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A B S T R A C T

Ecuador is one of the most important producers of fine cocoa. In addition to the fine cocoa type Nacional
(Arriba), however, the cheaper but less aromatic bulk cocoa “Colección Castro Naranjal 51” (CCN-51) is also
cultivated there. In a previous work, several characteristic SNPs could be identified to distinguish these two
varieties. However, the detection of single base exchanges in order to differentiate raw material types or varieties
is challenging, as some of the methods require the use of restriction endonucleases. As a prerequisite, the ap-
plication is only successful if an appropriate recognition site is available. The use of the programmable Cas9
endonuclease known from the genome editing system CRISPR/Cas9 is a powerful alternative. For the detection
of bulk cocoa in fine cocoa a single nucleotide polymorphism (SNP) was selected, which is located within a PAM
region mandatory for the Cas9 endonuclease. Consequently, only the bulk cocoa is attacked by the nuclease. The
result can be recorded using agarose or capillary gel electrophoresis (AGE and CGE). Both methods yielded
comparable results. AGE can be used for a semi-quantitative estimation and the more sophisticated CGE for
quantitation based on a calibration line. A reliable detection could be made up to an admixture of 10% CCN-51
which should represent a realistic scale for routine applications.

1. Introduction

The cocoa tree Theobroma cacao L. belongs to the genus Theobroma
and the mallow family (Malvaceae) (Janick & Paull, 2008). It is a di-
ploid tree fruit species with its origin in the rain forests of South
America (Davie, 1935; Henderson, Joyce, Hall, Hurst, & McGovern,
2007). World production in 2017 amounted to 5.2 million tonnes
(FAO). The leading cocoa producer is Ivory Coast with almost 40% of
the world annual production (FAO). About 5–10% of the cultivated
cocoa is fine cocoa (Argout et al., 2011; Rusconi & Conti, 2010). Ac-
cording to the International Cocoa Agreement 2010, fine or flavor
cocoa is defined as “cocoa recognized for its unique flavor and colour
and produced in countries designated in annex C of this agreement”
(International Cocoa Organization [ICCO], 2010). One of the most
important cultivation area of fine cocoa is Ecuador (ICCO, 2010, 2014).
It is producing the fine cocoa type Nacional (Arriba), which is char-
acterized by a distinctive intensive flavor (Afoakwa, Paterson, Fowler,
& Ryan, 2008; Solorzano et al., 2013). Since the Ecuador's breeding
program in the 1960s the clone “Colección Castro Naranjal 51” (CCN-
51) has also been cultivated in Ecuador. It's a precocious and disease-
resistant cultivar and is known for its high yields (Boza et al., 2014). In

contrast to Arriba, however, it has a significantly weaker aroma with
high levels of bitterness and astringency (Afoakwa et al., 2008; Boza
et al., 2014; Kadow, Bohlmann, Phillips, & Lieberei, 2013). Due to the
differences in quality and price, it is of great importance for the cocoa
processing industry to determine adulterations of fine and consumer
cocoa. Such blends can take place either unintentionally during har-
vesting and processing or intentionally in order to increase the profit
(Herrmann, Haase, Blauhut, Barz, & Fischer, 2014). The adulteration of
fine cocoa with consumer cocoa is a classic example for the need of
methods to determine the authenticity of food. The genome is a suitable
marker as it is stable against exogenous and anthropogenic influencing
factors such as climate, soil conditions or fertilization (Fischer et al.,
2014). There are already various methods available for distinguishing
between fine and bulk cocoa. The analyses of microsatellite (simple
sequence repeat, SSR) markers or the randomly amplified polymorphic
DNA (RAPD) analyses are examples for non-targeted methods (Frances,
Michelle, & Albertus, 2000; Herrmann et al., 2015; Lerceteau, Robert,
Pétiard, & Crouzillat, 1997; N’Goran, Laurent, Risterucci, & Lanaud,
1994). The advantage of non-targeted methods is that a precise se-
quence information is not required. But especially the analysis of SSR
markers is an expensive and elaborate method, which is rarely used in
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routine analysis. Furthermore, the identification and quantitation of
mixtures is extremely complex and requires a high bioinformatic effort.
In addition to these approaches, targeted methods can also be used to
differentiate between various quality levels. Hermann et al. developed
diverse methods for the differentiation of Arriba and CCN-51 on the
basis of sequence differences within the chloroplast genome (Herrmann
et al., 2014). On the one hand, a restriction fragment length poly-
morphism (RFLP) analysis based on a detected single nucleotide poly-
morphism (SNP) was established and on the other hand, the detection
of a repeat sequence that is repetitive with varying frequency was es-
tablished using capillary gel electrophoresis (CGE) and denaturing
high-performance liquid chromatography (dHPLC) (Herrmann et al.,
2014). One of the most cost-effective and easy to use method is RFLP
analysis (Mata, Chanmalee, Punyasuk, & Thitamadee, 2020). A dis-
advantage of this method is that only SNPs within the recognition site
of a specific endonuclease can be detected.

