao genetic diversity. However, among
premium cacao varieties, adulteration is common and can
happen at different steps of the cocoa chain, from farm to port.
Cacao varietal authentication, therefore, is of considerable
interest to the various stakeholders in the chocolate value chain.
DNA-based authentication has been widely investigated in

various crop species.9−12 Examples of these methods include
identifying different varieties of cereals,13,14 fruits,15 olives,16,17

tea,18 and coffee.19 Thus far, microsatellite markers have been

used in the majority of the published research.12 Microsatellite
markers have been commonly used in cacao breeding,
germplasm management, and propagation of planting materi-
als.20,21 However, comparisons of microsatellite genotyping
results from different laboratories have not been straightfor-
ward. Data generated from different genotyping platforms are
often difficult to compare to one another because the same
allele may be binned differently, which can lead to false
conclusions. Moreover, an additional challenge for cocoa
anthentication is that the DNA profile needs to be established
for a single bean (seed) rather than leaves or other tissues. This
is because, during fermentation, drying, or packaging, cacao
beans from different varieties may be mixed into a lot being
sold to traders. Adulteration may be intentional or uninten-
tional at any of these steps.
A cacao bean is a botanical seed. The integument of the

matured ovule develops into the seed coat, which thus shares
the same diploid genotype with the mother tree. The seed coat
is, therefore, ideal for tracing the genetic identity of the mother
tree, which provides strong evidence for the authentication of a
cacao variety. Nevertheless, there has thus far been no research
on molecular authentication in cacao, partially because of the
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difficulty in extracting sufficient DNA from beans that has
acceptable quality for DNA fingerprinting.
Recent progress in the development of cacao genomics has

led to the use of single nucleotide polymorphism (SNP)
markers in cacao DNA fingerprinting. SNPs are the most
abundant class of polymorphisms in plant genomes.22 In
comparison to simple sequence repeat (SSR) markers, accurate
identification of SNPs can be performed without requiring
DNA separation by size and can, therefore, be automated in an
assay array format or on microchips. The diallelic nature of
SNPs offers a much lower error rate in allele calling than with
SSRs, and genotyping can be multiplexed and performed very
quickly at lower costs. TaqMan-based SNP assays have been
developed for cacao genotyping under field conditions.23,24

SNP genotyping through the Sequenom genotyping platform
has been applied to molecular identification of farmer varieties
of cacao in Nicaragua and Honduras.25 However, the
application of SNP markers for cacao authentication has not
been investigated. The objective of this work was to develop a
SNP-based analysis enabling authentication of a fine-flavor
cacao variety from northern Peru. The SNP-based DNA
fingerprints were compared to other cacao varieties that were
cultivated in the same region, including the most commonly
used adulterant variety.

■ MATERIALS AND METHODS
Cacao Bean Samples. Dried cacao bean samples of the fine-flavor

variety “Fortunato No. 4” were provided by Marañoń Chocolate, San
Diego, CA. These cacao beans, from a single source in northern Peru,
are from an indigenous variety enjoying premium market price. On the
basis of their relative cultivation area in Cajamarca province of Peru,26

five other varieties were chosen for testing as the “adulterant varieties”.
These varieties included the most widely cultivated variety in Peru
“CCN-51”, which is considered an inferior variety in terms of flavor
and quality. In addition, DNA samples of 18 international clones were
included in this experiment as reference clones (Table 1). The genetic
identities of these clones are known through an international initiative
for DNA fingerprinting of the cacao germplasm.27−29 The majority of
the accessions were maintained in the international genebanks in
Trinidad.
Extraction and Treatment of DNA from Cacao Seed Coat

