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Abstract
The occurrence of ochratoxin A (OTA) and OTA-producing fungi in cocoa beans has been previously
reported to be linked to harvest and post-harvest treatment conditions. The aim of this study was to
identify OTA-producing fungi during harvest, fermentation, drying and storage of cocoa beans from two
farms located in the most important cocoa-producing region in Mexico, and their relationship with OTA
levels of contamination. A high contamination of ochratoxigenic fungi was observed in drying (78.4 % ±
13.6) and storage (70.3 % ± 3.2) steps of cocoa samples from farm A. In farm B, the wash step of cocoa
beans after fermentation reduced pulp residues and consequently the OTA-producing fungi infection
during drying (12.7 % ± 5.8) and storage (37 % ± 10.4) steps were diminished. The main OTA-producing
strain isolated from Malt Extract Agar (MEA) growth medium was Aspergillus carbonarius (14307.5
µg/kg). The presence of ochratoxigenic species was correlated to high levels of OTA measured in cocoa
beans during storage in both farm A and B (304.6 ± 15.3 and 11.3 ± 0.5 µg/kg, respectively), and in fresh
cocoa beans from farm B (22.2 ± 3.5 µg/kg). This study reports for the �rst time OTA content and
ochratoxigenic species during cocoa process in Mexico. This allowed the identi�cation and evaluation of
the sanitary risks linked to Mexican cocoa production.

Introduction
The cocoa bean (Theobroma cacao L.) is an important commodity with a great international demand
notably because of its use as an ingredient in a large number of foodstuffs (Tafuri et al. 2004). Around
70 % of world cocoa production occurs in the equatorial region of West Africa, and the rest in the
equatorial regions of Central and South America, some Caribbean islands and tropical areas of Asia
(CAC-Codex Alimentarius Commission 2008).

In America, even if Brazil is positioned as the sixth larger producer of cocoa in the world, Mexico plays an
important role as a cocoa producer due to the quality of its production. Mexico appears as a producing
country that exports exclusively or partially �ne or aroma cocoa (ICA 2011). In 2019, the Cocoa of
Excellence Program recognized Mexico as part of the 50 best high quality cocoa bean among 223 cocoa
bean samples received from 55 cocoa-producing country participants (ICA 2019). Around 27 000 tons of
cocoa beans are annually produced in Mexico (SIAP/SAGARPA 2018). The international market is mainly
focused on over the cocoa paste. In Mexico, 75 % of the cocoa cultivars are concentrated in the state of
Tabasco, with 407 820 000 m2. Trinitario is the principal cocoa cultivar, resulting as a natural hybrid from
Criollo and Forastero seeds (Gonzalez and Amaya 2005). However, some surfaces are exclusively
dedicated to Criollo cocoa white bean (clone Carmelo 1) cultivation, which has been awarded in the
International Cocoa Awards in 2011 in the category of Fresh fruits in the region of Central America and
the Caribbean (ICA 2011). This represents an opportunity for export to Europe, in terms of quality rather
than quantity.

Variations in the Cocoa process do exist according to each producing country. In Mexico, the process
starts with the pod harvest from cocoa trees, followed by an opening step, which consists of a manual
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release of the cocoa beans from the pods. Cocoa beans are seeds with three main parts: namely testa
(seed coat), embryo, and cotyledon (Thompson et al. 2001; Afoakwa 2010). Attached to the testa is the
sugary, white mucilaginous pulp (Biehl and Ziegleder 2003). Cocoa pulp content makes it a rich substrate
for microbial growth. Therefore, the cocoa pulp is immediately contaminated and degraded by
microorganisms naturally presents in the process, resulting in spontaneous fermentation. The
fermentation time is about 3 to 5 days. It is performed in wooden boxes with holes drilled in the base to
allow aeration and drainage of ‘sweetings,’ liquids produced from pulp degradation during fermentation.
After fermentation, a drying step is carried out to reduce moisture in beans to 6–7 %. Finally, cocoa beans
are stored in sacks for transport and trading. However, conditions of cocoa harvest and post-harvest
steps are conducted without sanitary control. Therefore contamination by different fungal species during
these stages is common and may alter its quality (Magan and Aldred, 2005; Teixeira et al., 2011).

