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Abstract: Berry fruits of Capsicum annuum L. cv. “Cacho de Cabra” are used for the manufacture of a
traditional pepper powder known as Merkén. In the present study, aflatoxins (AFs) and ochratoxin A
(OTA) contamination in berry fruits of C. annuum was determined at harvest, drying, and smoking
stages of Merkén production, in cumin and coriander seeds used as Merkén ingredients, and in the
final packaged Merkén produced by local farmers. Additionally, Merkén samples from local markets
in the region of La Araucania (Chile) were also evaluated. Chromatographic analysis was based on
a qualitative method. AFs and OTA were not detected on pepper pods and seeds. There was no
detection of AFs and OTA on cultured Aspergillus and Penicillium strains isolated from pepper pods,
cumin and coriander seeds and Merkén. The lack of AFs/OTA-producers among the isolated fungal
species can explain and support the absence of contamination in pepper pods. In contrast, the AFB;
was detected in 75% of Merkén obtained from farmers and 46% of Merkén samples purchased from
local markets; while OTA was detected in 100% of Merkén samples obtained from farmers and local
markets. In the Merkén production chain, the harvest and post-harvest are key stages for fungal
growth while the commercialization stage is highly susceptible to AFs and OTA contamination.

Keywords: aflatoxin B1; Merkén; ochratoxin A; pepper powder; post-harvest; spoilage fungi

1. Introduction

Merkén is a ground-up pepper seasoning originally produced by Mapuche commu-
nities, an Amerindian community mainly living in south-central Chile and south-west
Argentina [1,2]. The artisanal smoked manufacturing process and the use of Chilean-
specific raw materials (e.g., Capsicum annuum L. cv. “Cacho de Cabra”, coriander and cumin
seeds) are the main reason behind the distinguishing organoleptic characteristics of Merkén
(e.g., color, flavor, and aroma) [1,3].

Due to its exotic flavor, Merkén is widely accepted in both Chilean and overseas markets,
which has been boosting the development of local start-ups. Overall, these initiatives seek to
reach the traditional and gourmet segment, preserving the Mapuche agri-food culture [4]. On
a large production scale, the four leading brands in the condiment market in Chile include
Merkén and pepper derivative products in their condiment range [5,6].

Merkén production begins with the collection of C. annuum L. cv. “Cacho de Cabra”,
a pepper ecotype of the region of Araucania, Chile. Thereafter, pepper pods are dried by
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sun exposure or inside “Rukas”, which are typical Mapuches’” houses made of wood and
straw [1,2]. Then, farmers smoke the fruits for approximately half an hour on a native
wood fire. The last stage is grinding pepper pods and mixing them with other ingredients.
The final Merkén composition has about 70% of pepper, 20% of both coriander and cumin
seeds, and 10% of sodium chloride [5].

Merkén'’s quality is directly related to the quality of its raw ingredients but also the
careful management of good agricultural practices (GAP) and good handling practices
(GHP) during its production chain [7]. In Chile, Merkén manufacture is predominantly car-
ried out following traditional methods [1]. Overall, post-harvest pepper pods are affected
by changes in temperature, exposure to dust, wind, and insect infestation [8]. Further pro-
cessing such as storage, packing, and transportation also affects the low-standard control
of the raw materials, which can lead to fungal growth [5,8-10].

Several studies reported that pepper pods from different varieties of Capsicum are
highly susceptible to the proliferation of spoilage genera fungi such as Botrytis, Cladosporium,
Harzia, Rhizopus, and Phytophthora, including yet mycotoxigenic species such as Aspergillus
flavus, A. niger, A. ochraceus, Penicillium expansum, and P. thomii [9,11,12]. Overall, pepper
pods from field and post-harvest are predominantly contaminated with fungal strains of
Alternaria/Fusarium and Aspergillus / Penicillium, respectively [11,13].

Mycotoxins such as aflatoxins (AFs) and ochratoxin A (OTA) are among the most
important contaminants in Capsicum from a consumer point of view [13]. Moreover,
Zearalenone (ZEN), Fumonisins (FB), Trichothecenes, and Alternaria toxins were also
widely found in Capsicum [13,14].

Between 2020 and 2021, 27 cases of contamination of imported Capsicum products were
reported by the European Rapid Alert System for Food and Feed (RASFF) [15]. Of those,
18 were classified as rejections at the border, 6 as alerts, and 3 as information notifications.
According to the RASFF, 21 notifications referred to AFs and 6 to OTA. In Chile, total AFs
(range from <limit of detection (LOD) to 14.12 pg/kg) and OTA (range from <LOD to 416.3
ug/kg) were detected in samples of pepper pods and Merkén [16].