Samples. DNA was extracted from seed coats of single fermented and

dried cacao beans with the DNeasy Plant Mini Kit Tissue Kit (Qiagen,
Inc., Valencia, CA), which is based on the use of silica as an affinity
matrix. The thin seed coat was carefully separated from the seed, and
30 mg of this dry tissue was placed in a 2 mL microcentrifuge tube
with one 1/4 in. ceramic sphere and 0.15 g of garnet matrix (Lysing
Matrix A, MP Biomedicals, Solon, OH). The seed coat samples were
disrupted by high-speed shaking in a TissueLyser II (Qiagen) at 30 Hz
for 1 min, followed by an additional 1 min, with a 1 min rest between
disruptions. Lysis solution (buffer AP1 containing 25 mg/mL
polyvinylpolypyrrolidone), along with ribonuclease I or ribonucleate
3′-pyrimidinooligonucleotidohydrolase (RNase A), was added to the
powdered seed coat, and the mixture was incubated at 65 °C, as
specified in the kit instructions. The remainder of the extraction
method followed the suggestions of the manufacturer. DNA was
eluted from the silica column with two washes of 50 μL of buffer AE,
which were pooled, resulting in 100 μL of DNA solution. Using a
NanoDrop spectrophotometer (Thermo Scientific, Wilmington, DE),
the DNA concentration was determined by absorbance at 260 nm.
DNA purity was estimated by the 260/280 ratio and the 260/230
ratio.

Over a total of 51 extractions, the DNA concentration ranged from
3.4 to 21.7 ng/μL; 260/280 ratios were from 1.06 to 2.08; and 260/
230 ratios were from 0.20 to 1.01. To mitigate possible problems of
low concentration or quality in DNA samples during polymerase chain
reaction (PCR), each DNA was first subjected to a multiplex specific
target amplification (STA) procedure using primer pools provided by
Fluidigm Corp. (South San Francisco, CA), Qiagen 2×Multiplex PCR
Master Mix (PN 206143), and the protocol recommended in the
Fluidigm SNP Genotyping User Guide.30

SNP Markers and Genotyping. The 48 cacao SNP markers were
selected from 1560 candidate SNPs that were developed from cDNA
sequences from a wide range of cacao tissues (Boccara, personal
communication).31−33 The selection of SNPs was based on the level of
polymorphism and their distribution across the 10 chromosomes in
cacao. The chosen 48 markers were used to design and manufacture
primers for a SNPtype genotyping panel (Fluidigm Corp.).
Genotyping was performed on the high-throughput Fluidigm EP1
system, using the Fluidigm SNPtype Genotyping Reagent Kit
according to the instructions of the manufacturer and a nanofluidic
48.48 Dynamic Array integrated fluidic circuit (IFC, Fluidigm Corp.).
This chip automatically assembles PCR reactions, enabling simulta-
neous testing of up to 48 samples with 48 SNP markers.

Fluorescent intensity was measured with the EP1 reader and plotted
in two axes. Genotypic calls were made using the Fluidigm SNP
Genotyping Analysis program.30

Table 1. Cacao Varieties (and Clones) Used in the Experiment and Their Source of Origin

sample name country of origin tissue provider

Fortunato No. 4 Peru fermented dry bean Marañoń Chocolate, San Diego, CA
CCN 51 Ecuador leaves Cocoa Research Centre, Trinidad
ICS 1 Trinidad leaves Cocoa Research Centre, Trinidad
ICS 84 Trinidad leaves Cocoa Research Centre, Trinidad
ICS 98 Trinidad leaves Cocoa Research Centre, Trinidad
LCT EEN 241 Ecuador leaves Cocoa Research Centre, Trinidad
LCT EEN 302 Ecuador leaves Cocoa Research Centre, Trinidad
LCT EEN 83/S Ecuador leaves Cocoa Research Centre, Trinidad
IMC 47 Peru leaves Cocoa Research Centre, Trinidad
IMC 60 Peru leaves Cocoa Research Centre, Trinidad
NA 32 Peru leaves Cocoa Research Centre, Trinidad
NA 702 Peru leaves Cocoa Research Centre, Trinidad
NA 111 Peru leaves Cocoa Research Centre, Trinidad
PA 150 Peru leaves Cocoa Research Centre, Trinidad
PA 300 Peru leaves Cocoa Research Centre, Trinidad
AMELONADO 22 Brazil leaves Cocoa Research Centre, Trinidad
CATONGO Brazil leaves Cocoa Research Centre, Trinidad
CRIOLLO 13 Costa Rica leaves CATIE, Costa Rica
CRIOLLO 22 Trinidad leaves Cocoa Research Centre, Trinidad
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Data Analysis. Key descriptive statistics for measuring the
informativeness of these SNP markers were calculated, including
minor allele frequency, observed heterozygosity, expected hetero-
zygosity, Shannon’s information index, and probability of identity.34,35