Aspergillus and Penicillium genera are associated with the production of toxic secondary metabolites,
such as Ochratoxin A (OTA). In tropical areas OTA is mainly produced by Aspergillus carbonarius,
Aspergillus niger and Aspergillus ochraceus and in temperate zones by Penicillium verrucosum and
Penicillium nordicum (Abrunhosa et al., 2001; O’Callaghan, Caddick, & Dobson, 2003; Pitt, 2000; Varga et
al., 1996). In humans, OTA has been associated with the Balkan Endemic Nephropathy (Stoev 1998), and
to the chronic interstitial nephropathy in Tunisia (Maarou� et al. 1995). Moreover, it acts as a neurotoxic,
immunosuppressive, teratogen and carcinogen compound (Höhler 1998; Pfohl-Leszkowicz and
Manderville 2007; Woo and El-Nezami 2016). The International Agency for Research on Cancer (1993)
classi�ed OTA within group 2B as a possible carcinogen in humans. This toxin is of particular interest,
given their negative effects on human and animal health (Hussein and Brasel 2001; Zain 2011).

Cocoa is one of major commodities frequently contaminated with OTA (Turcotte et al. 2013; Taniwaki et
al. 2018). Previous studies attempted to de�ne the diversity of ochratoxigenic fungal species present in
cocoa beans during the post-harvest period. Species from genus Aspergillus, as Aspergillus westerdijkiae
and A. carbonarius (Amézqueta et al. 2008; Mounjouenpou et al. 2008; Sánchez-Hervás et al. 2008;
Copetti et al. 2010) as well as Penicillium genera isolates were detected, but no identi�cation at species
level was achieved (Teixeira et al. 2011).

OTA was detected in powder roasted cocoa from Ivory Coast, Guinea, Nigeria and Cameroon, with OTA
values over 2 µg/kg in 54.8 % of samples (Bonvehí 2004). However, the level of OTA contamination in
cocoa beans from Mexico is unknown. Hence its presence is not controlled nor regulated. This lack of
information makes it necessary to study to de�ne the quality of the cocoa bean in terms of safety, and
state if any action is required to control the process of Mexican cocoa production.

The aim of this work was to evaluate the occurrence of fungal biota, OTA-producing fungi, and OTA
content in cocoa beans from two representative farms in Mexico during the harvest and post-harvest
process to establish critical checkpoints. This is the �rst attempt to study the possible correlation
between the presence of ochratoxigenic species and OTA content in Mexican cocoa beans and the
production conditions.
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Materials And Methods
1.1 Samples

The samples were collected during the cocoa harvest season in March-May 2013, in two farms (A and B)
located in Cárdenas-Tabasco, the most important cocoa-producing region in Mexico. Samples included
pods and cocoa beans at different times of fermentation, drying, and storage steps. For every sample,
500 g of cocoa beans were collected. A total of 28 samples (15 samples from farm A and 13 samples
from B) were analyzed.
1.2 Cocoa processing

The features of the cocoa process in each of the farms are described as follows:

Farm A: The cocoa variety white bean Criollo is processed in the plant located on the same site. The
plantation where the cocoa pods came from is under pests’ control. The pods come from a unique
plantation, and only the healthy ones (no visible damage from the outside) are processed. The pods
opening are realized on the spot within 48 hours after harvest, then approximately one ton of cocoa
beans are placed into a wooden box, where fermentation is carried out for �ve days, including turnings
every 24 h. The cocoa beans are then dried on a plastic netting for 9 to 12 days (parabolic drying). Finally,
dried cocoa is processed almost immediately to sell it. The remained cocoa is placed in jute sacks and
stored at room ambient temperature without aeration or humidity controls (Fig. 1).

Farm B: The cocoa processed is a heterogeneous mixture from diverse varieties and locations. The
principal variety used is Forastero. Healthy and damaged pods are processed. Pod opening is carried out
outside the processing plant, so the delay between harvest and pod opening varies 24 to 72 h. Then,
beans are transported in bags, buckets, and/or plastic bags without cooling conditions until they reach
the processing plant, where fermentation is carried out. The cocoa beans are fermented in wooden boxes
for three days, with turning every 24 hours. At the end of the fermentation, cocoa beans are washed and
dried immediately by spreading over a concrete patio at ambient temperature for four days. Dried cocoa
is stored in polypropylene sacks at room temperature with aeration and no humidity levels controlled
(Fig. 1).
1.3 Cocoa sampling Mycological analyses

