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Summary and thesis outline 

Berry fruits of Capsicum annuum L. cv. "Cacho de Cabra” are used for the 

manufacture of a traditional pepper powder known as Merkén, which is a powder with 

smoky flavour. Merkén is produced by families of the Mapuche Ethnicity in the central-

south zone of Chile, mainly in the Region of La Araucanía, and is commercialised on the 

national and international markets. Official alerts of Merkén contamination with 

mycotoxins, mainly with Aflatoxins (AFs) and Ochratoxin A (OTA) could be a threat to 

producers’ revenues. Especially to small ones, as Mapuche Communities once this spice 

is an important source of income for their families’ subsistence.  

Warm and humid climate in the areas of Merkén production, poor hygienic 

conditions during production, transportation, packaging and storage, may increase the 

risk of fungal proliferation and OTA contamination in peppers. The impact of climate 

changing on the increase of mycotoxin production by food mycotoxigenic fungi is a 

concern. Moreover, the agricultural practices used by Mapuche Communities’ producers 

of Merkén are highly empirical, based on ancestral agriculture methods and do not 

consider the prevention of fungal growth and further AFs and OTA contamination. Until 

now, scientific information on mycobiota and AFs and OTA contamination points in 

Merkén manufacturing process is scarce, especially that produced through traditional 

methods. 

Against this background, the hypothesis of this Doctoral Thesis was that the 

traditional agricultural practices for the Merkén production by Mapuche’s Communities 

together with the ochratoxigenic and aflatoxigenic genetic potential of the indigenous 

fungal population distributed across the different micro-regions of La Araucanía are the 

source of OTA and AFs contamination in Merkén.  
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To answer this hypothesis, the main aim of this project was to search for the 

mycotoxigenic potential of the mycobiota belonging to the Aspergillus and Penicillium 

genera on the Merkén’s traditional chain production and the OTA and AFs contamination 

points in this traditional production chain.  

In chapter I, a general introduction is displayed, showing the hypothesis and aims of 

this Doctoral Thesis. The chapter II provides an overview of the current status of 

filamentous fungi and mycotoxins in Capsicum products, pointing out the role that 

ecophysiological factors can play in Capsicum derivatives during fungal growth and 

mycotoxins biosynthesis. In addition, human health risks caused by the ingestion of 

Capsicum peppers contaminated with mycotoxins is also addresses. 

In the Chapter III, food safety of peppers produced in Chile, is discussed highlighting 

the impact of spoilage fungi and mycotoxin contamination on human health and 

agribusiness. Moreover, national legislation and policies measures adopted by the Chilean 

regulators’ agencies to control mycotoxin in this spice will also be discussed. 

The chapter IV provides the first study on the mycobiota of Chilean pepper C. 

annuum L. cv. “Cacho de Cabra” during the initial stages of traditional agricultural 

cultivation (e.g., harvest day, drying and, smoking processes). Further we investigate the 

ochratoxigenic potential of each isolated fungal strain. The results showed that high 

frequency of spoilage fungi (n=192) was isolated in all stages of production of C. annuum. 

Predominant genera were Penicillium (58.9%), Aspergillus (18.2%), Alternaria (8.9%) 

and Fusarium (7.3%). Regarding mycotoxin production, under the growth conditions 

used none of the strains was able to produce OTA above the detection limits.  

In chapter V the occurrence of OTA and AFs (AFB1, AFG1, AFB2, AFG2) in berry 

fruits of C. annuum L. cv. "Cacho de Cabra” during manufacturing (harvest, drying, and 
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smoking stages), in added ingredients (cumin and coriander seeds), in the final packaged 

Merkén produced by local farmers, and in Merkén commercialised in local markets of the 

Region of La Araucanía, Chile was evaluated. Furthermore, the aflatoxigenic and 

ochratoxigenic potential of fungal strains isolated from each substrate was also assessed. 

Based on our dates it is possible to infer that harvest (field) and primary processing of 

post-harvest (drying, smoking and milling) are not critical points for OTA and AFs 

contamination. Although all these stages are susceptible to fungal growth. In contrast, the 

endpoint of the Merkén production chain, which corresponds to the commercialisation 

stage is susceptible to AFs and OTA contamination. The co-occurrence of AFB1 and OTA 

was detected in c.a. 57% of the final packaged Merkén samples. Additionally, low-cost 

intervention measures were suggested aiming to improve food safety in the Merkén 

production chain.  

In Chapter VI, all the results obtained in this Doctoral Thesis are discussed 

comprehensively and the most important remarks and perspectives are presented. The last 

section of this manuscript includes additional articles published in international journals 

(ISI / WOS Q1-Q2) during the term of this PhD.   
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1.1 General Introduction  

Capsicum annuum is the most well-known species, widespread and cultivated 

plants of the genus Capsicum within the family Solanaceae. This species encompasses 

cultivars producing a wide variety of shapes and sizes of peppers, both mild and hot, 

ranging among bell peppers, jalapenos and cayenne peppers. Cultivars are descended 

from the wild American bird pepper plant (Capsicum annuum var. glabriusculum), which 

is still found in some warmest regions of the American Continent (Morris and Taylor, 

2017). Berry fruits of Capsicum annuum is a key element for the creation of endless 

condiments widely used in gastronomy (Costa et al., 2019a). 