The program GenAlEx 6.236,37 was used for computation.
Two approaches were taken to identify the adulterant varieties in

the tested samples. Initially, SNP profiles of the authentic variety and
the putative adulterant variety were compared at every locus using a
pairwise multilocus matching procedure, as implemented in the
computer program GenAlEx 6.2.36,37 To assess the differentiation
power of the SNP markers, we calculated the probability of identity
(PID).35 We computed the probability of identity among siblings
(PID-sib), which was defined as the probability that two sibling
individuals drawn at random from a population have the same
multilocus genotype.34

The second approach employed assignment tests to check if all of
the cacao beans claimed as “Fortunato No. 4” were truly from the
“home population”. An exclusion test,38 as implemented in the
program GeneClass,39 was used to identify if there was a presence of
the adulterant variety in the tested samples. Both Bayesian assignment
test and classical frequency-based assignment were applied. In both
cases, the resampling algorithm of Cornuet et al.39 was used and the
minimum number of simulated individuals was set at 10 000. The
“type I error” was set at 0.01.
To understand and visualize the relationship among the authentic

and adulterant varieties, we also computed the genetic distances for
each possible pair of tested individuals. Principle coordinate analysis
(PCoA), implemented in GenAlEx 6.2,36,37 was used for computation.

■ RESULTS

Summary Information of SNP Fingerprints and
Multilocus Matching. From the 48 SNPs tested, 46 primer
pairs generated polymorphic fingerprints (Figures 1 and 2).
Locus 226, 836 and locus 1038, 1114 had more than 20% no
call, and they were therefore excluded from subsequent
analyses. At the remaining 44 marker loci, two alleles were
detected for each locus in the 45 DNA samples. The average
polymorphism information content (PIC) was 0.60, ranging
from 0.356 to 0.692. The mean observed heterozygosity was
0.284, ranging from 0.043 to 0.563, whereas the mean expected
heterozygosity was 0.412, ranging from 0.203 to 0.499 (Table
2). Repeated tests, using three independently extracted DNAs
from the same seed, showed that the genotyping result was
highly consistent. The five repeatedly genotyped beans (each
with three replications) always generated the same SNP
profiles.
Individual genotype matching (pairwise comparisons) based

on multilocus SNP profiles showed that there were no matched
pairs, either within the 30 putative “Fortunato No. 4” samples
or between the “Fortunato No. 4” samples and CCN 51, the
targeted adulterant variety. The 30 “Fortunato No. 4” samples
differed by at least three loci, showing that each bean came
from a different mother tree. The “Fortunato No. 4” samples
differed from CCN-51 by at least six loci, thus demonstrating
no mixture of CCN-51 in the examined “Fortunato No. 4”
samples. The probability that two unrelated accessions will have

Figure 1. Cluster plots for the 48 SNP assays and 48 cacao DNA samples obtained from Fluidigm Dynamic Array IFCs.
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the same genotype at the 44 SNP loci is approximately 1 in 100
000 for the tested samples.
Assignment Test. The result of assignment by the

exclusion−simulation method39 showed that the 30 “Fortunato
No. 4” samples should be assigned into one genetic cluster if
the threshold probability of >0.50 was taken. Because CCN 51
and the other 17 international clones had an assignment
probability ranging from <0.001 to 0.012, they were categorized
as the putative adulterant variety (Table 3). When the
algorithm was changed from Bayesian clustering analysis to
frequency-based assignment, the overall result remain un-
changed (Table 3).
PCoA. The genetic relationships among the tested varieties/

clones were shown by PCoA (Figure 3). The plane of the first
three main principle coordinate (PCO) axes accounted for
53.7, 14.2, and 11.2% of total variation, respectively. In the
plane of coordinate 1 versus 2 (Figure 1), the 30 accessions of
the authentic variety “Fortunato No. 4” formed a relatively
homogeneous group, whereas the assumed adulterant variety
“CCN-51” was clearly separated from the authentic group,
indicating its “non-resident” status. All of the other reference
accessions were well-differentiated from “Fortunato No. 4” as
well. The result of distance-based multivariate analysis is fully
compatible with the Bayesian method as well as the frequency-
based assignment test.