The clustered regularly interspaced short palindromic
repeats–(CRISPR)-associated system (CRISPR/Cas system) was identi-
fied in the years 2005–2008 as adaptive immune system in archaea and
bacteria. Only half a year later, it could be shown that the type II
CRISPR/Cas9 system from Streptococcus pyogenes is suitable as a “tool”
for the specific modification of the genome of different organisms
(Jinek et al., 2012; Sternberg & Doudna, 2015). Three components are
usually required for an application of the CRISPR/Cas9 system: The
target specific crRNA, which is supported by the transactivating crRNA
(tracrRNA) and the endonuclease Cas9, which is guided (programmed)
by the crRNA/tracrRNA complex (guide RNA, gRNA) to the target se-
quence (protospacer sequence). Additionally, for binding and double-
stranded DNA cutting a protospacer adjacent motif (PAM) sequence (in
the case of the CRISPR/Cas9 system from S. pyogenes the triplet NGG,
N = any nucleotide) next to the protospacer sequence is required
(Marraffini & Sontheimer, 2010). To date, the CRISPR/Cas9 technology
has been successfully used in human cell lines (Jinek et al., 2013),
plants (Feng et al., 2013), mammals (Li et al., 2013), fish (Hwang et al.,
2013), insects (Friedland et al., 2013), fungi (Waltz, 2016), yeasts
(DiCarlo et al., 2013) and bacteria (Jiang, Bikard, Cox, Zhang, &
Marraffini, 2013). Besides its application in living organisms, CRISPR/
Cas9 has already been used as an in vitro screening method to predict
possible off-target mutations in the human genome (Kim et al., 2015;
Tsai et al., 2017).

The idea of the present study is the development of an alternative,
Cas9-based in vitro method using the Cas9 endonuclease as program-
mable restriction endonuclease to broaden the spectrum of RFLP ana-
lyses for the detection of SNPs. This approach should be used to dif-
ferentiate the cocoa varieties Arriba and CCN-51. We show that Cas9
nuclease can be used as a flexible and guidable endonuclease with its
associated RNA sequences (crRNA/tracrRNA) as an analytical tool. In
the study described below we will therefore not only speak of the Cas9
endonuclease but rather of the CRISPR/Cas9 system. With this ap-
proach, it is possible to use previously inaccessible SNPs for the de-
velopment of a simple targeted method for routine application.

2. Materials and Methods

2.1. General methods and materials

All primers were purchased from IDT (Leuven, Belgium). Nucleotide
sequences of PCR fragments were determined using an external se-
quencing service (GATC Biotech, Constance, Germany). Due to the high
sensitivity of RNA to RNases and their ubiquitous occurrence, certain
measures have been taken for work with RNA. For example, pipetting
was carried out under a separate workbench, which was cleaned with
RNase-ExitusPlus™ (AppliChem GmbH, Darmstadt, Germany) and ir-
radiated with UV light for 30 min before and after use. All consumables
were autoclaved before use and glass equipment was also heated. The
ultrapure water used was additionally treated with diethyl

pyrocarbonate (AppliChem GmbH, Darmstadt, Germany), which also
inhibits enzymes like RNases. The required crRNA und tracrRNA were
commercially acquired (see 2.7).

2.2. Plant material and sample preparation

For the study, cocoa beans of the varieties Arriba and CCN-51 of the
harvest years 2015 and 2016 from Ecuador were used. A part of the
Arriba cocoa beans was roasted for 30 min at 145 °C in an electric coffee
roaster (VEVOR, Hamburg, Germany). A commercial chocolate
(Naturata AG, Marbach, Germany) with a fine cocoa content of 70% of
the variety Arriba (Ecuador) was purchased from a local supermarket in
Schleswig-Holstein, Germany for further analysis. First, the cocoa beans
were peeled. The prepared beans and the chocolate were grounded with
liquid nitrogen to a fine powder and then sieved to obtain fine homo-
geneous products. All samples were stored at −20 °C.

2.3. DNA extraction

The cocoa DNA was isolated from the pestled and homogenized
samples using the peqGOLD Plant DNA Mini Kit (Peqlab, VWR,
Darmstadt, Germany) according to the manufacturer's instructions for
fresh and frozen samples. The DNA concentration was quantified using
the Quantus™ Fluorometer (Promega GmbH, Mannheim, Germany).
The ratio of absorbance at 260 nm and 280 nm DNA was used to access
the purity of the extracted DNA (UV spectrophotometer, DeNovix Inc.,
Wilmington, USA). All isolates were stored at −20 °C.

2.4. Selection of a specific Cas9 target site for in vitro cleavage of CCN-51
cocoa

Sequences of the chloroplast genomes of Arriba and CCN-51, which
were generated within the IGF Project AiF 16796 N of the FEI supported
via AiF, served as a basis of the analysis (Herrmann et al., 2014). These
were examined for SNPs between the two varieties mentioned above. A
suitable SNP had to comply the following requirements: (I) SNP within
a PAM region, (II) SNP leads to a non-canonical PAM sequence in the
Arriba variety, whereby the bulk cocoa is fragmented by the Cas9.
Based on these requirements, two regions (A and B) both located on the
large single copy (LSC) region of the chloroplast genomes, have been
selected. The selected sequences used for this study are shown in Fig. S1
and Fig. S3.