According to the Food and Agriculture Organization (FAO) of the United Nations 

(UN) the world production area for pepper is over 1.94 million ha, with a production of 

32.3 million tonnes of harvested product per year, with more than 13% produced in the 

American Continent (FAOSTAT, 2018). The exotic characteristics of taste, aroma, colour 

and pungency as well as the multivariate consumption forms have made this spice widely 

known as a food ingredient around the world (Riquelme and Matiacevich, 2017; Costa et 

al., 2020). In Chile, Capsicum cultivation extends from Arica to Araucanía Region, 

covering approximately 522 ha of planted area. Berry fruits of Capsicum annuum L. cv. 

"Cacho de Cabra” are used for the manufacture of a traditional pepper powder known as 

Merkén, which is a pepper powder with smoky flavour. Merkén is a product intrinsically 

associated to the ancestral Mapuche Ethnicity (Costa et al., 2019a, Costa et al., 2020; 

Muñoz-Concha et a., 2020). 

Mapuche is an Amerindian Ethnicity with its communities mainly living in the 

south-central zone of Chile and some communities living in the south-western zone of 

Argentina. According to the data reported by the National Institute of Statistics of Chile, 

in 2016 around 9,9% of the whole Chilean population identified themselves as members 
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of the Mapuche Ethnicity (INESTAT, 2017). Although the Mapuche Communities are 

disappearing at an accelerated rate, their cultural and gastronomic influence is of great 

importance for the identity of Chile as a country.  

Merkén is produced by families of the Mapuche Ethnicity in the central-south 

zone of Chile, mainly in the Region of La Araucanía and is commercialised on the 

national and international market (Muñoz-Concha et al., 2020). The production of 

Merkén by these families has been carried out mainly in artisan or semi-industrial form 

(Di Pillo and Martínez, 2018). In both cases, it begins with the selection of seeds from 

previous harvests. Selected seeds are sow in a nursery from May to June (end of autumn 

to early winter in the Southern Hemisphere). From August to September (end of winter 

to early springer), plants are transplanted to the field for plant growth and berry fruit 

production. Then, from March to April (beginning of autumn), berry fruits are harvested. 

After harvest, berry fruits are usually dried by sun exposure or inside “Rucas”, that are 

typical Mapuche’s houses made of wood and straw (Di Pillo and Martínez, 2018; Costa 

et al., 2019b).  

After drying, the farmers smoke the fruits, crush, powder and mix them with 

crushed coriander seeds and salt. Moreover, some communities add other spices to obtain 

the final Merkén. Overall, these added spices give to the Merkén a darker colour, while 

the smoke process gives it a smoky flavour. The final product has about 70% of pepper 

(with or without pepper seeds, depending of each producer), 20% of coriander seeds and 

other spices, and 10% sea salt. Merkén is obtained as a characteristic Chilean spice (FIA, 

2010; Costa et al., 2020). 

Due to its high demand, nowadays Merkén is also processed by Chilean Industries 

and sold on the national and international market mainly by the following brands: 
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Marcopolo, Gourmet, Sabu and Surco. These 4 brands share about 90% of the national 

production, and national and international markets (Belmar and Concha, 2019; Costa el 

al., 2019a)  

The production of dehydrated Capsicum and by-products such as Merkén, 

paprika, sauces, spice mix is a sector of high economic potential. In the year 2019, the 

total Chilean exportations of Merkén pepper reached 58,706 tonnes (FAOSTAT, 2021). 

The industrialisation of the Merkén production aims to promote its standardisation and 

obtain a commercial product of higher quality and local identity (Muñoz-Concha et al., 

2020; ProChile, 2021. However, low yields in the last seasons, the higher production 

costs, the high quality and competitiveness of imported pepper products, and the little 

agriculture manpower led to a downward level of Capsicum-based products export 

volumes (Muñoz-Concha et al., 2020). 

To reverse this situation, Chile invested in the development of more productive 

varieties, tolerant to frost and phytopathogens (Muñoz-Concha et al., 2020). In addition, 

a great effort has been made towards structure and develop Mapuche start-ups (e.g., 

Chiloé Gourmet, Willikitral, Kelü Milla, and so forth) to diversify its pepper-based 

products and leverage export opportunities (ProChile, 2021).  

To reach international markets as European Union, North America and Oceania, 

it is important that Chilean pepper-based products are competitive in terms of price, 

flavour, and high-quality package (ProChile, 2011). Furthermore, food safety is a key 

point for products to be traded in these markets (Leonelli-Cantergiani et al., 2017; Costa 

et al., 2020).  

Capsicum pepper and its derivatives has extensively been reported to be 

frequently contaminated by mycotoxins in different countries around the world.  In 2017, 
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the Chilean Ministry of Health reported cases of Merkén contamination with mycotoxin, 

mainly Aflatoxins (AFs) and Ochratoxin A (OTA) (Minesal, 2017). It put the market of 

this commodity under risk (Costa et al., 2019; Costa et al., 2020; Costa et al., 2022 

unpublised, Foester 2019), which has directly affected Mapuche communities’ revenues. 

Such communities obtain an important source of income for their families’ subsistence 

with Merkén production and commercialisation. In addition, agribusiness also suffers 

economic losses, with the blockade of its products and mainly the credibility loss in the 

international market. 