The isolation and identi�cation of fungal species associated with cocoa were performed on beans and
pod samples. In farm A, one pod from the tree and one harvested pod were used for analyses. As for
cocoa beans, one sample from fresh natural beans, �ve from fermentation, three from drying and four
from storage steps were collected for analyses for a total of 15 samples. In farm B, one pod from the tree
was considered for analyses. Also, one bean sample from fresh natural beans, four from fermentation,
three from drying, and three from storage steps were considered. A total of 12 samples were collected for
analysis in Farm B.
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For beans samples, every single bean from each stage in the process was cut into small pieces; 50 pieces
were placed in Petri dishes. For pod, thin slices of the shell of similar size were cut and placed in Petri
dishes. Samples were plated (without super�cial disinfection) directly on Petri dishes, containing
dichloran 18 % Glycerol agar (DG18: Glucose 10g, peptone 5g, KH2PO4 1 g, MgSO4.7H2O 0.5 g, agar 15 g,
glycerol 220 g, and 1 mL ethanol 0.2%, chloramphenicol 0.1 g, dichloran 2 mg, distilled water QS 1 L)
(Hocking and Pitt 1980). The study was carried out with 50 particles placed in Petri dishes with
duplicates. The plates were incubated at 25°C for seven days. Results were expressed as a percentage of
particles infected. Taxonomic keys for common food-borne fungi (Samson et al. 2004) were applied to
distinguish ochratoxigenic from a non-ochratoxigenic fungus. The fraction of putative ochratoxigenic
fungi that could be grown from the cultivated particles was expressed as a percentage of OTA-producing
fungi infection.

All strains (putative ochratoxigenic and non-ochratoxigenic) were isolated and sub-cultured on malt
extract agar (MEA), and molecular biology techniques con�rmed their identity. The putative
ochratoxigenic isolates were tested for their ability to produce OTA on MEA medium; the results were
expressed in µg/kg of solid culture medium as described below.
1.4 Extraction and puri�cation of OTA from the culture medium and cocoa beans

From fungal culture: isolates identi�ed as putative OTA producers were cultivated in MEA medium at
25°C for seven days, spores were harvested from the Petri dish surface with peptone water (1% peptone –
0.8 % NaCl). Spores concentration was estimated by direct count, by using a counting chamber
(Neubauer), the suspensions were adjusted to a �nal concentration of 106 spores/ mL. Aliquots of 5 µL
were placed at the center of a Petri dish containing MEA and incubated at 25°C for seven days, three agar
plugs of 5 mm diameter were removed from each Petri dish, weighed, and introduced into a small vial.
OTA was extracted using the procedure described by Bragulat et al. (2001) and modi�ed by Suárez-Quiroz
et al. (2004), with 2.5 mL methanol: formic acid (25:1), for 15 min in an ultrasonic bath. The solutions
were �ltered with a 0.45 µm micro�lter (Milex 25 micro�lter, Agilent Technologies). The �ltered solution
was evaporated at 60°C under N2 stream, and the residue was re-dissolved in 1 mL of the mobile phase
(H20/acetonitrile/acid acetic, 51:48:1).

From cocoa beans: cocoa samples (with shell) were frozen at -80°C, and then 100 g were ground
(Laboratory Mill 3600, Perten). OTA was extracted from 50 g of ground cocoa with 200 mL of extraction
solvent (acetonitrile/H2O, 60:40) and 4 g of NaCl, then blended for 2 min at high speed. 48 mL of
homogenized solution were transferred to a Falcon tube and then centrifuged at 10 000 x g (Centrifuge
Mod. 2K15, Sigma, Germany) for 10 min, 4 mL of the aqueous phase were diluted in 44 mL of phosphate-
buffered saline (PBS) plus Tween 20 (0.01%) and applied to an immuno-a�nity column (Ochraprep®, R-
Biopharm, France) at a �ow rate of 2–3 mL/min. The column was then washed with PBS (20 mL) and
OTA eluted with 3 mL of methanol HPLC grade into an amber vial, a back�ush was applied to the last
milliliter. The solution was evaporated at 60°C under N2 stream, and the dry residue was dissolved in 1
mL of the mobile phase.