2.5. PCR amplification for generation of the templates from Arriba and
CCN-51 cocoa

DNA amplification for generation of the templates from Arriba and
CCN-51 cocoa (Fig. S1 and Fig. S3) was carried out in a total volume of
100 μL, containing 1 x Q5 reaction buffer (contains 2 mM Mg2+, NEB,
Frankfurt am Main, Germany), 1 μM of each primer (Table 1), 75 μM of
each deoxynucleotide triphosphate (Bioline GmbH, Luckenwalde, Ger-
many), 2 ng DNA, 2 U Q5® High-Fidelity DNA Polymerase (NEB,
Frankfurt am Main, Germany), DNase-/RNase-free water (treated with
diethyl pyrocarbonate). PCR was performed under the following con-
ditions: initial denaturation step at 98 °C for 30 s, 25 cycles with de-
naturation at 98 °C for 7 s, primer annealing for 20 s, elongation at
72 °C for 30 s, followed by a final elongation at 72 °C for 4 min. After
the PCR has been completed, the samples were cooled to 4 °C until
further use. The PCR products were purified using the Monarch® PCR &
DNA Cleanup Kit (NEB, Frankfurt am Main, Germany) according to the
manufacturer's instructions. The DNA concentration was measured
using the Quantus™ Fluorometer (Promega GmbH, Mannheim, Ger-
many). If the concentration was less than 25 ng/μL, the PCR was re-
peated using the above conditions. For quality control, all sequences
were checked by Sanger sequencing.
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2.6. Overlap extension PCR for the generation of cocoa templates with
altered PAM regions

In order to generate cocoa templates with non-canonical PAM re-
gions (see Table S2), overlap extension PCR was performed using the
flanking primers Template-A_FW and Template-A_RV (see Table 1) and
the corresponding inner primers (overlap primers, see Table S1). Re-
garding the nucleotide sequence, the templates were copies of the re-
spective region A of CCN-51 cocoa with a small deletion, to remove the
canonical PAM-sequence (AGG) and an insertion immediately down-
stream of the CRISPR/Cas9 target sequence (protospacer region) con-
sisting of one of the five non-canonical PAM regions and 12 further
synthetic base pairs (see overlap sequence in Table S1). Both PCRs were
performed as described under 2.5 with mentioned primers and the
specific annealing temperatures. In the second PCR, 50 ng of each of the
two parts were used. In addition, four cycles were added to the tem-
perature program at the beginning, in which the annealing temperature
was oriented to the overlapping sequence in order to promote hy-
bridization of the two fragments and thus generate the long, modified
fragments.

2.7. In vitro Cas9 digestion

For the analysis of the region A and the templates with non-cano-
nical PAM regions the crRNA and tracrRNA from Dharmacon (Horizon
Discovery Company, Cambridge, UK) and for the region B the CRISPR
Cas9 crRNA and CRISPR Cas9 tracrRNA from IDT (Leuven, Belgium)
were used (see Table 2). The tracrRNA from Dharmacon (74 nt) and the
tracrRNA from IDT (67 nt) are shorter than the natural tracrRNA from
S. pyogenes (89 nt). All the RNAs were specially modified for increased
stability against RNases, for example by methylation of the ribose or
adding phosphorothioate linkages in the phosphate backbone. The se-
quence of the tracrRNA from IDT as well as the modifications are not
further specified by the manufacturers. Furthermore, the S.p. Cas9
Nuclease V3 (IDT, Leuven, Belgium) was used for all experiments. The
experiments with the modified templates with non-canonical PAM re-
gions were also performed with the S.p. HiFi Cas9 Nuclease V3 (IDT,
Leuven, Belgium).

The digestion was carried out in a total volume of 15 μL. In a first
step, crRNA and tracrRNA were combined, incubated at 95 °C for 5 min
and cooled down to room temperature for 10 min. This allows the RNAs
to hybridize and form the duplex (gRNA). A total of 50 ng gRNA was
used. The proportions of crRNA and tracrRNA vary depending on the

length. The next step was the formation of the ribonucleoprotein (RNP)
complex. 250 ng Cas9 nuclease was added and the solution was in-
cubated at 37 °C for 10 min. Then 50–150 ng DNA template (qualifi-
cation: 50 ng, quantitation: 150 ng), 1.5 μL 10x Cas9 reaction buffer
and 3 μg BSA (both NEB, Frankfurt am Main, Germany) were added and
filled up to 15 μL volume with DNase-/RNase-free water (treated with
diethyl pyrocarbonate). The reaction mixture was incubated for 1 h at
37 °C, then heated to 80 °C for 5 min and finally cooled to 4 °C until the
AGE was performed using the whole reaction volume (15 μL). For the
analysis with CGE, the batches were purified using the Monarch® PCR &
DNA Cleanup Kit (NEB, Frankfurt am Main, Germany). The elution was
carried out with 6 μL DNase-/RNase-free water, whereby the eluate was
applied to the column a second time to increase the yield.