1.1.1 Ochratoxins in Capsicum spp.  

Mycotoxins are low molecular weight metabolites produced by fungi that can 

confer risks to human and animal health. Peppers and industrialised derivatives have been 

reported to be frequently contaminated with aflatoxins (AFs), fumonisins (FBs), 

Ochratoxin A (OTA), patulin (PAT), trichothecenes (TCTs), and zearalenone (ZEN). 

Among these, OTA has been one of the major fungal toxins found in chili samples 

(Khazaeli et al., 2017; Gambacorta et al., 2018; Costa et al., 2020; Foerster et al., 2019). 

Ochratoxins are a group of fungal secondary metabolites whose structure derives 

from a dihydromethyl-isocoumarin linked to phenylalanine by means of a peptide-like 

bond (Ortiz-Villeda et al., 2021). OTA is the most abundant and the most toxic of the 

ochratoxins’ group, which also includes ochratoxins B (OTB) and C (OTC), and other 

derivatives (Ortiz-Villeda et al., 2021). OTA is nephrotoxic, cytotoxic, teratogenic, 

immunosuppressive, and potentially carcinogenic (Limbeck et al., 2018; Niaz et al., 2020; 

Khoi et al., 2021).  

In recent years some authors have referred to the impact of climate changing on 

the increasing of mycotoxin production by food mycotoxigenic fungi (Leggieri et al., 
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2021; Perrone et al., 2020; Santos et al., 2021). According to the OECD, the Chilean 

agriculture production has been dealing with warmer temperatures and extreme events 

that are likely to be more frequent and severe (OECD/ECLAC 2016).  

Warm and humid climate in the production areas, poor hygienic conditions during 

production, transport, packaging and storage may increase the risk of fungal proliferation 

and OTA contamination in peppers (Costa et al., 2020; Perrone et al., 2020). 

In the field, good agriculture practices, based on hygienic procedures, proper 

fertiliser use and irrigation are key points to decreasing fungal growth and mycotoxin 

contamination (Ozturkoglu-Budak et al., 2017). During the postharvest, this mycotoxin 

is produced more severely, since in this stage the environmental conditions (lower water 

activity) can promote the development of mycotoxigenic strains in detriment to other 

crop-infecting fungi (Wikandari et al., 2020).  

In the artisanal production, the drying stage of the pods is characterised by long 

periods sun exposure (e.g., between 14-21 days), where pods can be affected by changes 

in temperature, exposure to dust, wind and insect infestation (Costa et al., 2019b). In 

contrast, in the industrial sector the controlled conditions of temperature, air velocity and 

humidity reduce the fungal contamination and improve Capsicum quality (Watson et al., 

2021). It is noteworthy that OTA is very stable and can remain in the substrate even after 

the grinding and baking process (Aroud et al., 2021, Bryła et al., 2021). 

OTA is mainly produced by some species of Aspergillus and Penicillium. 

Aspergillus ochraceus, species belonging to Aspergillus section Nigri (especially A. 

carbonarius, and also by A. niger too) and Penicillium verrucosum, have been found as 

important OTA producers. Within these, A. carbonarius have been identified as the key 

species responsible for OTA contamination in agri-food products.  
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These fungal contaminate different crops with different distribution depending on 

climate conditions. Aspergillus ochraceus was considered to be the main source for OTA 

production in relatively warmer regions, while P. verrucosum being in colder areas. 

However, A. westerdijkiae, a potential OTA producing fungus that is phylogenetically 

similar to A. ochraceus, is frequently found in tropical regions, and although it does not 

grow at 37 ºC, it is still considered to be one of the important OTA producers (Almela et 

al., 2007; Wang et al. 2016).  

In Europe, between 2017-2021, 68 cases of pepper contamination were detected 

by Rapid Alert System for Food and Feed (RASFF, 2021). From those, 48 were classified 

as rejections at the border, 11 as alerts and 9 as information notifications. According to 

the RASFF, 54 notifications referred to AFs and 14 to OTA. In Chile, total AFs (range of 

< LOD – 14.12 μg/kg) and OTA (range of < LOD - 416.3 μg/kg) were detected in samples 

of Capsicum pods and Merkén (Chilean Ministry of Health, 2021a).  

The European Commission (EC) established a rigorous legislation for mycotoxin 

in food and in feed. In mixtures of Capsicum and its derivatives with other ingredients, 

the maximum tolerable limit (MTL) set up by EC is 15 µg/kg (Commission Regulation 

EU No. 1137/2015). For Capsicum and its derivatives without any mixture the legal limit 

value for OTA goes up to 20 µg/kg. The Chilean regulation for mycotoxin in spice, 

including Capsicum, establishes MTL set at 10 µg/kg, only for total AFs (Reglamento 

Sanitario de los Alimentos - DECRETO Nº 977, 2013). 

Several studies have reported the mycobiota and mycotoxin contamination of 

Capsicum berry fruits, dried and smoked Capsicum pods (Thirumala-Devi et al., 2000; 

Jalili and Jinap 2012; Yogendrarajah et al., 2014), and Capsicum derivative products (e.g., 



8 
 

pepper sauce, pepper powder, pepper oil, and so forth). However, it is necessary to 

consider the food safety risks throughout the Capsicum production chain.  