Page 6/21

1.5 Quanti�cation of OTA
OTA extracts were analyzed by HPLC with a �uorometric detector (Shimadzu LC-10 ADVP, Japan) with a
loop of 100 µL, a reverse-phase column at 35°C, 1 mL/min isocratic �ow (mobile phase:
H20/acetonitrile/acetic acid, 51:48:1), wave longitude excitation at 333 nm and emission at 460 nm. The
calibration curve was prepared with an OTA standard (1 µg/mL; ref. PD 226 R. Biopharm Rhone Ltd.,
Glasgow, UK) (Nakajima et al. 1997). Nine different controls were used for the standard curve
construction with solutions containing 0.05, 0.075, 0.1, 0.25, 0.5, 1, 2.5, 5, and 10 ng of OTA per kg; the
linearity coe�cient (R2) was 0.99977. The detectable limit was 0.05 µg/kg. The OTA content was
expressed in µg/kg for solid culture medium and µg/kg for cocoa beans.

1.6 Genomic DNA extraction
Fungal strains were grown in MEA and incubated at 28°C for seven days. Spores were transferred to
Eppendorf tubes with 0.3 g of acid-‘washed glass beads (Sigma-Aldrich), then tubes were �lled until 2 mL
with peptone water 0.1 % (w/v). DNA extractions were carried out according to the protocol of (El Sheikha
2010). The quantity and purity of DNA extracted were veri�ed by a UV spectrophotometer (Biospec-Nano).

1.7 PCR ampli�cation reactions and DNA sequencing
In this study, primers targeting the β-tubulin gene were used, Tub F (5’- CTC GAG CGT ATG AAC GTC TAC
− 3’) and Tub R (5’- AAA CCC TGG AGG CAG TCG C- 3’) (Sigma, France), which amplify DNA fragments of
340 bp (Bacha et al., 2009; Huy, Mathieu, & Lebrihi, 2005; Milicevic et al., 2010). The β-tubulin gene is
widely used to distinguish between Aspergillus species (Haas et al. 2013) and other species (Glass and
Donaldson 1995).

PCR ampli�cation reactions were performed in a �nal volume of 50 µL containing 5 µL of extracted DNA,
0.2 mM of each primer, all the deoxyribonucleotide triphosphate (dNTPs, Promega, France) at 200 µM,
3.5mM MgCl2, 5 µL of 10x of Top Taq reaction buffer containing 15 mM MgCl2 (Qiagen, France), 1.25 U
Top Taq DNA polymerase. The PCR ampli�cation was carried out as follows: initial denaturation at 94°C
for 3 min, 30 cycles of 94°C for 40 s, 58°C for 40 s, 72°C for 1 min and a �nal extension at 72°C for 10
min. Aliquots (5 µl) of PCR products were analyzed by electrophoresis in 2 % (w/v) agarose gel with TAE
1x buffer (40 mM Tris-HCl, pH 7.4, 20 mM sodium acetate, 1.0 mM Na2-EDTA), stained with ethidium
bromide in TAE 1x for 10 min and rinsed with distilled water for 5 min. Gels were photographed and PCR
bands quanti�ed using a standard DNA (100 bp ladder, Promega, France). PCR amplicons were sent for
sequencing at GATC Biotech (Germany).

Sequences were compared to the GenBank database using the BLAST program (Altschul et al. 1997)
(http://www.ncbi.nlm.nih.gov/BLAST/) submitted to this database.

Results And Discussion
2.1 Fungal contamination and infection rate
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A total of 71 fungal strains were isolated, 56 from farm A and 15 from B. Most of the identi�ed fungal
strains belonged to Aspergillus and Penicillium genera (Table 1). From farm A, 31 strains belonged to
Aspergillus (55.3 %), 21 to Penicillium (37.5 %), and four strains to Cladosporium (7.1 %). In farm B, 11
isolates belonged to Aspergillus (73.3 %), 2 to Penicillium (13.3 %), and 2 to Cladosporium (13.3 %)
genera. The Aspergillus genus was dominant in both farms, which coincides with reports from other
authors (Sánchez-Hervás et al. 2008; Copetti et al. 2011). Regarding the fungal contamination, no
uniform distribution was observed in samples from both farms, although they are produced in the same
region. This result suggested that fungal distribution (or diversity) is mainly linked to the process than the
geography.

Table 1
Occurrence of �lamentous fungi isolated

from farms A and B.