2.8. Agarose gel electrophoresis (AGE)

Gels with a concentration of 1.5% agarose and TAE buffer (40 mM
Tris acetate, 2 mM EDTA, pH 8) were used. Prior to electrophoresis,
2 μL Loading Dye (40 mM Tris acetate, 2 mM EDTA, 50% glycerol,
0.005% xylene cyanol, pH 8) was added to the samples. The separation
was carried out with equipment from VWR (Darmstadt, Germany) and
Carl Roth GmbH & Co. KG (Karlsruhe, Germany) at 120 V. Detection
under UV light (Dark Hoods DH-40/50, Biostep® GmbH, Jahnsdorf,
Germany) was performed after staining the DNA with Gel Red™ (diluted
1:3333 in water). A DNA ladder was used to determine the fragment
length.

2.9. Quantitation using capillary gel electrophoresis (CGE)

For the quantitation based on a calibration line, seven mixtures of
fine and bulk cocoa with the following proportions of CCN-51 were
prepared: 2.5%, 5%, 10%, 20%, 40%, 60% and 80%. For this purpose,
the ground and sieved samples were weight in corresponding propor-
tions and the DNA was isolated as described under 2.3. Afterwards the
template was generated by PCR (see 2.5) and the enzymatic digestion as
described under 2.7 was performed with an amount of 150 ng DNA.
After purification, fragments were recorded using a 2100 Bioanalyzer in
combination with the Agilent DNA 7500 DNA Kit (Agilent
Technologies, Inc., Santa Clara, USA). The measurement was carried
out according to the manufacturer's instructions. The interpretation of
the electropherograms was carried out with the software 2100 Expert
(Agilent Technologies, Inc., Santa Clara, USA).

Table 1
Primers used for the generation of the templates from Arriba and CCN-51 cocoa in this study. The primers Template-B.2_FW and Template-B.2_RV were used to
generate the shorter DNA fragment from region B for the analysis of processed samples (roasted cocoa beans and chocolate).

Region Primer Primer sequence (5’ → 3′) Annealing temperature [°C]

A Template-A_FW GTTCAGTCGGTACATAGTAATCTATC 60.0
Template-A_RV GAGAAGAGGTATTACTGGCATA

B Template-B.1_FW CAATACTCGTAGAGAGAGAACCG 64.3
Template-B.1_RV AATGGATAGAGCTCTACGGCC
Template-B.2_FW CTTTCCCTTGTGAGTAAGATACTAATC 62.2
Template-B.2_RV GACTGTATCGCACTATGTATCATTTG

Table 2
Sequences and lengths of the crRNA and tracrRNA used in this study. The template specific parts of the crRNAs are underlined.

Region Name Sequence (5’ → 3′) Length [nt]

A crRNA AUUUGACUCUUAGAAAGAGUUUUAGAGCUAUGCU
GUUUUG

42

tracrRNA AACAGCAUAGCAAGUUAAAAUAAGGCUAGUCCGUUAU
CAACUUGAAAAAGUGGCACCGAGUCGGUGCUUUUUUU

74

B crRNA CCCAAAAAAUGGAUUUUGGUGUUUUAGAGCUAUGCU 36
tracrRNA (no specifications by the manufacturer) 67
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3. Results and discussion

3.1. Selection of specific CRISPR/Cas9 target sites for in vitro cleavage of
CCN-51 cocoa

The development of this method was based on our previously re-
ported findings that the whole chloroplast genomes of Arriba and CCN-
51 cocoa differ from each other by about 30–50 SNPs (Herrmann et al.,
2014). These SNPs can be used to distinguish between the two cocoa
varieties. The prerequisite for performing RFLP is the existence of a
suitable recognition site of a restriction endonuclease. However, since
not all SNPs create or destroy a recognition site, many SNPs cannot be
detected with this method. In contrast, the use of an adjustable en-
donuclease would avoid this problem. Cas9, known from the Genome
Editing System CRISPR/Cas9, should in principle be suitable for this.
The targeting specificity of Cas9 is believed to be strictly controlled by
the 20 nt guide sequence (crRNA) and the presence of a PAM region (5′-
NGG-3′) immediately adjacent to the protospacer sequence (target se-
quence) in the genome. Nevertheless, several studies have shown that
off-target effects can even occur in DNA sequences with three to five
base pair mismatches to the PAM distal region of the crRNA (nucleo-
tides 11–20) (Cho et al., 2014; Hsu et al., 2013; Mali et al., 2013; Xu,
Duan, & Chen, 2017). The PAM proximal region (nucleotides 1–10),
also called “seed region”, is generally considered to be more important
for the Cas9 specificity than the rest of the crRNA sequence (see Fig. 1)
(Jinek et al., 2012; Semenova et al., 2011; Wiedenheft et al., 2011).
However, off-target effects are also possible here, especially if there is
only a single base mismatch (Jiang et al., 2013). In this context, it was
important to select a SNP that is directly located in the PAM region and
can thus reliably avoid an off-target activity of the Cas9 nuclease. Since
method development in the present case should focus on the quanti-
tative detection of CCN-51 cocoa, a SNP which converts a canonical
PAM region (NGG) in CCN- 51 to a non-canonical PAM region in Arriba
cocoa (NHG or NGH, H = A, C or T) had to be selected. This should
ensure that only PCR products of CCN-51 cocoa are recognized and
cleaved by the Cas9 nuclease, while PCR fragments of Arriba cocoa
remain uncleaved due to the lack of a canonical PAM region. A suitable
target sequence was found that has the non-canonical PAM region (5′-
AGA-3′) in Arriba cocoa and turns into the recognition sequence (5′-
AGG-3′) due to a SNP in CCN-51 cocoa (see Supplementary, Fig. S1).