In Chile, scientific information about mycobiota and possible OTA and AFs 

contamination points in Merkén manufacturing process is scarce, especially those 

produced through traditional methods by populations belonging to the Mapuche Ethnicity 

from the Chilean Region of La Araucanía. Despite the best effort to guarantee food safety 

of Chilean pepper products, mycobiota and mycotoxin analysis in Chile has been mainly 

carried out in samples obtained from supermarkets (Chilean Ministry of Health, 2021b).  

Up to now, there is no information available about critical points of mycotoxin 

contamination over different stages of the Merkén production chain (Di Pillo and 

Martinez, 2018). In addition, to the best of our knowledge, no information about 

mycotoxin contamination in Merkén commercialised in local Chilean markets is available 

in the literature. 

In order to have a clear overview on the mycobiota associated with the traditional 

Merkén manufacturing process and to be prepared for events of mycotoxins such as AFs 

and OTA occurrence on the Merkén production chain, basic scientific knowledge on the 

traditional production processes and on the aflatoxigenic and ochratoxigenic potential of 

the indigenous fungal population distributed across the different micro-regions of the 

Region of La Araucanía are required and urgent. 
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1.2 Hypotheses 

Based on the previous background, and considering that: 

• The traditional agricultural practices for the Merkén production by Mapuche’s 

Communities of the Chilean Region of La Araucanía is highly empirical and do not 

take into consideration the prevention of fungal growth and OTA and AFs 

contamination; 

• Searching for the mycobiota belonging to the Aspergillus and Penicillium in 

Merkén’s chain production will generate knowledge on the ochratoxigenic and 

aflatoxigenic genetic potential of the indigenous fungal population distributed across 

the different micro-regions of La Araucanía, and on the OTA and AFs contamination 

points in the traditional production processes of this spicy;  

• The traditional agricultural practices for the Merkén production by Mapuche’s 

Communities together with the ochratoxigenic and aflatoxigenic genetic potential of 

the indigenous fungal population distributed across the different micro-regions of La 

Araucanía, and the favourable ecophysiological conditions for OTA and AFs 

production by these fungal species are the source of OTA and AFs contamination in 

Merkén. 
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Therefore, considering these aspects, the hypothesis is: 

The traditional agricultural practices for the Merkén production by Mapuche’s 

Communities together with the ochratoxigenic and aflatoxigenic genetic potential of the 

indigenous fungal population distributed across the different micro-regions of La 

Araucanía are the source of ochratoxin A (OTA) and aflatoxins (AFs) contamination. 

 

1.3 General objective: 

Search for the mycotoxigenic potential of the mycobiota belonging to the Aspergillus 

and Penicillium genera on the Merkén’s traditional production chain, and to search for 

OTA and AFs contamination points during Merkén’s production. 

 

1.3.1 Specific objectives: 

1. Isolate and identify species of Aspergillus section Nigri, Aspergillus ochraceus and 

Penicillium verrucosum from berry fruits of Capsicum annuum L. cv. "Cacho de Cabra”, 

from Merkén powder and from each added ingredient (e.g., coriander seeds), in the 

different points of traditional production processes; 

2. Investigate the ochratoxigenic and aflatoxigenic potential of each isolated fungal strain; 

3. Search for the OTA and AFs contamination in the pepper during the berry production 

and ripening, in the ripe berry fruit, in each added supplement (e.g., coriander seeds) and 

in the final Merkén powder, in the different points of traditional production processes. 
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Abstract 

Capsicum products are widely commercialised and consumed worldwide. These 

substrates present unusual nutritional characteristics for microbial growth. Despite this, 

the presence of spoilage fungi and the co-occurrence of mycotoxins in the pepper 

production chain have been commonly detected. The main aim of this work was to review 

the critical control points, with a focus on mycotoxin contamination, during the 

production, storage and distribution of Capsicum products from a safety perspective; 

outlining the important role of ecophysiological factors in stimulating or inhibiting 

mycotoxin biosynthesis in these food commodities. Moreover, the human health risks 

caused by the ingestion of peppers contaminated with mycotoxins were also reviewed. 

Overall, Capsicum and its derivative-products are highly susceptible to contamination by 

mycotoxins. Pepper crop production and further transportation, processing and storage 

are crucial for production of safe food. 

 

 Keywords: aflatoxins; chilli; mycotoxins; ochratoxin A; pepper; spoilage fungi 

 

 

 

 

 

 

 

 



14 
 

2.1 Introduction 

Mycotoxins are low-molecular-weight secondary metabolites produced by 

filamentous fungi. The word mycotoxin is derived from the Greek radicals “mykes” and 

“toxicum”, meaning fungus and toxin, respectively. This term was coined after a 

veterinary outbreak in England in 1960, when approximately 100,000 turkey poultry died 

from the ingestion of aflatoxin-contaminated peanut meal (Stevens et al., 1960). Since 

then, mycotoxins have become an important issue in relation to the food safety 

requirements for international marketing of agri-food commodities for human and animal 

consumption. 

Mycotoxigenic fungi grow in a wide range of agriculture crops (e.g., cereals, 

soybeans, grapes, tree nuts, groundnuts, coffee, cocoa and spices) and can produce one 

or more mycotoxins. Environmental parameters (e.g., water activity (aw), temperature, 

pH, and nutritional substrate) are the key determinants of fungal colonisation and 

mycotoxin biosynthesis (Schmidt-Heydt et al., 2008). 