The protracted consumption of foods contaminated with aflatoxins (B1, By, G1, and G)
and OTA is a serious risk to human health. AFB;, AFB,, AFGy, and AFG; are carcinogenic
compounds to humans, while OTA is potentially carcinogenic [17]. These mycotoxins
can affect the immune system and injure different target organs (e.g., kidneys, liver, gall-
bladder) [18-20]. In Chile, the regulation for mycotoxin in spices, including Capsicum,
establishes the maximum tolerance levels (MTL) for total AFs at 10 ug/kg. However, the
same legislation does not regulate the MTL for OTA in spices [21].

AFs and OTA contaminations have widely been reported at different points of the
pepper production chain (e.g., harvest, dried, smoking, sale, etc.) [14,22]. Mycotoxins
are resistant to food processing and can remain throughout the food chain from “farm to
fork”, emphasizing the need for sample evaluation from “pepper pod to final Merkén” [23].
Despite the best effort to guarantee the food safety of Chilean pepper products, mycotoxin
analysis in Chile has been mainly carried out in samples obtained from supermarkets [21].
Up to now, there is no information available about critical points of mycotoxin contamina-
tion over different stages of the Merkén production chain [8]. In addition, to the best of our
knowledge, no information about mycotoxin contamination in Merkén commercialized in
local Chilean markets is available in the literature.

This study aimed to determine AFs (By, By, G1, and Gy) and OTA occurrence in berry
fruits of C. annuum L. cv. “Cacho de Cabra” during manufacturing (harvest, drying, and
smoking stages), in added ingredients (cumin and coriander seeds), in the final packaged
Merkén produced by local farmers, and in Merkén commercialized in local markets of the
region of La Araucania, Chile. Furthermore, the aflatoxigenic and ochratoxigenic potential
of fungal strains isolated from each substrate were also assessed.
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2. Materials and Methods
2.1. Sampling

Berry fruits of C. annuum L. cv. “Cacho de Cabra”, cumin seeds, coriander seeds, and
Merkén were collected from April to June 2017 in the region of La Araucania, Chile. A flow
diagram of sampling during Merkén production is given in detail in Figure 1; samples were
collected from all production stages. Berry fruits of C. annuum L. cv. “Cacho de Cabra” were
provided by 8 farmers as previously reported by Costa et al. [11]. Briefly, samples of pepper
pods were collected at 3 different sampling points: (1) on the day of ripe fruits harvest (SP I);
(2) during the drying process (1 month after harvest, SP II); and (3) during the smoking
process (SP III). For each sampling point, 10 pepper pods were obtained from each farmer,
totaling 240 samples collected and analyzed (SP I, n = 80; SP II, n = 80; SP III, n = 80). The
samples of seeds of coriander (SP IV, 25 g), cumin (SP 1V, 15 g), and final Merkén samples
(SP V, n = 8) were also provided by the same farmers. In addition, 13 samples of Merkén
(SP V) were randomly purchased from the local market (n = 13, 100 g).
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Figure 1. Sampling points throughout the Merkén production chain (a) and mycotoxigenic analysis
carried out on samples from each stage (b).

2.2. Mycotoxins Extraction from Substrates

For mycotoxin analysis, the 10 pods obtained from each producer (SP I to SP III)
and the coriander and cumin seeds were finely grounded and blended. Each sample was
separately stored at 4 °C in plastic bags until analysis.

For AFs/OTA extraction, static sampling of crushed C. annuum pods (5 g), seeds of
coriander and cumin (5 g), and Merkén (2 g) of each producer were performed. Each sample
was mixed with extraction solution (0.2 g of NaCl; 10 mL of methanol: water 8:2; and 5 mL
of hexane) in 100 mL Erlenmeyer flasks were shaken on a mechanical shaker at 150 rpm
for 1 h at room temperature. Each solution was filtered through Whatman™ N 4 filter
paper (Maidstone, UK) and separated using a funnel. After phase separation, 5 mL of the
aqueous layer was diluted with 30.7 mL of PBS buffer and filtered using glass microfiber
Whatman™ filters.

For extract cleanup, 10 mL of each solution was added to an AflaOchra HPLC im-
munoaffinity column (VICAM column, Watertown, NY, USA) at a flow rate of mL min~ L.
The column was washed with 10 mL of PBS buffer at a flow rate of 2 mL min~! and the
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mycotoxins were eluted with 1.5 mL of methanol. The eluted samples were analyzed by
HPLC as described in Section 2.5.

2.3. Mycological Analyses

The mycological assessment was performed throughout each point in the Merkén
production chain (Figure 1). Mycobiota isolation of C. annuum pods from SP I, SP II, and
SP Il was previously reported in Costa et al. [11].