3.2. In vitro Cas9 digestion

PCR products with a size of 1031 bp (region A) were generated from
DNA isolates of Ecuadorian cocoa beans of the varieties Arriba and
CCN-51 and rechecked for the presence or absence of the corresponding
SNP by Sanger sequencing (see 2.1–2.3 and 2.5 Materials and Methods).
Using a target specific crRNA and tracrRNA from Dharmacon (Horizon
Discovery Company, Cambridge, UK) in vitro digestion with the PCR
products of Arriba and CCN-51 cocoa using Cas9 nuclease was per-
formed (see Fig. 2, for detailed information see 2.7 Materials and
Methods).

It is known, that the Cas9 nuclease cuts DNA 3 bp upstream of the
PAM. The DNA template of CCN-51 (1031 bp) was accordingly digested
into two smaller fragments of 626 bp and 405 bp (see Fig. 3A). Contrary
to the assumption that the Cas9 nuclease only induces a double strand

break if the correct PAM region is present next to the target sequence,
the DNA template of Arriba cocoa was also completely cleaved into the
two corresponding fragments. In addition to the canonical PAM region,
several studies have already shown that the CRISPR Cas9 system from
S. pyogenes can also use NAG as an alternative PAM region (Jiang et al.,
2013). Also, for the non-canonical PAM (NGA) used in this study, an in
vivo study with human cells found cleavage activity of the Cas9 nu-
clease (Zhang et al., 2014). On the other hand, in both cases the binding
affinities were substantially lower compared to the canonical PAM re-
gion. However, this is not confirmed by our in vitro CRISPR/Cas9 ap-
plication, in which the DNA templates of Arriba cocoa with the non-
canonical PAM region NGA were cleaved at least as efficiently as the
DNA templates of CCN-51 with the canonical PAM region. We assume
that this is due to the higher number of copies of the target sequence in
the in vitro approach and/or the corresponding high concentration of
the Cas9 nuclease used compared to in vivo applications. However, only
a slight improvement of this off-target effect could be achieved by re-
ducing the Cas9 nuclease by about 30%. Again, for the determination of
CCN-51 cocoa it is of vital importance that only PCR products of CCN-
51 cocoa are recognized and cleaved by the Cas9 nuclease, while PCR
fragments of Arriba cocoa remain intact. Therefore, the DNA template
of CCN-51 cocoa was first modified to test further variants of non-ca-
nonical PAM regions with a single base exchange for Cas9 cleavage
activity.

3.3. Cleavage analysis of cocoa templates with altered PAM regions

To create the DNA templates of CCN-51 cocoa with non-canonical
PAM regions, overlap extension PCR with appropriate primers was
performed (see 2.6 Materials and Methods). The extension of over-
lapping gene segments by PCR is a versatile technique for creating base
substitutions, insertions and/or deletions in a DNA molecule. Regarding
the nucleotide sequence, the templates were copies of the respective
chloroplast DNA region A of CCN-51 cocoa with a non-canonical PAM
region (NGT, NGC, NTG or NCG) and 12 further synthetic base pairs,
which were used for overlapping. It has already been shown that non-
canonical PAM regions which contain the purine base adenine instead
of the purine base guanine (NGA or NAG) can be used as an alternative
PAM region by the Cas9 nuclease. Therefore, non-canonical PAM re-
gions with a base exchange to a pyrimidine base (T or C) were selected
for further cleavage analysis. For control purposes, an additional DNA
template was prepared which does not contain any PAM-specific base
(TCT) immediately adjacent to the target sequence. With the DNA
templates of CCN-51 cocoa modified in this way, Cas9 in vitro digestions
were again carried out (see Fig. 3B). In addition, all digestions were
performed with the HiFi Cas9 nuclease (IDT Technologies), which is
expected to have similar targeted potency to wild type Cas9, but sig-
nificantly reduced off-target activity. The DNA template that had no
PAM-specific bases (TCT) was not cleaved by the Cas9 wild type nu-
clease. Furthermore, the DNA template with the non-canonical PAM
region AGT remained completely intact. DNA templates, which had a
non-canonical PAM region resulting from an exchange with the base
cytosine (ACG and AGC), were partially cleaved, albeit to a lower ex-
tent than the template with the non-canonical PAM ATG. Using the HiFi
Cas9 nuclease almost identical results were achieved. Similar to the
wild type Cas9 nuclease the DNA templates with the non-canonical
PAM regions ACG, AGC and ATG were partially cleaved (see
Supplementary Fig. S2). Based on these results, a SNP should now be
selected which converts the canonical PAM region in CCN-51 into the
non-canonical PAM region NGT in Arriba cocoa and thus may suc-
cessfully prevent the cleavage of the DNA template of Arriba cocoa by
the Cas9 nuclease.