Capsicum peppers are condiments widely used in cookery. As with any other 

agricultural crops, they are also susceptible to fungal infection and mycotoxin 

contamination. In the field, the phyllosphere of the growing plants are mainly colonised 

by yeasts and by the filamentous fungal genera Alternaria, Fusarium, Cladosporium and 

Rhizopus. In the harvesting and post-harvest phases, including drying, and subsequent 

product transportation, Aspergillus and Penicillium species are the predominant 

contaminants (Mandeel, 2005; Ruiz-Moyano et al., 2009). 

Mycotoxins are heat stable and difficult to remove once present in the Capsicum 

pepper production chain. Previous studies have shown that industrially processed 

Capsicum products can be contaminated with aflatoxins (AFs), ochratoxin A (OTA), 
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fumonisins (FBs), zearalenone (ZEN), trichothecenes (TCTs), and patulin (PAT) (Santos 

et al., 2011). These mycotoxins can trigger a number of acute and chronic diseases and, 

in more serious cases, can result in fatal consequences (e.g., most recently in Tanzania in 

2016) (Kamala et al., 2018). 

The European Commission (EC) established the most rigorous legislation for 

mycotoxin in food and in feed, including regulations for AFs in Capsicum fruits with 

maximum tolerable limits (MTL) set at 10 µg/kg for total AFs (AFB1 + AFB2 + AFG1 

+ AFG2) and at 5.0 µg/kg for AFB1 (EC 2012). The regulation was recently updated with 

the maximum levels of OTA in spices of 20 µg/kg for Capsicum powder and 15 µg/kg 

for mixtures of Capsicum with other species (EC 2015). No maximum tolerable Fusarium 

toxin or PAT concentration has been established for pepper powder to date. 

Apart from EC regulations, other countries have their own legislation, generally less 

comprehensive and restrictive. In Chile, the regulation for mycotoxin in spice, including 

Capsicum, establishes MTL set at 10 µg/kg, only for total AFs. Similarly, in Uruguay the 

legislation is established only for aflatoxins, with MTL set at 10 µg/kg for total AFs and 

at 5.0 µg/kg for AFB1. In Brazil, current legislation includes MTL established for total 

AFs (20 µg/kg) and OTA (30 µg/kg) in Capsicum spp. (dry fruit, whole or crushed, and 

mixtures of spices). In Pakistan, there is regulation for AFs in chilli powder with MTL 

fixed in 15 µg/kg for total AFs, 10 µg/kg for AFB1 and, 7 µg/kg for OTA. As for 

Capsicum fruits, the MTL is set at 30 µg/kg for total AFs (FAO, 2018). In addition, 

Mexico has no legislation to control AFs and OTA in chili, a cause for concern, 

considering that this country is among the major exporters and consumers of Capsicum. 

Capsicum peppers are commodities of economic relevance that are used in different 

gastronomic cultures. However, there is still a lack of information, especially on the 
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fungus-mycotoxin-Capsicum pepper relationship. This review aims to summarise and 

discuss the current status of filamentous fungi and mycotoxins in Capsicum products, 

including the role of ecophysiological factors in mycotoxin contamination of these 

products. Human health risks caused by the ingestion of Capsicum peppers contaminated 

with mycotoxins will also be reviewed. 

2.2 Capsicum Peppers 

Peppers are among the most popularly consumed spices around the world. In the 

American continent, Capsicum is described as one of the oldest cultivated plants, 

regarded as a prehistoric crop. In the first Columbus expeditions, it was recorded those 

peppers were used by Mayan civilisation as a condiment and as an ingredient in medicinal 

preparations (Govindarajan and Salzer, 1985). 

In Central and South America, the centre of origin and diversity of Capsicum, the 

peppers were called “aji” or “chilli” by Amerindian civilisations (Cichewicz and Thorpe, 

1996). By the early 16th century, Capsicum cultivation spread throughout Europe, Asia 

and Africa. Due to their pungency, they were associated with black pepper, Piper nigrum 

L., although the species are not related. After its diffusion, different terms were used to 

refer to Capsicum fruits and commonly known as “red pepper”, “pepper”, “hot red 

pepper”, “tabasco”, “paprika”, and “cayenne” (Suzuki and Iwai, 1984). 

Capsicum is a horticultural crop produced worldwide. It belongs to one of the most 

valuable plant families known as Solanaceae, containing more than 3000 species that 

comprises many economically important plants such as tomato (Lycopersieon esculentum 

Mill.), potato (Solatium tuberosum L.), aubergine (Solanum melongena), and tobacco 

(Nicotiana iobacum L.) (Govindarajan and Salzer, 1985).  
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The Capsicum genus includes more than 30 species, from which C. annuum, C. 

baccatum, C. chinense, C. frutescens and C. pubescens are the most common. The plants 

are bushy, about 60–80 cm in height and semi-perennials, and are grown as annuals in 

cultivation, usually produced in tropical and sub-tropical areas (Mueller et al., 2005). 