■ DISCUSSION
Rapid segmentation in the chocolate market has resulted in a
strong demand for sustainably and responsibly produced cocoa
products. To meet this demand, scientific tools for verification
of cacao genetic identity is essential to provide authentication in
the value chain. A DNA fingerprint from a single fermented

cacao bean is essential for cocoa authentication. Thus far, it is
not possible to distinguish the genetic identity of cacao beans
from their morphological characteristics. The only available
method to assess the authentication of cacao bean is for an
experienced sensory panel to taste the cocoa liquor. This
practice is not practical when dealing with large number of
samples because there is a limit to the number of samples a
sensory panel can evaluate before losing its accuracy. Plus, the

Figure 2. Call map view shows the overall calls for the Dynamic Array
IFC, displaying 2304 data points at one time. The 48 accessions
include 30 DNA samples extracted from fermented/dry beans from a
single source provider in northern Peru, six reference clones, and two
blank used as checks.

Table 2. Characteristics of the 44 SNPs from the 48 Cacao
Samples

locus
information

index
observed

heterozygosity
expected

heterozygosity
inbreeding
coefficient

25 0.662 0.208 0.469 0.556
32 0.682 0.479 0.489 0.021
139 0.675 0.313 0.482 0.352
144 0.621 0.417 0.430 0.030
150 0.626 0.468 0.435 −0.077
151 0.690 0.417 0.497 0.161
193 0.643 0.438 0.451 0.030
226 0.637 0.222 0.444 0.500
230 0.685 0.375 0.492 0.238
242 0.356 0.146 0.203 0.281
309 0.629 0.563 0.437 −0.286
372 0.678 0.391 0.485 0.193
429 0.675 0.271 0.482 0.439
469 0.654 0.426 0.462 0.078
529 0.688 0.396 0.495 0.200
534 0.498 0.271 0.317 0.147
560 0.451 0.125 0.278 0.550
577 0.382 0.043 0.223 0.809
591 0.415 0.125 0.249 0.498
619 0.525 0.104 0.342 0.695
645 0.538 0.083 0.353 0.764
723 0.691 0.396 0.498 0.205
750 0.692 0.391 0.499 0.216
836 0.533 0.150 0.349 0.570
852 0.584 0.167 0.395 0.578
872 0.669 0.348 0.476 0.270
878 0.692 0.422 0.499 0.154
886 0.512 0.292 0.330 0.116
891 0.688 0.438 0.495 0.115
917 0.653 0.326 0.460 0.291
929 0.495 0.063 0.269 0.768
953 0.688 0.438 0.495 0.115
994 0.667 0.273 0.474 0.425
998 0.600 0.447 0.409 −0.091
1038 0.677 0.091 0.483 0.812
1060 0.525 0.354 0.342 −0.036
1062 0.573 0.271 0.385 0.297
1075 0.605 0.239 0.415 0.423
1144 0.637 0.133 0.444 0.700
1165 0.690 0.333 0.497 0.329
1253 0.594 0.229 0.404 0.433
1270 0.600 0.277 0.409 0.324
1350 0.666 0.426 0.473 0.100
1414 0.643 0.063 0.451 0.861
1442 0.451 0.083 0.278 0.700
1458 0.498 0.146 0.317 0.541
1484 0.530 0.178 0.346 0.486
1520 0.574 0.391 0.386 −0.015
mean 0.601 0.284 0.412 0.331
SE 0.013 0.020 0.012 0.040
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evaluation result of the sensory panel is difficult for statistical
analysis. Moreover, it cannot be performed on a single bean
basis. In the present study, we demonstrated a DNA
fingerprinting method that uses a small set of SNP markers
to verify the genetic identity of a single cacao bean. This
method can handle a large amount of samples in a short period
of time, and the result is highly robust and repeatable.