  Genus Isolates (%)

Farm A Aspergillus 31(55.3)

  Penicillium 21(37.5)

  Cladosporium 4(7.1)

  Total 56(100)

Farm B Aspergillus 11(73.3)

  Penicillium 2(13.3)

  Cladosporium 2(13.3)

  Total 15(100)

 

The number of species detected in each plantation also re�ected environmental conditions and
differences in the type of cocoa beans processed. In farm A, only Criollo cocoa beans were processed,
while in farm B, cocoa beans with different qualities and origins were used. The results also showed that
farm A had initial contamination for OTA-producing fungi from the cocoa pod (1.5 % ± 0.5) (Table 2). The
samples with the higher ochratoxigenic infection percentage in farm A were those from drying (78.4 % ±
13.6) and farm B from storage (37 % ± 10.4). Differences in the pulp´s biochemical composition in�uence
the presence of microbial populations, such as bacteria and yeast, naturally present during the process
(Moreira et al., 2013). Previous studies showed that both lactic acid bacteria (Stiles, 1996; Suzuki et al.,
1991) and yeast (Masoud & Kaltoft, 2006; Masoud et al., 2005) produce organic acids which presents
antifungal activity against Aspergillus species. It was also reported that yeast strains Pichia anomala,
Pichia kluyveri, and Hanseniaspora uvarum produce considerable quantities of volatile compounds (ethyl
acetate, acetate, propionate, and ethyl isoamyl alcohol), which at high concentrations reduce fungal
growth (Masoud and Kaltoft 2006). Furthermore, (Spadaro et al., 2004) reported that the mechanisms of
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yeast's antagonistic activity against fungi might be due to adhesion of antagonists cells to mycelia or
induced resistance in host tissues. All these parameters could affect the presence of ochratoxigenic
species in cocoa from both farms, mainly during fermentation, and therefore play an important role in
pulp degradation due to the biochemical reactions and metabolites generated during the fermentation
process. These microbial populations may have an antagonistic effect on the OTA-producing fungi
infection, affecting the infection percentage during the process.

Table 2
Pod and cocoa beans infection percentages by putative ochratoxigenic fungi at different stages

of process.
Ochratoxigenic infection (%)

Farm Pod Harvested Fresh cocoa bean

(before fermentation)

Fermentation Drying Storage

A 1.5 ± 0.5 2.1 ± 2.5 50.3 ± 7.4 78.4 ± 13.6 70.3 ± 3.2

B - 21.8 ± 2.8 3.4 ± 3.0 12.7 ± 5.8 37 ± 10.4

 

During fermentation, the infection by ochratoxigenic fungi were lower in farm B (3.4 % ± 3) than in farm A
(50.3 % ± 7.4). The possible presence of microorganisms with antifungal activity discussed above can
in�uence this point, but fermentation times and air exposure, and surface contact must also be
considered.

In farm A, the fermentation process lasted �ve days, while only three days in farm B. During the last hours
of fermentation in farm A, the process becomes more aerobic due to partial pulp degradation and,
therefore, could allow an increase of OTA-producing fungi infection in grains before day 4 (Fig. 2).
Extended fermentation time prolongs beans exposure to air during the "turning" every 24 hours, which is
performed by transferring the fermentation mass of one box to another, in which all beans are exposed to
the air. This result agrees with the results reported by Hatmi et al. (2015), which showed that regardless of
the substrate, a fermentation for �ve days usually should reduce fungal contamination. However, if the
fermenting mass is exposed to aeration, then the contamination level will suffer an increase. In addition,
contamination by surface contact was observed. It could be due to either tools or boxes used in both
farms. Pulp residues remain attached to the box walls, which are contaminated by previous
fermentations and could act as inoculum of ochratoxigenic species. Altogether, these conditions could
favor fungal development.

The percentage values of ochratoxigenic infection in farm B were 12.7 ± 5.8 during drying and 37 ± 10.4
in storage, lower than those found in farm A. This difference can be attributed to a wash performed at the
end of fermentation in farm B, which reduces the amount of pulp present in the bean at the beginning of
the drying step and therefore the substrate availability for various fungi commonly present during the
subsequent stages. A reduction of OTA-producing fungi infection could be appreciated in Fig. 3. In
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contrast, farm A showed a high infection percentage during drying (78.4 % ± 13.6) and storage (70.3 % ±
3.2). This result coincides with what was observed in the Petri dishes at this stages (Fig. 2) and is in
agreement with previous work of Mounjouenpou et al. (2008), who associated an increase in the number
of species of �lamentous fungi after fermentation with the presence of remains of pulp in the bean.