For Merkén samples, fungal strain isolation was performed following the dilution
method described by Samson et al. [24]. Ten grams of each sample was homogenized in
90 mL of peptone water solution. Serial dilutions were made and 0.1 mL aliquots were
inoculated in duplicate onto Malt Extract Agar (MEA, malt extract 20 g L~!, mycological
peptone 1 g L™, agar 20 g L1, glucose 20 g L '), Dichloran Rose Bengal Chlorampheni-
col Agar (DRBC, KH,PO,4 1 g L1, MgSO,-7H,0 0.5 g L}, peptone 5 g L~ !, dichloran
0.002 g L1, chloramphenicol 0.1 g L™}, agar 15 g L=, glucose 10 g L™, rose bengal
0.025 g L), and Dichloran 18% Glycerol Agar (DG18, mycological peptone 5 g L1, glu-
cose 10 g L71; KHPO, 1 g L1, MgSO4-7H,0 0.5 g L1, glycerol 220 g L~!, dichloran
0.002 g L=, chloramphenicol 0.1 g L}, agar 15 g L~!) media.

Fungal isolation from coriander and cumin seeds was carried out based on the agar
plate method [25]. Five seeds of coriander or cumin were equally placed on MEA, DRBC,
and DG18 media plates. Ten replicates were performed for each sample.

All plates were incubated in the dark at 25 °C for 7 days. After the incubation period,
all colonies of potentially mycotoxigenic genera were transferred for sub-culturing to
plates of MEA and Potato Dextrose Agar (PDA, 200 g L~! of infusion from potatoes,
glucose 20 g L1, agar 15 g L™!). Taxonomic identification of fungal strains at the genus
level was performed according to macro-and micro-morphological traits with appropriate
keys [26-28]. All the 31 fungal strains isolated in the present study were deposited at
the Banco de Recursos Microbiolégicos BRmB-UFRO (Faculty of Engineering and Science,
Universidad de La Frontera, Temuco, Chile), at the Culture Collection CCCT/UFRO
(Universidad de La Frontera, Temuco, Chile), and at the Micoteca da Universidade do
Minho (MUM, University of Minho, Braga, Portugal).

2.3.1. Genomic DNA Extraction

The genomic DNA of each isolate was extracted using a modified protocol described
by Rodrigues et al. [29] and detailed in Costa et al. [11].

2.3.2. PCR Amplification

To identify the fungal strains, partial amplification of the internal transcribed spacer of
the ribosomal DNA (ITS) region or 3-tubulin gene (benA) was performed. ITS is regarded
as the universal barcode for fungal identification [30]. Nevertheless, for specific genera
such as Penicillium and Aspergillus, benA is the more informative primary barcode when
trying to achieve species-level identification [31,32].

ITS was amplified using primers ITS1 (5'-TCC GTA GGT GAA CCT GCG G-3') and
ITS4 (5'-TCC TCC GCT TAT TGA TAT GCC-3) designed by White et al. [33]. BenA was
amplified using primers Bt2a (5'-GGT AAC CAA ATC GGT GCT GCT TTC-3') and Bt2b
(5’-ACC CTC AGT GTA GTG ACC CTT GGC-3') designed by Glass and Donaldson [34].
For both regions, PCR reactions included 25 pL. Tag DNA polymerase Master Mix 2 x (VWR
Life Science, Leuven, Belgium), 1 puL of each primer at 10 mM, and 2 pL of genomic DNA
in a final volume of 50 pL. PCR parameters used in the thermal cycler for benA and ITS
were: 95 °C for 5 min, 35 cycles of 95 °C for 1 min, 56 °C for 45 s, 72 °C for 90 s, and a final
extension at 72 °C for 10 min.

Amplification success was verified on 1% (w/v) agarose gels and PCR products
purified using NZYGelpure kit (NZYTech Lda, Lisbon, Portugal) according to the manufac-
turer’s instructions and sent for Sanger sequencing to StabVida (Madan Parque, Caparica,
Portugal). To provide species identification, phylogenetic analyses were performed as
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described in Costa et al. [11] against sequences of reference species retrieved from the
NCBI database.

2.4. Toxigenic Capacity of Fungal Isolates

Potential mycotoxigenic fungi strains were tested for the production of AFs and OTA.
All Aspergillus and Penicillium strains isolated from SP I, SP II, and SP III were tested
for AFs production. These strains were previously assessed for OTA production on a
culture medium [11]. Aspergillus and Penicillium strains isolated from coriander and cumin
seeds and Merkén samples were tested for AFs and OTA production. Each fungal strain
was placed onto 6 cm diameter plates with Czapek yeast extract agar medium (CYA,
agar 15 g L1, KHPO, 1 g L™, sucrose 30 g L1, yeast extract 5 g L™1, 10 mL of Czapek
concentrate, 1 mL of trace metal solution) and grown for 10 days at 25 °C. For AFs/OTA
extraction, three agar plugs were removed from one colony and placed into a 4 mL vial,
where 2 mL of methanol was added. After 1 h, the extract was filtered through 0.2 um
syringe filters (Filter-Bio, Nantong, China) and analyzed by HPLC [35].