Our results showed that single bean genotyping using the
nanofluidic array of SNP markers is particularly suitable for this
purpose. The STA protocol, performed before genotyping, is a
multiplex PCR reaction using primers for all loci of interest, but
without targeting the specific alleles, thus proportionally
increasing the copies of these loci.40 This procedure has been
demonstrated to significantly improve call rates for SNPs41 and
solved our problem of the low concentration of DNA obtained
from a single seed coat. Cacao seed coat, similar to the cacao
leaves, contains a high level of polyphenolic compounds and
other PCR inhibitory compounds, and in addition, the seed
coat is encrusted in a dried plant and microorganism residue
that is a direct result of the fermentation and drying processes.
The STA protocol efficiently dealt with problems of the DNA
quality extracted from cacao.
Results from the repeatedly genotyped five beans (three

independent DNA extractions were performed from the same
seed coat of each bean) showed 100% concordance. SNP
profiles of CCN 51 as well as of the 17 other reference clones
fully matched their established genotypes, determined by
previous independent methodology, suggesting that the
nanofluidic system is a reliable platform for generating cacao
DNA fingerprints with high accuracy.
The present study used CCN 51 as the targeted adulterant

variety because this variety is the most widely cultivated bulk
cocoa variety in Peru. According to the report from the
Peruvian Ministry of Agriculture,26 CCN 51 accounted for 50%
of the production in the region where the authentic variety
(“Fortunato No. 4”) is grown. CCN 51 is also the number one
bulk cocoa variety in Ecuador, where the fine flavor Nacional
cacao is produced. Knowing the targeted adulterant variety
(e.g., CCN 51 in Ecuador and Peru) made the identification
straightforward. A conclusion can be reached by multilocus
matching the SNP profiles without any ambiguity. Never-
theless, in this situation, the effectiveness of individual
identification via SNP fingerprints depends upon the number
of loci used for genotyping. An important statistical parameter
for determining the number of loci required to identify all
distinct individuals with a needed confidence level is the
probability of identity (PID). Multilocus PID values can be
obtained by multiplying together single-locus PID values,
assuming independence of loci. A stringent PID value is needed
for domesticated crop species, because they often share similar
ancestors. Therefore, PID calculated for sibs would provide a
highly conservative boundary for domesticated crop species.
The present result shows that, using 44 SNP loci, the chance of
sampling identical genotypes from a random mating population
would be 1 out of 100 000. It thus predicts the high statistical
power of using this set of SNPs for cacao genotype verification.
When the adulterant varieties are unknown, direct multilocus

matching cannot be applied; therefore, the DNA fingerprints
need to be used with an assignment test to single out unknown
adulterant varieties, as well as to confirm the authentic variety.
Among the different kinds of assignment tests, an exclusion test
is the most suitable for cacao beans because it can be used even
if only one variety (i.e., the authentic variety) has been sampled.
In reality, this is the case for most of the authentication issues in
the cocoa trade. For example, the fine-flavor varieties produced
in Peru and Ecuador were often mixed with other high-yielding
varieties of bulk cocoa, such as CCN 51. This situation is
equivalent to a small number of “non-resident” individuals
mixed into the resident population in typical population
genetics. Using self-assignment test, such as the one

Table 3. Self-Assignment Test of 30 Cacao Beans of Resident
Variety “Fortunato No. 4” and 18 Non-resident Clones
Based on Their Multilocus SNP Profiles