2.2 Identi�cation of isolates and OTA-producing ability
One of the main goals of this study was to isolate and identify the fungal biota representative of the
Mexican cocoa process and elucidate potentially OTA-producing fungi. Among the 71 isolated initially
strains, 20 were selected as putative ochratoxigenic according to taxonomic keys for common food-borne
fungi (Samson et al. 2004). They were considered representative due to their abundance and permanence
along all the process. These were identi�ed at the molecular level by sequencing of the β-tubulin gene.
Table 3 shows the molecular identi�cation results and the ability of each strain to produce OTA on MEA
medium.
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Table 3
Identi�cation molecular of fungal species associated to cocoa process and OTA producing ability.

Farm Stage Identi�ed specie Percent identity OTA production

(µg/kg)

Accession code

A Drying A. �avus 100 ND MT002446

B Natural bean A. carbonarius 100 14307.5 MT009029

A Drying A. westerdijkiae 99.34 2.1 MT188735

A Storage A. amstelodami 94.06 ND MT181963

A Pod harvested Penicillium sp. 100 8495.2 MT188736

A Drying A. westerdijkiae 99.7 417.4 MT188737

A Drying A. steynii 100 1482.2 MT193645

A Storage C. halotolerans 100 ND MT199513

A Storage A. europaeus 99.67 ND MT199514

B Drying A. amstelodami 93.98 ND MT199515

A Storage Penicillium sp. 99.68 ND MT211966

A Drying Penicillium sp. 99.69 ND MT211967

A Natural bean Penicillium sp. 89.78 ND MT211965

A Pod harvested Penicillium sp. 90.12 6364.3 MT350494

A Storage Penicillium sp. 90.12 5933.4 MT350495

A Natural bean A. giganteus 98.75 ND MT350496

A Drying A. heteromorphus 99.57 ND MT362703

A Drying Penicillium sp. 99.4 ND MT362700

A Storage A. tamarii 100 ND MT362701

A Storage A. niger 100 ND MT362702

ND: No detectable

 
In farm A, a great diversity of species was observed, such as Aspergillus �avus, Aspergillus westerdijkiae,
Aspergillus steyni, Aspergillus amstelodami, Aspergillus europaeus, Aspergillus heteromorphus,
Aspergillus niger, Aspergillus giganteus, and Aspergillus tamarii. However, only Aspergillus westerdijkiae
and A. steynii were detected as high OTA producers (417.4 µg/kg and 1482.2 µg/kg, respectively), which
A. steynii showed the highest OTA-producing ability. Currently, A. westerdijkiae is considered the main
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OTA-producing species in tropical areas (Marino et al., 2009). However, a study by Gil-Serna et al., (2011)
showed that while A. westerdijkiae shows a high OTA production capacity, A. steynii (Frisvad & Frank
2004) must be considered the most signi�cant risk of contamination. Though, the rest of OTA producing
species belonging to this section should not be ignored.

Another interesting strain was A. giganteus, which was isolated from fresh natural beans before
fermentation. This species has been reported as a producer of an antifungal protein (AFP) with a low
molecular weight. This protein effectively restricts the growth of signi�cant human- and plant-pathogenic
�lamentous fungi (Hagen et al., 2007). Based on their degrees of susceptibility to AFP, �lamentous fungi
are classi�ed into sensitive (e.g., Aspergillus fumigatus, Aspergillus niger, Fusarium oxysporum, and
Fusarium moniliforme), moderately sensitive (e.g., Aspergillus nidulans), and resistant species (e.g.,
Penicillium chrysogenum). The growth-inhibitory effect of AFP has been associated with the
permeabilization of the fungal membranes (Theis et al. 2003). Interestingly, Aspergillus giganteus could
play an important role in the inhibition of certain fungi along and fermentation and subsequent stages,
and therefore, it is the �rst time A. giganteus is reported in cocoa beans.

Some strains identi�ed as Penicillium sp. with no OTA production were observed at the fermentation,
drying, and storage steps in both farms (Figs. 2 and 3). It could be a guide to think that these species are
intimately related to the fermentation stage despite the type of process or region considered.