Fig. 1. Schematic figure of a genomic target sequence. Seed region and PAM
region are indicated. Target sequence (protospacer sequence) is shadowed grey.
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Fig. 2. Scheme of an in vitro Cas9 digestion. The procedure is carried out in three steps and takes only 1.5 h.

Fig. 3. Different in vitro Cas9 digestions. The agarose gel (A) shows the PCR products from the purified genomic DNA and the respective digestions of CCN-51 and
Arriba cocoa of region A. Both PCR products were cleaved into two DNA fragments of 626 bp and 405 bp using the in vitro CRISPR/Cas9 system. Cleavage analyses of
cocoa templates with non-canonical PAM regions using the wild type Cas9 nuclease is shown in Figure B. The agarose gel shows the Cas9 digestions of the DNA
templates from CCN-51 cocoa (region A) with altered PAM regions (TCT, AGT, ACG, ATG, AGC). The DNA template that had no PAM-specific bases (TCT) and the
template with the non-canonical PAM region AGT remained intact, while the DNA templates with the other non-canonical PAM regions (ACG, ATG and AGC) were
partially cleaved.
The agarose gel (C) shows the PCR products from the purified genomic DNA and the respective Cas9 digestions of CCN-51 and Arriba cocoa of region B. A part of the
DNA template of CCN-51 cocoa was cleaved into the two DNA fragments of 735 bp and 316 bp. The DNA template of Arriba cocoa with the non-canonical PAM region
TGT remained completely intact. DNA marker (M).
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3.4. In vitro CRISPR/Cas9 approach with the non-canonical PAM region
NGT in Arriba cocoa

From three potentially suitable SNPs, one was selected that has the
non-canonical PAM region TGT in Arriba cocoa and, due to a SNP in
CCN-51 cocoa the recognition sequence TGG (region B, for sequences
see Supplementary, Fig. S3). PCR products with a size of 1051 bp were
generated from DNA isolates of Ecuadorian cocoa beans of the varieties
Arriba and CCN-51. The sequence range of the DNA templates was
selected in such a way that two fragments with a length of 735 bp and
316 bp were obtained when the Cas9 nuclease cleave the DNA tem-
plates 3 bp upstream of the PAM region. After the correct sequences of
the DNA templates were confirmed by Sanger sequencing, in vitro Cas9
digestion was performed under the same conditions as described before.
While the DNA template of CCN-51 cocoa with the in vitro CRISPR/Cas9
system were cleaved into the two DNA fragments of 735 bp and 316 bp,
the DNA templates of Arriba cocoa with the non-canonical PAM region
TGT remained completely intact (see Fig. 3C). However, in contrast to
the first experiment, only a part of the DNA templates of CCN-51 cocoa
was cleaved. A clear DNA band at 1051 bp was still visible. The effi-
ciency of cleavage by Cas9 nuclease is depending on the respective
target sequence, which has also been observed by other authors in
different in vivo as well as in vitro studies (Doench et al., 2014;
Mehravar, Shirazi, Mehrazar, & Nazari, 2019). In the next step, it
should be checked in some optimization approaches whether the DNA
template of CCN-51 cocoa can be completely cleaved into its two
fragments. Therefore, different concentrations of the main components
(Cas9 nuclease and crRNA as well as tracrRNA) and extended incuba-
tion times (step 3 of the process) were tested.

3.5. Optimization of the Cas9 in vitro digestion

Initially, it was investigated whether the Cas9 nuclease and the
crRNA/tracrRNA complex concentrations could be optimized. For a
digestion (15 μL) routinely 250 ng Cas9 nuclease and 1.34 pmol each of
tracrRNA and crRNA were used (see 2.5 Materials and Methods). In
addition to this regular composition, digestions were prepared, each
with a 20% reduced or increased concentration of Cas9 nuclease and/or
crRNA as well as tracrRNA (see Supplementary, Fig. S4). Despite the
concentrations of crRNA and tracrRNA should be equimolar, a de-
viating ratio was also tested. With the digestions modified in this way,
neither a decrease in the amount of uncleaved DNA template nor an
increase could be detected, which indicates that the tested components
are already present in an optimal concentration.

Another parameter that must be optimized is the incubation time. It
is possible that the Cas9, comparable to other endonucleases, may re-
quire more time to completely cut the template. The incubation time
was 1 h for each of the previous reactions. In the case of the CCN-51
sample, the incubation time was extended to 2 h, 4 h, 8 h, 10 h, 12 h,
18 h, 24 h, 36 h and 48 h. In order to estimate the efficiency of ex-
tending the incubation time, the intensity of the bands on the agarose
gel, which can be assigned to the uncut template, were compared. In the
course of 1–24 h, a steady improvement was observed. A significant
decrease in the intensity of the uppermost band (uncut template)
compared to 1 h incubation only becomes apparent after 8 h (see
Supplementary, Figure S5 A). From 24 to 48 h no further improvement
was visible. However, complete fragmentation of the template of CCN-
51 was not possible (see Supplementary, Figure S5 B). For further
analysis it was important that the Arriba cocoa was not fragmented by
the Cas9 even if the incubation time is extended. Therefore, Arriba
cocoa was incubated with the nuclease for up to 24 h. No fragmentation
of the template could be detected (see Supplementary, Figure S5 C).
This confirmed the previous results that the chosen template with the
SNP (T/G) on the third position of the PAM region is stable against the
Cas9 over a longer time period. Since significant improvements of the
band intensity occurs after 8 h, for the following analysis the time