Capsicum fruits have different shapes, colours, and degrees of spiciness, being 

commonly divided into two groups, pungent and non-pungent, called hot and sweet 

pepper. Throughout the present work, the term “Capsicum” will be used to refer to both 

spicy and non-spicy pepper; while for spicy pepper the terms red pepper or chilli will be 

used, and non-spicy pepper will be referred to as sweet pepper. 

2.2.1 Pepper Production Process 

Red pepper is the second largest consumed spice throughout the world, after black 

pepper. Its exotic characteristics of taste, aroma, colour and pungency, as well as the 

multivariate forms of consumption, have made this spice widely used in gastronomy. 

According to the Food and Agriculture Organization (FAO) (FAOSTAT, 2018), in 

2016, the worldwide production area for dried Capsicum was 1,798,847 ha, with a 

production of 3,918,159 tonnes of harvested product per year. China is an important 

supplier of crushed and ground peppers. In 2016, China produced the highest amount of 

peppers, followed by Mexico and Turkey. 

The production indices show the importance of Capsicum crop mainly in developing 

economies. However, the fact that they are frequently contaminated with spoilage fungi, 

has put at risk the income of small and large-scale pepper producers. Peppers are amongst 

the spices that are most susceptible to fungal contamination, especially by potentially 

mycotoxigenic species. Most of these commodities reach the market without undergoing 
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proper processing. In general, they are only dried and then ground before being packaged 

and made available to the consumer (Kneifel and Berger, 1994; Aziz 1998). 

The whole pepper production chain should be managed carefully to prevent fungal 

infection and mycotoxin contamination. In Figure 1, the critical factors favouring fungal 

growth and mycotoxin contamination during the pepper production chain are highlighted. 

In the sowing stage, excessive irrigation and fertiliser application above the recommended 

levels enhance plant susceptibility to fungal colonisation (Richardson, 2018). The 

selection criteria for pepper seeds must be rigorous; this is not always the case as the 

production is mainly by small rural farmers. 

Harvesting of Capsicum fruits takes place at different stages during maturation. For 

the agro-industry sector, they are usually harvested fully mature (FIA, 2010). At this stage 

of advanced maturity, the pod is susceptible to mechanical damage and to the action of 

phytophagous insects, sometimes vectors of fungal spores. In addition, it is recommended 

that red pepper moisture content (65–80% = 0.995 aw) at post-harvesting should be 

immediately reduced to around 13% (=0.50 aw) bydrying to inhibiting enzyme activities, 

fungal growth, and mycotoxin contamination (Toontom et al., 2012; Sanzani et al., 2016). 

The drying and storage phases are critical in the pepper production chain. 

Traditionally, peppers are dried by direct sun exposure or mechanical heat drying; these 

methods involve extended periods of time at oscillating temperatures and humidity or at 

higher controlled temperatures for short time periods, respectively (Figure 1) 

(Kaleemullah and Kailappan, 2005). Due to its low operational cost, pepper drying under 

the sun remains the most widespread method used in Asia, Africa and Central/South 

America. After being placed on the floor and turned several times to obtain an even 

drying, the pepper pods are usually smoked (FIA, 2010).  
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In China and Nigeria, artisanal drying of pepper can take between 7 and 28 days. In 

Chile, this process is done following traditional methods. After sun drying, peppers are 

placed in a traditional structure made with light wood (similar to bamboo) locally called 

“pidil”. Pepper is then smoked inside traditional houses, called “ruca”, which are made 

of wood and straw (FIA, 2010). In Mexico, Capsicum annuum var. aviculare (locally 

called “chiltepín”), a wild pepper, is exposed to sun drying from 5 to 7 days (Montoya-

Ballesteros et al., 2014). Moreover, in other countries, depending on the weather, sun 

drying takes between 14 and 21 days.  

Overall, during the drying period, pods are affected by changes in temperature, 

exposure to dust, and wind and insect infestation. This timeframe allows fungal 

colonisation to occur, especially by xerophilic/xerotolerant fungi (Aspergillus and 

Penicillium species). In addition, poor post-harvest hygiene in storehouses can lead to 

further fungal colonisation and an increase in the risk of mycotoxin contamination (Santos 

et al., 2008). 

Regarding mechanical drying, water can be removed through hot air exposure (e.g., 

wind chambers), sublimation (by freeze-drying method) or by means of water molecule 

friction caused by a magnetic field (e.g., microwave drying). Despite high energy costs, 

mechanical dehydration is used at an industrial scale; the temperature, air velocity and 

humidity-controlled conditions reduces the time for microbial contamination and 

improves pepper quality (Figure 1) (Hossain, 2003; Oberoi et al., 2005).  

Packaging is the final stage of pepper production (Figure 1). For pepper samples, 

polyethylene bags and vacuum-packaging methods have proven to be more efficient for 

inhibiting water reintroduction and decreasing aeration, both factors that are important 
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for limiting fungal growth and mycotoxin production (Almela et al., 2007; Ahn et al., 

2010; Iqbal et al., 2011a). 

 

Figure 1. Critical factors favouring fungal growth and mycotoxin contamination during 

the pepper production chain. 