Importantly, Penicillium sp. species were isolated from pods harvested from farm A and showed a high
OTA-producing ability (8495.2 µg/kg). They also exhibited a different identi�cation pro�le compared to
the other two Penicillium sp. identi�ed from the same process. It was the only one with 100 percent
identity (MT188736), while the other Penicillium sp. isolates identi�ed as high OTA-producers showed the
same 90.12 percent identity (MT350494 and MT350495). This pair of Penicillium isolates also showed
close similarities in OTA-producing ability even when they come from different stages of the process; pod
harvested (6364.4 µg/kg) and storage (5933.4 µg/kg). It is possible that this species remained during all
stages, from harvest to storage, in a sporulated form, and germinated again upon optimal conditions
during storage. It reinforced the convenience of a wash after the fermentation stage to reduce
contamination levels in subsequent stages.

In farm B, the main OTA-producing species was Aspergillus carbonarius (14307.5 µg/kg) isolated from
fresh cocoa beans (unfermented), which can grow up and produce OTA in a wide range of water activity
(Aw), at low and high temperatures (Esteban et al., 2006). No other strain was observed at this stage
(Fig. 3), so the percentage of infection in fresh cocoa beans (21.8 ± 3.7) could be attributed to the
presence of these species. The presence of A. carbonarius as the main OTA-producer and the absence of
another species may be due to their black spores, which protect from sunlight and UV light, giving a
competitive advantage over other species (Pitt and Hocking 1997; Taniwaki et al. 2018). It supports the
importance of A. carbonarius as the main source of OTA in cocoa beans. It coincides with the study
carried out by Mounjouenpou et al. (2008), which associated unfermented beans with the presence of
damaged pods and delays between harvest and pod opening, similar characteristics to those presented in
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farm B. Also, Kedjebo et al., in 2016, recommend the use of healthy pods for the fermentation process
and avoid the storage of damaged cocoa pods for a period greater than four days. Aspergillus
carbonarius was also reported as the main source of OTA in other food matrices, such as grapes and its
derivatives (Abarca et al., 2003) and coffee (Coffea canephora) (Joosten et al., 2001).
2.3 OTA content in cocoa beans

It has been reported that OTA is mainly found in the cocoa shell (Raters and Matissek 2007), but in this
studio, OTA analyses were performed with the whole cocoa bean, namely, the cocoa shell and cocoa
kernel. OTA contents on cocoa beans collected from farm A and B at different stages of the process and
OTA-producing fungi associated are shown in Table 4.

Table 4
OTA content in cocoa beans and its relation with OTA-producing and nonproducing

fungi in post-harvest stages.

  OTA concentration (µg/kg) Identi�ed OTA producing species

Stages Farm A Farm B Farm A Farm B

Natural Bean 1.3 ± 0.3 22.2 ± 3.5 Penicillium sp.

A. giganteus

A. carbonarius*

Fermentation 3.9 ± 0.5 4.4 ± 0.3 Penicillium sp. Penicillium sp.

Drying 10.4 ± 1.2 1.5 ± 0.8 A. westerdijkiae*

A. westerdijkiae*

A. steynii*

A. �avus

A. amstelodami

Penicillium sp.

Penicillium sp. *

A. heteromorphus

Penicillium sp.

Storage 304.6 ± 15.3 11.3 ± 0.5 Penicillium sp.

Penicillium sp. *

A. niger

A. tamarii

C. halotolerans

A. europaeus

Penicillium sp.

*Strains with high OTA-production ability
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A considerable amount of OTA was observed in samples of fresh cocoa beans (22.2 ± 3.5 µg/kg) on farm
B. This content may be associated with the presence of A. carbonarius, the main OTA-producing species,
and the use of damaged pods. In contrast, in farm A, fresh cocoa beans present a maximum OTA content
of 1.3 ± 0.3 µg/kg, and no species with a high ability to produce OTA was detected. It may be due to the
good quality of the pods used and a shorter pod opening delay (before 48 h), and therefore, it is in
agreement with the results obtained by Mounjouenpou et al. (2012), describing a good correlation
between OTA presence in the cocoa beans from bad quality pods and isolated toxigenic strains.