saving variant with only 1 h incubation was chosen.
For a quantitation, however, the prerequisite is that the proportion

on uncut template is always the same. Therefore, the efficiency of the
Cas9 nuclease was examined. Three identical batches with 100% CCN-
51 DNA were cut using Cas9 and subsequently analyzed with CGE. For
comparison, the percentage of uncut fragment in the total area was
determined (see Supplementary, Fig. S6). The total area is composed of
the areas of the uncut template and the two fragments. The proportion
of uncut template is 42.8 ± 2.9%. Thus, a constant reproducibility of
the enzymatic digestion can be assumed, and a quantitation can be
developed.

3.6. Quantitation of mixtures of fine and bulk cocoa

The next step was the development of a method for quantifying
mixtures of fine and bulk cocoa using capillary gel electrophoresis for
separation of the DNA fragments. Since there is a linear relationship
between the CCN-51 content and the areas of the fragments, a cali-
bration line can be created using linear regression. The quantitation
was done using the 2100 Bioanalyzer (Agilent Technologies Inc., USA)
and calibration with standard mixtures of known concentration. For
this purpose, seven mixtures of fine and bulk cocoa with proportions of
2.5–80% CCN-51 were prepared and analyzed. The mixtures were used
for both qualitative and quantitative approaches using AGE and CGE
respectively. For qualification, the whole reaction volume was used for
the AGE. A gel image of the mixtures treated with Cas9 is shown in
Fig. 4A. For quantitation, the electropherograms were evaluated using
2100 Expert Software (Agilent Technologies Inc., USA). Calibration was
carried out by plotting the proportion of bulk cocoa against the ratio of
the area of a fragment to the total area (sum of the areas of the uncut
template and the two fragments). This step of normalization is neces-
sary to compensate concentration differences after purification. The

Fig. 4. Analysis of different mixtures of fine and bulk cocoa using the Cas9
nuclease. The agarose gel (A) shows the results for seven mixtures with
2.5–80% CCN-51 after digestion with Cas9 nuclease and a template amount of
150 ng. Both fragments (lengths: 735 bp, 316 bp) are visible up to an admixture
of 10% CCN-51. DNA marker (M). (B) shows the calibration lines after analysis
of those mixtures with CGE resulted by plotting the proportion of bulk cocoa
against the ratio of the area of a fragment to the total area (sum of the areas of
the uncut template and the two fragments). The calibration lines for both
fragments are shown.
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two resulting calibration lines obtained by linear regression using the
long and short fragments are shown in Fig. 4B. Both have a coefficient
of determination of R2 = 0.98, confirming an adequate linear re-
lationship between the share of bulk cocoa and the resulting areas.
These plots show additionally that purification and measurement did
not discriminate against any of the fragments. For further analysis, the
long fragment (735 bp) was used, as it has higher fluorescence due to its
length which allows a more sensitive detection in the range of small
concentrations. Since first measurements showed that 50 ng template is
too low as a starting material for the measurement with CGE and in
order to improve the detection limit, the amount of DNA used was in-
creased from 50 ng to 150 ng per reaction. Both the electropherograms
and the agarose gel show that both fragments (fragment I: 735 bp,
fragment II: 316 bp) can be detected in addition to the uncut template
(1051 bp) at a proportion of 10% CCN-51. As already mentioned, the
band/area of fragment I is more intensive/larger due to its length. Both
methods can be used to detect a 10% CCN-51 content mixed with fine
cocoa. At 2.5% and 5%, however, only fragment I is weakly recogniz-
able next to the template. Altogether it can be said that AGE and CGE
provide comparable results and for semi-quantitative estimation the
AGE can be used, whereas for a more exact quantitation the CGE with
corresponding calibration line is necessary.