2.5. Mycotoxin Detection

Overall, chromatographic analysis was based on a qualitative method. Samples were
taken as positive, for each of the analyzed mycotoxins, when yielding a peak at a retention
time similar to each standard. Each sample was scored by the presence/absence of the
analyzed mycotoxins, being classified as not detected (—) and detected (+) [29].

For AFs detection, samples were analyzed using High-Performance Liquid Chro-
matography (HPLC Waters, Milford, MA, USA) equipped with a Jasco FP-920 fluorescence
detector (365 nm excitation wavelength; 435 nm emission wavelength), using a photo-
chemical post-column derivatization reactor (PHRED unit—Aura Industries, San Diego,
CA, USA). Chromatographic separation was performed on a reverse phase C18 column
(Waters Spherisorb ODS2, 4.6 mm x 250 mm, 5 um), fitted with a pre-column with the
same stationary phase. The mobile phase used was pumped at 1.0 mL/min and consisted
of an isocratic mobile phase as follows: water: acetonitrile: methanol (3:1:1, v/v).

For total AFs, retention times were 11 min for AFG,, 12.90 min for AFG;, 14.39 min
for AFBy, and 17.18 min for AFB;. AFs determination in samples was based on a method
using a total AFs concentration range from 0.05 to 50 ppb. Samples were taken as positive
for each of the toxins when peaks were at a retention time similar to each standard, with an
area height five times higher than the baseline noise.

OTA analysis was performed as described in Costa et al. [11]. OTA was identified by
comparison of the peak samples’ retention time with that of the standards. Standards were
prepared by serially diluting a primary OTA stock solution (25 pg/mL). Chromatograms
with OTA concentration ranging from 0.05 to 50 ppb were obtained. Samples were taken as
positive for each of the toxins when peaks were at a retention time similar to each standard,
with a peak height five times higher than the baseline noise.

3. Results and Discussion
3.1. Fungal Contamination

Merkén is a substrate with a low water activity (a\) and high NaCl concentration.
Both intrinsic factors narrow growth conditions, favoring a specific fungi subset. The
results presented here show that Aspergillus and Penicillium were the dominant genera
isolated from Merkén samples (Table 1; Figure 2). The findings obtained in the present
study are in accordance with those reported by Chuaysrinule et al. [36], Costa et al. [11],
and Santos et al. [13], in which Aspergillus and Penicillium are the dominant fungal genera in
pepper powder and also in Merkén raw material (e.g., dried and smoked C. annuum pods).
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Table 1. Mycobiota isolated from Merkén pepper samples and coriander and cumin seeds after 7 days
of incubation on DRBC, DG18, and MEA at 25 °C. The number of isolates of each species is indicated
in parenthesis. Detailed phylogenetic analyses can be found in Figure 2.

Spices Fungal Species
Aspergillus spp. Penicillium spp. Other Genera
A. tubingensis (5) P. brevicompactum (2)
A. candidus (1) P. corylophilum (6)
Merkén A. chevalieri (2) P. polonicum (1)
A. pseudoglaucus (1)
A. montevidensis (3)
iand A. niger (2) P. kongii (1) Alternaria sect. Alternata (2)
Coriander A. tubingensis (1) P. melanoconidium (1)
Cumin A. fumigatus (1) T. islandicus (1)

A. sydowii (1)

(A) + CCCT 18.21 (OM400558) sor. Nigri
+ CCCT 19.116 (OM400564)
A. tubingensis NRRL 4875 (EF661086)
!+ ceeT 19.118 (OM400566)
+ GGGT 19.119 (OM400567)
w| |+ CCCT 19.123 (OM400572)
+ CCCT 19.417 (OM400565)
A_niger NRRL 326 (EF661089)
4+ cocr 1815 (oM400557)
+ CCCT 18.26 (OM400559)

m[ﬂ. candidus NRRL 303 (EU014089)
+ CCCT 18.191 (OM400571)
100, A. fumigatus NRRL 163 (EF869791)

% CCCT 18.94 (OM400563)

ser. Candidi
ser. Fumigati
100 A. Sydowii NRRL 250 (EF652274) ser. Versicolores
| cecT 18.92 (OM400562)
1| A. pseudoglaucus NRRL 40 (EF651917)
+ CCCT 19.136 (OM400584)
wo |+ CCCT 19,120 (OM400568)

il

+ CCCT 19.129 (OM400578)
| A. chevalieri NRRL 78 (EF651911)