Concerning the fermentation, the maximum OTA content observed in farm A was 3.9 ± 0.5 µg/kg, while in
farm B was 4.4 ± 0.3 µg/kg. These values showed a relation with the percentage of ochratoxigenic
infection at this stage. OTA levels were lower during fermentation than drying and storage steps. It may
be due to the presence of microorganisms naturally present in fermentation, such as lactic acid bacteria,
acetic acid bacteria (Camu et al. 2007), and yeasts (Jespersen et al., 2005; Nielsen et al., 2005), which
can generate metabolites that inhibit the development of ochratoxigenic fungi and therefore OTA
production. According to the observations by (Copetti et al. 2012), the presence and action of weak
organic acids, especially acetic acid, on ochratoxigenic fungi at low pH, have an important role in OTA
accumulation in cocoa and suggest that fermentation practices conducted for the enhancement of acetic
acid could minimize the problem of OTA contamination in cocoa.

In farm A, on dry (10.4 ± 1.2 µg/kg) and stored (304.6 ± 15.3 µg/kg) cocoa bean samples, high levels of
OTA contents were measured. This result agrees with a study carried out by Copetti et al. (2010), which
found that the drying step is one of the critical stages to contamination by OTA-producing fungi and OTA.
During drying, the beans start losing water. Therefore there is a decrease in Aw values, restricting the
development of the competitive microbiota due to the high sensitivity of bacteria and yeast at low water
availability, but there is still enough water to sustain fungal development (Beuchat 1987). On the other
hand, extended periods of storage combined with the presence of highly toxigenic species resulted in the
highest content of OTA in cocoa beans found in farm A (304.6 µg/kg), this concentration was measured
on the whole grain. However, it has been reported that OTA is mainly found in the cocoa shell (Raters and
Matissek 2005). Since cocoa is mainly consumed without the shell, so the OTA content consumed is
probably lower. It is in agreement with other studies, in which the storage is stated as one of the most
critical stages in the process of cacao concerning the presence of highly toxigenic species (Amézqueta et
al. 2008; Copetti et al. 2010).

However, low values were observed in dry (1.5 ± 0.8 µg/kg) and storage (11.3 ± 0.5 µg/kg) cocoa beans
samples from farm B. As previously discussed, introducing a washing step of cocoa beans at the end of
the fermentation as in farm B is desirable since it reduces pulp (available substrate), then the presence of
highly ochratoxigenic species. Therefore, the risk of contamination by OTA in cocoa beans could also be
reduced in subsequent stages of drying and storage.

Conclusions
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Our �ndings showed that during the cocoa process, drying and storage are stages with higher risks of
contamination by OTA due to the development of associated OTA-producing fungi. Nevertheless, washing
cocoa beans immediately after the fermentation removes the pulp (available substrate) and could reduce
infection and thus the risk of contamination during the subsequent stages. Poor quality cocoa pods and
an extended delay between harvest and pod opening can trigger early OTA contamination in fresh cocoa
beans. Therefore, pod opening is a critical stage for OTA contamination.

Monitoring OTA contamination during every single stage in the cocoa beans process in México could help
implement a hazard analysis and critical control point (HACCP) system and then minimize the food chain
risk.

This study is the �rst report about the occurrence of OTA in cocoa beans from Mexico. These results
could be a guideline for producers to improve post-harvest treatments to prevent OTA contamination and
therefore enhance the sanitary quality of Mexican cocoa beans. Moreover, subsequent studies should
focus on OTA and fungal contamination in cocoa beans from critical stages, as mentioned above. It
together could help to de�ne standards for a high-quality cocoa beans production and to establish the
basis for a possible regulation in Mexico, as well as develop new opportunities for exportation.
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Figure 1

Post-harvest process of cocoa beans from Mexican farms

Figure 2

OTA-producing fungi infection in farm A: a) Pod in tree; b) Pod harvested; c) Natural bean, fermentation:
d) 1 day; e) 2 days; f) 3 days; g) 4 days; h) 5 days; Drying: i) 0 days; j) 3 days; k) 6 days; l) 9 days; Storage:
m) 7 days; n) 21 days; o) 30 days.
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Figure 3

OTA-producing fungi infection in farm B: a) Pod in tree; b) Natural bean fermentation: c) 0 days; d) 1
days; e) 2 days; f) 3 days; Dring: g) 0 days; h) 1 days; i) 2 days; j) 3 days; k) 4 days; Storage: l) 7 days; m)
30 days.