2.3 Filamentous Fungi in Capsicum Pepper 

Several studies have emphasised that spices are poor substrates for fungal growth 

(Kneifel and Berger, 1984; Madhyastha and Bhat, 1984). The low aw and the naturally 

occurring antifungal substances have been suggested to be the main barriers to 

microbiological development. However, high frequencies of fungi in pepper powder and 

other seasonings produced with Capsicum have been described in recent years (Khan et 

al., 2013; Rotsisen et al., 2016; Singh and Cotty, 2017; Gambacorta et al., 2018). 
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The plant defence mechanisms that involve the production of antifungal substances 

and the low aw found in processed products are key hurdles, but they do not completely 

prevent fungal growth. 

The fungal metabolic plasticity allows adaptation to adverse conditions along the 

Capsicum production chain, as shown in Table 1. This allows fungal growth in both the 

fresh Capsicum pod, where a high aw level prevails, especially where natural sun drying 

is used, and in pepper powder, a substrate rich in NaCl, and other mixed condiments. In 

addition, the mycotoxigenic fungi, which can occupy the niche of intermediate moisture 

products, would be at an advantage in such ecological niches (Magan and Aldred, 2008). 

Other studies have found high levels of fungal contamination in peppers mainly by 

species belonging to Alternaria, Aspergillus, Fusarium and Penicillium (Table 1).  

Mandeel et al. (2005) showed that among 17 evaluated spices, red pepper was the most 

heavily fungal contaminated, mainly by Aspergillus flavus (96 strains) and A. niger (62 

strains). 

Soil-born fungi such as Mucor, Cladosporium, Harzia and Rhizopus genera have also 

been isolated from Capsicum products, but less frequently (Table 1). The presence of 

spoilage fungi can affect the organoleptic properties of Capsicum derived-products, 

reducing their commercial value and efficiency in culinary seasoning (Garcia et al., 2018). 

Besides this, a high contamination with fungi can be associated with mycotoxin 

contamination, which could influence consumer health. The contaminant mycotoxins are 

heat stable during cooking and are thus very difficult to remove once present (Alshannaq 

and Yu, 2017). 

In the field cultivation stage, soil, wind and the other growing plants are the main 

microbiological sources (Mandeel, 2005). Pepper plants may have a symbiotic root-
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mycorrhizal relationship (e.g., Glomus sp. and Gigaspora sp.). In stressed conditions, this 

association promotes water and nutrients uptake (Gashua et al., 2015). However, these 

cultivars are also susceptible to soil-borne pathogens such as Phytophthora capsici, 

Colletotrichum capsici and Botrytis cinerea, which can cause root rot, foliar blight and 

pod rot and impact on the final yield (Rocha et al., 2012; Cabral et al., 2016). 

Alternaria and Fusarium are also considered field pathogens. Species of both genera 

can cause rot and wilt in living plants and can infect fresh fruits, especially after injury 

by insects or chilling, mechanical damage, sunburn, or calcium deficiency (Hochmuth 

and Hochmuth, 2010; Yang et al., 2011). The rotting of pepper fruit by these fungi can 

also occur in mature peppers either before or after harvest (Table 1). 

After harvesting, Capsicum pods can be consumed fresh. However, most of the 

production is directed towards the processing of dried spices, often for making seasonings 

(e.g., sauce pepper, spice powder mix, and so forth). In order to avoid fungal infection 

and mycotoxin contamination in the post-harvest stage, the pepper should be dried to 

around 13% m.c. (=0.50 aw) (Pitt and Hocking, 1997; Toontom et al., 2012). Adebanjo 

and Shopeju (1993) showed that in fresh C. annuum, Fusarium equiseti was the main 

species found, while in stored samples the incidence of both A. alternata and Fusarium 

spp. was low. 

In the drying, storage, packaging and transportation stages the control of hygiene 

conditions, temperature, humidity and aw are critical factors to guarantee a low 

bioburden. Since most of the fungi isolated are probably contaminants rather than 

originating from the native plant (Khadka et al., 2017). In these steps, Aspergillus and 

Penicillium species are the main spoilage fungi. These species are found in a high 

frequency of isolation from Capsicum by-products at the marketing stage (e.g., factory 
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production, restaurants, supermarkets, retailers’ markets). Besides this, these species may 

also be present in latent forms in the pepper plant. However, due to their xerophilic 

characteristics, in low aw conditions they acquire a competitive advantage in relation to 

other fungal pathogens (Hocking and Pitt, 1979; Sanzani et al., 2016). 

Small- and medium-scale pepper cultivation systems often do not have the level of 

control of the pepper production process, especially in relation to good handling and 

storage practices. Despite the low levels of moisture content (11.0% to 16.3%) and aw 

(0.513 to 0.611), Casquete et al. (2017) isolated 67 fungal species from smoked paprika 

samples. Both potential aflatoxigenic Aspergillus species and PAT-producer Penicillium 

(P. expansum and P. thomii) were found. In these samples, mycotoxins were not detected, 

agreeing with other studies that had already stated that aw conditions required for the 

production of mycotoxins are slightly more restricted than for growth (Magan and Aldred, 

2008). The long periods of drying and poor sanitary conditions where pepper products 

are stored, can contribute to this gradual increase in fungal contamination levels 

(Casquete et al., 2017). Similarly, red pepper samples, even after drying, can have an 

increase in populations of spoilage fungi with A. glaucus, A. niger and A. fumigatus being 

dominant (Seenappa, 1980; Adebanjo and Shopeju, 1993; Iqbal et al., 2011b). 