probability of self-assignment

sample name
Bayesian
method

allele
frequency

Nei’s standard
distance

Fortunato No. 4-bean 1 0.986 0.995 0.986
Fortunato No. 4-bean 2 0.685 0.742 0.625
Fortunato No. 4-bean 3 0.990 1.000 0.996
Fortunato No. 4-bean 4 0.985 0.991 0.978
Fortunato No. 4-bean 5 0.900 0.932 0.855
Fortunato No. 4-bean 6 0.900 0.913 0.824
Fortunato No. 4-bean 7 0.955 0.969 0.934
Fortunato No. 4-bean 8 0.992 0.996 0.993
Fortunato No. 4-bean 9 0.716 0.773 0.592
Fortunato No. 4-bean 10 0.984 0.986 0.974
Fortunato No. 4-bean 11 0.982 0.985 0.962
Fortunato No. 4-bean 12 0.890 0.930 0.847
Fortunato No. 4-bean 13 0.952 0.966 0.939
Fortunato No. 4-bean 14 0.986 0.998 0.974
Fortunato No. 4-bean 15 0.972 0.984 0.984
Fortunato No. 4-bean 16 0.950 0.968 0.981
Fortunato No. 4-bean 17 0.998 1.000 0.994
Fortunato No. 4-bean 18 0.947 0.965 0.908
Fortunato No. 4-bean 19 0.885 0.914 0.790
Fortunato No. 4-bean 20 0.990 0.991 0.998
Fortunato No. 4-bean 21 0.951 0.970 0.932
Fortunato No. 4-bean 24 0.986 0.990 0.983
Fortunato No. 4-bean 27 0.995 0.991 0.980
Fortunato No. 4-bean 30 0.993 0.998 0.992
Fortunato No. 4-bean 33 0.961 0.991 0.954
Fortunato No. 4-bean 36 0.784 0.835 0.747
Fortunato No. 4-bean 37 0.975 0.986 0.990
Fortunato No. 4-bean 38 0.835 0.962 0.927
Fortunato No. 4-bean 39 0.941 0.991 0.985
Fortunato No. 4-bean 40 0.955 0.976 0.925
CCN 51 <0.001 <0.001 <0.000
ICS 1 <0.001 <0.001 0.048
ICS 84 <0.001 <0.001 <0.000
ICS 98 <0.001 <0.001 <0.000
LCT EEN 241 <0.001 <0.001 0.006
LCT EEN 302 0.004 <0.001 <0.013
LCT EEN 83S 0.076 <0.001 0.206
IMC 47 0.012 <0.001 0.078
IMC 60 <0.001 <0.001 <0.000
NA 32 <0.001 <0.001 <0.000
NA 702 <0.001 <0.001 <0.000
NA 111 0.030 0.058 0.076
PA 150 <0.001 <0.001 <0.000
PA 300 <0.001 <0.001 <0.000
AMELONADO 22 <0.001 <0.001 <0.000
CATONGO <0.001 <0.001 <0.000
CRIOLLO 13 <0.001 <0.001 <0.000
CRIOLLO 22 <0.001 <0.001 <0.000
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implemented in GeneClass2,39 one could calculate the
observed allele frequencies in the resident group, simulate a
distribution of random multilocus genotypes that are expected
to occur in the resident group (on the basis of the observed
allele frequencies), and exclude the resident group (the
authentic variety) as the origin of the cacao bean if its
multilocus genotype lies outside the distribution of the
simulated genotypes. As demonstrated in the present study,
the non-resident cacao genotypes, including some Forastero-
type clones indigenous to Peru, all received low assignment
probability (<0.0001−0.02 for the Bayesian method and
<0.0001−0.037 for the allele frequency method). In contrast,
all 30 samples in the resident group received high assignment
probability (>0.50). The genetic relationship among the
analyzed samples was further visualized by distance-based
PCoA (Figure 3). The concordant results of the assignment
test and distance-based PCoA suggest that the protocol for
authentication testing is robust and accurate.
In conclusion, we conducted a pilot study on verification of

authentication for cacao. We applied single bean genotyping
using a nanofluidic array and SNP markers. This technology
enabled us to generate high-quality SNP-profile-based DNA
extracted from a single seed coat. Together with forensic
statistical tools, the single-bean-based DNA fingerprints allowed
for an unambiguous identification of the targeted adulterant
variety. It also enabled the assignment test to authenticate and
exclude adulterated samples. To our knowledge, this is the first
authentication study in cacao using molecular makers. This
approach is robust for authentication verification of gourmet
cacao varieties and, thus, has significant potential for practical
application.
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