3.7. Application to processed products

A decisive step in the development of methods for authenticity
control is the applicability to processed commodities. A major issue in
the DNA analysis of processed products is the fragmentation of the DNA
in the course of processing. In summary, various steps during produc-
tion are the cause of DNA degradation: (i) First, fermentation carried
out immediately after harvesting to remove the pulp and form essential
aroma precursors. (ii) In the next step the beans are dried before being
transported to the processing industry. Already these steps can lead to
an incipient degradation of the DNA due to heat generation. (iii) An
even more relevant step leading also to DNA fragmentation is the
roasting process of the cocoa beans. Due to the high temperatures
of> 100 °C, the DNA can be degraded (Di Bernardo, Galderisi,
Cipollaro, & Cascino, 2005; Mano et al., 2017; Vijayakumar, Martin,
Gowda, & Prakash, 2009). (iv) Later, the steps of rolling, fine rolling
and finally conching in chocolate production must also be taken into
account, which additionally causes strong mechanical exposure on the
sample and can also contribute to fragmentation. The results presented
so far are based on fermented and dried but unroasted cocoa beans.
Therefore, the next essential step in the development was to transfer the
analysis method to roasted cocoa beans and chocolate. The DNA iso-
lates showed a different and sometimes very high degree of fragmen-
tation (average length < 500 bp) (see Supplementary, Fig. S7). PCR
was used to test whether the 1051 bp template could still be amplified.
Despite optimization of the PCR parameters, amplification was not
possible due to the identified fragmentation. For the analysis of pro-
cessed cocoa products therefore a new pair of primers (Template-
B.2_FW/RV, for primer sequences see Table 1) was designed covering a
region shortened to a length of 430 bp (see Supplementary, Fig. S3).
This fragment could be used for all processed products in this study (see
Supplementary, Fig. S8). A major difference is the mandatory addition
of BSA for amplification of processed samples compared to unprocessed
cocoa beans. The improvement of amplification by addition of BSA has
been described in the literature (Abu Al-Soud & Rådström, 2000; Forbes
& Hicks, 1996; Kreader, 1996). This effect is caused by the binding
affinity of BSA and can be seen, for example, in PCR-inhibiting sub-
stances from the group of polyphenols, which are also contained in
cocoa (Tengel, Schüssler, Setzke, Balles, & Sprenger-Haussels, 2001).
These react with or bind to proteins and thus have an inhibitory effect
on amplification (Loomis, 1974). Thus, BSA also shows an enzyme-
stabilizing effect, which can also be transferred to the Taq DNA poly-
merase (Jordan, Zugay, Darke, & Kuo, 1992). From this, it can be

concluded that more PCR-inhibiting substances are present in the iso-
lates which cannot be removed during isolation. Another aspect that
must be considered for processing products is the Maillard reaction.
This is a non-enzymatic reaction in which carbonyl groups of reducing
sugars react with primary amines. Reactive α-dicarbonyl compounds
are formed, which can crosslink with macromolecules such as proteins
or nucleic acids (Papoulis, al-Abed, & Bucala, 1995; Vasan et al., 1996).
These compounds can inhibit both DNA isolation and amplification (Di
Bernardo et al., 2005; Poinar et al., 1998). Finally, the Cas9 digestion
with the short templates was successfully carried out. No further opti-
mizations were necessary. All reactions were performed with 50 ng
DNA for qualitative detection as well as 150 ng for quantitation. Both
batches were successfully cut using Cas9 nuclease (see Fig. 5).

4. Conclusion

In this study, we successfully developed a fast and easy CRISPR/
Cas9 based in vitro method for the quantitative determination of the
bulk cocoa CCN-51 in fine flavored cocoa Arriba. We were able to show
for the first time that the programmable Cas9 endonuclease could be an
efficient tool for detection of SNPs which are not accessible by Type II
endonucleases as part of “classical” RFLP analysis. By using the Cas9
programmable endonuclease, it was possible to detect an admixture of
at least 10% CCN-51 cocoa in fine cocoa type Nacional (Arriba). The
sensitivity of the method is therefore adequate to reliably detect an
intentional adulteration with low-priced consumer cocoa. Furthermore,
it could be shown, that this method, with some modifications, is also
suitable for the differentiation of roasted cocoa beans and derived
products such as chocolate. For semi-quantitative analysis, also a con-
ventional AGE can be used instead of CGE.

In order to adapt the method presented here to other targets, three
simple steps would be usually necessary: (i) Selection of a SNP that
forms a recognition site (5′-NGG-3′) in variety A and alters it in variety
B by a base exchange at position three into a thymine base (5′-NGT-3′).
(ii) The target specific crRNA is defined by the 20 nucleotides im-
mediately upstream of the PAM region and can be ordered from a
supplier together with the Cas9 specific tracrRNA. (iii) Generation of
PCR templates of both varieties. The length of the template and the
position of the SNP should be chosen in such a way that two fragments
of different size can be obtained after Cas9 digestion. After method
implementation and preparation of a calibration series, a fast perfor-
mance is possible.

The method presented here, which is based on the CRISPR/Cas9
system from S. pyogenes, has some limitations resulting from the re-
stricted selection of a SNP within a defined non-canonical PAM region.
However, due to the constant increasing number of newly discovered
CRISPR systems in bacteria and archaea (for example CRISPR/Cpf1

Fig. 5. Analysis of the digestion of the short template of processed products
using the Cas9 nuclease. The agarose gel shows the results for chocolate and
roasted CCN-51 beans with two different template concentrations each. At both
template concentrations used for qualitative and quantitative detection, both
fragments can detect despite processing. DNA marker (M).
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with the PAM region (5′-TTTV-3′) as well as synthetically generated
modifications of already known CRISPR nucleases, a large number of
different recognition sequences becomes available. Hence, previously
challenging SNPs, such as those found in AT-rich regions of the plastid
genome, become accessible by the analytical use of the CRISPR/Cas
systems.
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