A. montevidensis NRRL 108 (EF651898)

| + CCCT 19.125 (OM400574)
+ CCCT 19.126 (OM400575)
+ CCCT 19.134 (OM400582)

100/ T. fslandicus CBS 33848 (KF984655)
| % cocT 18.12 (Om400561)
4+ CCCT 19.130 (OM400579)

+ CCCT 19.132 (OM400580)
+ CCCT 19.128 (OM400577)
|+ ceer 10.127 (OM400576)
+ CCCT 19.124 (OM400573)
+ GCCT 19.122 (OM400570)
P. corylophilum GBS 312.48 (JX141042)
70| P. melanoconidium CBS 115508 (MN969387)
10 # CCCT 18.37 (OM400556)

"

ser. Viridicata

P. polonicum CBS 222.28 (MN969392)
+ CCCT 19.135 (OM400583)

+ CCCT 18.113 (OM400560)

| P kongii AS3.15329 (KC427171)

1| P. brevicompactum CBS 257.29 (AY674437)
+ CCCT 19.121 (OM400569)

+ CCCT 19.133 (OM400581)

T. paradoxa CBS 103.73 (JF417469)

ser. Brevicompacta

sect. Nigri (B)

sect. Candidi

sect. Alternata

+ CCCT 19.138 (OM3073986)

# CCCT 19.140 (OM307398)

A. arborescens CBS 102605 (NR 135927)

A. limoniasperae CBS 102595 (FJ266476)

A fongipes CBS 540.94 (AY278835)

A. tenuissima CBS 918,96 (AF347032)

sect. Fumigati

sect. Nidulantes

sect. Brevicompacta

A. alternata CBS 916.96 (AF347031)

A. atra ATCC 18040 (AF229486)

A. cucurbitae CBS 483.81 (FJ266483)

™
A. multiformis CBS 102060 (NR 077187)

A. consortialis CBS 104.31 (KC584247)

A. terricola GBS 202.67 (NR 103600)

T. paradoxa CBS 103.73 (MH860643)

Figure 2. Phylogenetic analyses of benA and ITS sequence data of the 31 strains isolated from SP
IV (coriander 4, cumin %) and SP V (Merkén +) samples collected in the region of La Araucania,
Chile. GenBank accession codes are indicated in parenthesis. Trichocoma paradoxa CBS 103.73 was
used as an outgroup. The percentage of trees in which the associated taxa cluster together in the
bootstrap test (1000 replicates) is shown above the branches. The trees are drawn to scale with
branch lengths measured in the number of substitutions per site. All positions with less than 95%
site coverage were eliminated. (A) benA phylogenetic tree including Aspergillus, Talaromyces, and
Penicillium strains. Selected model: K2 + G + I. The final dataset included 44 nucleotide sequences
and a total of 251 positions. (B) ITS phylogenetic tree of Alternaria strains. Selected model: K2. The
final dataset included 13 nucleotide sequences and a total of 426 positions.
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Penicillium brevicompactum was the only species isolated from all sampling points of the
Merkén production chain, which means fresh, dried, smoked fruits of Capsicum, and Merkén.
This suggests that this species is well adapted to this particular crop and derived product.
The other species of Aspergillus (A. candidus, A. chevalieri, A. fumigatus, A. pseudoglaucus,
A. tubingensis) and Penicillium (P. corylophilum and P. polonicum) isolated from Merkén have
also been found in other pepper-derivative products [9,11,12]. These isolates encompass the
xerophilic/xerotolerant and osmotolerant species, which can survive repeated desiccation—
rehydration cycles [37,38]. In addition, cumin and coriander seeds that are added to the
Merkén mixture can be supplementary entry points for fungal contamination.

The obtained mycobiota profile fits the requirements needed to overcome suboptimal
conditions found in Merkén. The origin of the Capsicum fruits, the hygiene conditions
during storage and transport, the water activity in Merkén, and its raw material are key
factors to control fungal proliferation [7,10].

3.2. Occurrence of AFs and OTA

Under the conditions analyzed in the present study, AFs and OTA were not detected
in berry fruit samples of C. annuum L. cv. “Cacho de Cabra” from harvest (SP I), drying
(SP II), and smoking (SP III) stages. The absence of AFs and OTA in pepper pods produced
by these farmers does not guarantee that C. annuum products such as Merkén are free of
mycotoxins. Conversely to the results presented here, several studies widely reported
mycotoxin contamination in Capsicum pods [22,39], pepper powder [40], and pepper-based
products [14,41]. Ikoma et al. [42] analyzed dried peppers from Chile, showing a contam-
ination range from 163.4 to 1059.2 ug/kg with an average OTA amount of 355.6 ug/kg.
Similarly, the Chilean Mycotoxin Surveillance Program, which analyzed mycotoxin contam-
ination in Chilean food samples between 2013 and 2017, reported that OTA was detected in
81 samples of Merkén and Capsicum pods ranging from <LOD to 416.3 pg/kg; and total
Afs were detected in 45 samples of Merkén and Capsicum pods ranging from <LOD to
14.12 ug/kg [16]. In all cases, there is no information regarding the agricultural practices
used in the production of the analyzed pepper pods.

Regarding coriander and cumin seeds, both ingredients are added to Merkén during
the milling step (SP IV) and are pointed out as a possible route of mycotoxigenic contami-
nation to Merkén. However, in the present study, AFs and OTA were not detected in the
analyzed seed samples.

The occurrence of AFs and OTA was also analyzed in Merkén samples provided by
farmers (SP V; n = 8) and purchased from local markets (SP V; n = 13) in the region of La
Araucania (Chile) (Table 2). AFB; was detected in 75% of the Merkén samples obtained from
farmers and 46% of the Merkén samples purchased from local markets. AFB,, AFGy, and
AFG; were not detected in any sample evaluated in the present study. OTA was detected
in 100% of Merkén samples obtained from farmers and local markets. The protracted
consumption of food contaminated with both toxins is a risk factor for human health.
According to Foerster et al. [43], consumers of high amounts of Merkén and Capsicum
pepper could be at risk of mycotoxin exposure. Further, the analyses of urine samples
from a fraction of the Chilean rural population revealed a significant correlation between
AFB; and Capsicum powder consumption (R?: 0.18, p = 0.03) [44]. AFB; exposure through
Capsicum and derivatives intake has been suggested as one of the risk factors responsible for
high rates of gallbladder cancer among Chilean women [19,42,45-48]. In the present study,
the co-occurrence of AFB; and OTA was detected for c.a. 57% of Merkén samples (12 out
of 21 samples). Mycotoxin co-occurrence in pepper powder is widely reported [14,39,49].
Santos et al. [50] evaluated the co-occurrence of AFs, OTA, and ZEN in pepper samples
commercialized in Spain. According to the authors, 65% of the pepper samples contained
more than one mycotoxin. Similarly, Ozbey and Kabak [40] reported the co-occurrence of
AFs and OTA in c.a. 41% of the analyzed red pepper powder samples.
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Table 2. AFs and OTA results for Merkén from farmers (n = 8) and markets (1 = 13) of the region of
La Araucania, Chile.

Source Samples OTA (ug/kg) AFB; (ug/kg)

I
II
111
v
Farmer v
VI
VII
VIII

1

+

+

I+ + + + +

Local markets

IO Ul WIN

9
10
11
12
13

R T I I S e S S S T I I I T
L+ 1+ |+ |+ + + |

(+) Detected; (—) Not detected.

Chilean companies that trade Merkén and derivative products of Capsicum have sought
to enhance and solidify their presence in the international market, especially in Europe and
the United States of America. Thus, guaranteeing food safety is a key point for the expansion
of these business trades. Although it is a risk factor, up to now Chilean legislation does not
regulate the maximum limits of OTA in spices. In Chile, the regulation for mycotoxins in
spices, including Capsicum, establishes MTL at 10 ug/kg, only for total AFs. Conversely, the
European Commission (EC) established rigorous legislation for mycotoxin in food and feed for
all countries of the European Union. The regulations for AFs in Capsicum fruits with MTL are
set at 10 ug/kg for total AFs (AFB1 + AFB2 + AFG1 + AFG2) and at 5.0 pug/kg for AFB1 [51].
The regulation was recently updated with the maximum levels of OTA in spices of 20 ug/kg
for Capsicum powder and 15 pg/kg for mixtures of Capsicum with other species [52]. No
maximum tolerable Fusarium-produced mycotoxins or patulin concentration has been
established for pepper powder to date. Combined intake of different types of mycotoxins
may lead to a synergistic or at least additive effect [6,19]. Currently, there is no regulation
for combined contamination of mycotoxins in different foods, except for the control of the
four aflatoxins (AFB;, AFB;, AFGy, and AFG,) together [53].

The ability of the Penicillium (n = 113) and Aspergillus (n = 35) isolates from SP I, SP II,
and SP III to produce aflatoxins was also evaluated in the present study. Under the analyzed
conditions, none of the strains isolated from Capsicum pods produced AFs. The isolated
fungal species reported herein were also previously assessed as non-OTA producers [11].
The lack of AFs and OTA strain producers among the isolated fungal species can explain
and support the absence of contamination in berry fruits of C. annuum L. cv. “Cacho
de Cabra”. Regarding the Aspergillus (n = 17) and Penicillium (n = 11) strains isolated
from cumin and coriander seeds and Merkén, none of the strains produced AF or OTA
above the detection levels. Conversely, OTA (100% of samples) and AFB; (57% of samples)
were present in Merkén samples. Once Merkén samples from local markets came from
different producers than the ones analyzed here, it was not possible to ensure that Capsicum
pods used in their production were free of spoilage fungi and mycotoxins. Then, it is
possible to suggest that a process of mycotoxin accumulation at the endpoint is occurring,
where only the toxin is detected and not the mycotoxigenic fungal strains. Additionally,
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according to the data obtained in the present study, it was not possible to establish a direct
relationship between the isolated mycobiota and the mycotoxins contamination of Merkén.
For Merkén samples obtained from the local farmers, mycotoxins accumulation throughout
the production stage seems unlikely since no contamination was detected in the used raw
material and the isolated fungal strains have not produced toxins. This may suggest that
suitable conditions found in Merkén composition, and not in the other subtracts, may have
triggered AF/OTA biosynthesis by an indigenous strain or also by an unknown fungal
producer of these mycotoxins.

Besides a strain’s toxigenicity, the substrate composition (NaCl, capsaicinoids, capsi-
noids, etc.) and ecophysiological factors (lower a,, level, temperature) can play a key role
in the up/downregulation of mycotoxin biosynthesis [54,55]. Concerning Merkén, despite
being a pepper-based product, the high NaCl concentration (10% w/w) makes this substrate
an unlikely ecological habitat for the berry fruits of C. annuum L. cv. “Cacho de Cabra”. The
NaCl-rich environment can promote the OTA biosynthesis by fungi (e.g., Penicillium nordicum)
as an adaptive strategy to osmotic stressful conditions [56—60]. Ochratoxin A has been
previously detected in food substrates rich in salt such as cheese, dry-cured sausages, and,
according to the results from this survey, in Merkén. In addition, the antifungal compounds
(e.g., capsaicin) present in pepper powder and also Capsicum berry fruits can inhibit fungal
growth including aflatoxigenic strains by downregulating AF biosynthesis [54]. The role of
NaCl and capsaicinoids on fungal community dynamics and mycotoxin biosynthesis in
C. annuum berry fruits and Merkén is still unclear. Further analysis is required to assess
the susceptibility of this substrate to other mycotoxins since fungi strains isolated from
berry fruits of C. annuum L. cv. “Cacho de Cabra” [11] and Merkén are potentially able to
produce citrinin (P. citrinum and P. expansum), fumonisins (A. niger), gliotoxin (A. fumigatus),
or penicillic acid (P. cyclopium, P. melanoconidium, P. polonicum, and P. viridicatum), among
other secondary metabolites [14,36].

3.3. Recommendations for Merkén Production Chain Food Safety

Based on the data presented herein, it is possible to infer that harvest (field) and
primary processing of post-harvest (drying, smoking, and milling) are not potential critical
points for OTA and AFs contamination (Figure 3), even though all these stages are suscepti-
ble to fungal growth [11]. However, it is worth pointing out that the mixture of unsorted
pods, during the milling process, can lead to cross-contamination [6]. For small farmers, the
dynamic between milling and sale may be more straightforward. Overall, Merkén remains
on the farm and in store for a shorter period, either for their own consumption or to be
passed directly to the final consumer. When passed to cooperatives through a middleman
or sold at local markets, Merkén can be held in storage over a longer period [1].

Unlike in previous steps, the endpoint of the Merkén production chain, which corre-
sponds to the commercialization stage, is susceptible to AFs and OTA contamination. At
this stage, Merkén is usually sold in bulk, unpackaged (big open bags or wood/plastic
boxes). The absence of a physical barrier makes this spice susceptible to surrounding dirti-
ness and also to airborne spores. In this study, some clinically important fungal pathogens
(e.g., A. chevalieri, A. fumigatus, A. tubingensis) were isolated from Merkén samples. There-
fore, even mycotoxin-free samples can still be a risk due to their mycological burden [61-63].
During storage (after milling) and commercialization, conditions of humidity (<70%), tem-
perature (<5 °C), and sanitation of warehouses must be strictly controlled and stabilized;
otherwise, it can allow new fungal infections or suitable conditions for the growth of
indigenous mycobiota and mycotoxin production [7]. This is an aspect worth considering
in Merkén production, mainly because in Chile (southern hemisphere) the harvest and
processing of Capsicum pods up to Merkén manufacture coincide with autumn, a period in
which the temperatures and hours of daylight decrease quickly [64].

In the present work, the detection of AFB; and OTA and the high mycological burden
in Merkén samples and its raw materials emphasize the need for improvements in its
production chain. Low-cost intervention measures may be successfully applied to reduce
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exposure to spoilage fungi and mycotoxins in local farming [65]. For example, to avoid soil
contact and for easy displacement in case of rain conditions during the drying step, instead
of being spread on the floor, Capsicum fruits should be spread onto a clean canvas.

01 02 03 04 05
Fresh fruit Drying Smoking Milling Final Merkén
High water activity. Sun drying leads to long- | Poor post-harvest hygiene Seeds harbour a spoilage Storage, transport, and sale without proper
Unselected pods. term exposure to dust, | instorchouse leads to long- | microbiota packaging
Fungal infection by | insectsand spoilage fungi term exposure to dust,  Grinding a mixture of seed Extrinsic Factors: Fungi contaminationby
mechanical damage. Temperature and humidity | insects and spoilage fungi. : batches can generate cross- . unsorted pods/seeds; High fungal
oscillation Temperature and humidity | contaminations and be a contamination from improperly facilities
oscillation. source of contaminationfor | Intrinsic Factors: Substrate composition
further processing, (NaCl, capsaicinoid) and ecophysiology
factor can up/down- regulate mycotoxin

) biosynthesis
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Capsicum pod Dried Capsicum pod Smoked Capsicum pod Cumin and Coriander sceds Merkén

Figure 3. Overview of critical points for contamination with spoilage fungi and AFs/OTA, according
to results of the present study. The main factors affecting food safety at each point of the Merkén
production chain are highlighted.

The fruits should be well spread over the tarpaulins, without layers, for even drying.
The tarpaulins should be washed, if possible, with bleach, then dried in the sun and stored
in a clean place; the area used for drying Capsicum pods in the sun should be inaccessible
to animals (e.g., rodents, birds, insects). For this, a fiberglass screen can be used to fence
the space. Thereafter, the warehouse where the smoking of the Capsicum pods takes place
usually has a central sawdust fire, dirt floor, and is several wood stories high, where the
Capsicum pods are placed.

The warehouse floor can be concreted to minimize dust contamination and to be
easier to wash and clean. The wooden shelves can be covered with natural-fiber mats
or tarpaulins, preventing the pods from suffering injuries due to friction with the wood.
In the milling stage, the pods can be stored in jute and polyethylene bags, which can be
cleaned regularly. Capsicum pods and additional ingredients (seeds) must undergo a visual
inspection, and any lesion or microbiological contamination should be properly discarded.

The grinder must be cleaned before and after use. Merkén can be stored in new/clean
burlap or polypropylene bags. The bags should be stored off the ground, preferably on
pallets in a clean and airy environment. In the sales stage, Merkén sold in bulk at local fairs
should ideally be stored in airtight containers. Currently, this spice is stored in open jute
or canvas bags. The products are exposed and susceptible to dirt, insects, moisture, and
fungal contamination. Additionally, it can affect Merkén'’s organoleptic properties. Finally,
regular Training Programs on Good Agricultural Practices (GAP) and Good Manufacturing
Practices (GMP) should be available to rural farmers and stakeholders of Capsicum pepper.

4. Conclusions

This study analyzed for the first time all points of Merkén production chains regarding
mycotoxin contamination. Our results show the absence of AFs and OTA in coriander and
cumin seeds and in Capsicum pods from all production stages (e.g., harvest, drying, and
smoking), pointing out that harvest (field) and initial processing of post-harvest (dried,
smoking, and milling) are not critical stages for OTA and AFs contamination. These
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findings suggest that at least the raw materials (e.g., C. annuum pods and seeds of coriander
and cumin) of Merkén obtained from farmers are not the main source of AF and OTA
contamination. For Merkén samples obtained in local markets, it is not possible to reach
the same conclusion since its raw materials were not analyzed.

Merkén commercialization, the last stage of the production chain, is a critical point for
AFs and OTA contamination. However, it was not possible to establish a direct relationship
between the isolated mycobiota and the AF and OTA contamination observed in Merkén.
Isolated Penicillium and Aspergillus species did not produce any of the analyzed mycotoxins
under the used in vitro conditions. However, the unique intrinsic factors (high NaCl
concentration, presence of capsaicinoids and capsinoids, and ecophysiological factors)
found in Merkén composition in addition to the extrinsic factors (fungi contamination
by unsorted pods/seeds, fungal contamination from substandard facilities) can provide
suitable conditions for AF/OTA biosynthesis by indigenous strains or also by an unknown
producer of these mycotoxins.

From the food safety point of view, the detection of AFB; and OTA and the high myco-
logical burden in Merkén samples emphasize the need for production chain improvements.
The application of low-cost corrective actions based on Good Manufacturing Practices
(GMP), Good Hygienic practices (GHP), and Good Storage Practices (GSP) should be
successfully applied along the Merkén supply chain.
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