Furthermore, in pepper producing countries such as Korea, India, Peru, Nigeria, Pakistan 

and Sri Lanka, climatic conditions such as high temperature, humidity, and rainfall 

contributed to the high fungal population loads in pepper samples (Almela et al., 2007; 

Yogendrarajah et al., 2014; Ham et al., 2016; Singh and Cotty, 2017). 

Pepper products are very hygroscopic. Thus, after drying they need to be effectively 

packaged to prevent any increase in aw, which would allow mycotoxigenic fungi to 

become active and produce mycotoxins. Where pepper products are sold in markets in 

bulk, rehydration can occur impacting on the risk for spoilage and increased toxin 
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contamination. In order to minimise the risk of mycotoxin contamination at the post-

processing stage, effective packaging systems, including modified atmosphere systems, 

must be used to prevent the readsorption of moisture. 

Mandeel (2005) evaluated the spoilage fungal profile in 17 raw spice samples 

obtained from retail outlets. The author recovered and identified, from dried and ground 

spice samples, a total of 665 fungal strains. Samples collected from exposed gunny bags 

yielded the highest fungal population counts when compared to samples collected from 

wooden boxes, plastic bags and metal containers. 

Abou-Arab et al. (1999) reported that the highest percentage of Penicillium spp. 

isolation was recorded in packed spice samples, highlighting the importance of using 

appropriate packaging methods to decrease fungal colonisation and mycotoxin 

contamination. 

It should be noted that although some of the aforementioned fungi have been 

described as mycotoxigenic, their isolation on Capsicum does not imply these products 

will necessarily be contaminated with mycotoxins. Pepper plant varieties may have 

different susceptibility levels to fungal colonisation and mycotoxin contamination (Iqbal 

et al., 2011b). 

Indeed, mycotoxin biosynthesis will be affected by the strain virulence and relative 

tolerance to environmental and nutritional conditions (Scudamore, 1993; Geisen, 2004). 

Gherbawy et al. (2015) evaluated the mycobiota in C. annuum derivative-products, 

including chilli sauce, crushed chilli and chilli powder obtained from retail markets and 

food restaurants of Taif City, Saudi Arabia. In their studies, the authors isolated some A. 

flavus strains; while these strains had the gene clusters for aflatoxin biosynthesis, they did 

not appear to produce any toxin
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Table 1. Fungi isolated on Capsicum derivative-products. 

Pepper Product Fungi Species References 

Fresh Fruit (chilli, red 

pepper, pepper fruits 

and cayenne pepper) 

Aspergillus candidus; A. flavus; A. fumigatus; A. 

glaucus; A. niger; A. ochraceus; A. sydowii; A. tamarii; 

A. terreus; Aspergillus sp.; Alternaria alternata; A. 

arborescens; A. armoraciae; A. tenuissima; 

Cladosporium herbarum; Cladosporium sp.; 

Epicoccum sp.; Fonnellia flavipes; Fusarium dimerum; 

Fusarium sp.; Geotrichum sp.; Harzia sp.; Mucor sp.; 

Penicillium chrysogenum; Penicillium sp.; Rhizopus 

stolonifer; Trichoderma hamatum 

Christensen et al., 1967; 

Adebanjo and Shopeju, 

1993; Mandeel 2005; 

Hashem and Alamir, 

2010; Cabral et al., 2016 

 

 

Smoked paprika 

Aspergillus niger; A. oryzae; A. sydowii; Alternaria sp.; 

Fusarium graminearum; F. verticillioides; Mucor sp.; 

Penicillium citrinum; P. expansum; P. griseofulvum; P. 

raistrickii; P. thomii; Rhizopus sp. 

Martín et al., 2005; 

Santos et al., 2011; 

Casquete et al., 2017  

Dry pepper (pepperoni 

pepper powder, 

Kashmiri chilli hot, 

Kashmiri chilli mild, 

ground red pepper, 

chilli powder and 

paprika) 

Aspergillus niger; A. oryzae; A. sydowii; Alternaria sp.; 

Fusarium graminearum; F. verticillioides; Mucor sp.; 

Penicillium citrinum; P. expansum; P. griseofulvum; P. 

raistrickii; Rhizopus sp.; Botrytis cinerea; Chaetomium 

globosum; Fusarium moniliforme; F. oxysporum; 

Geotrichum candidum; Mucor racemosus; Mucor sp.; 

Mycosphaerella tassiana; Penicillium carneum; P. 

charlesii; P. chrysogenum; P. citrinum; P. crustosum; 

P. griseofulvum; P. verruculosum; P. corylophilum; 

Rhizopus arrhizus; R. oryzae; R. stolonifer; 

Scopulariopsis brevicaulis; Syncephalastrum 

racemosum; Syncephalastrum sp.; Trichoderma 

hamatum; Ulocladium chartarum; Wallemia sebi 

Kneifel and Berger, 

1994; Atanda et al., 

1990; Candlish et al., 

2001; Erdogan 2004; 

Bokhari et al., 2007; 

Santos et al., 2011; 

Hammami et al., 2014; 

Jeswal and Kumar, 

2015; Ham et al., 2016; 

Tancinová, et al., 2014; 

Garcia et al., 2018;  

Chilli sauce 

Aspergillus amstelodami; A. flavus; A. candidus; A. 

chevalieri; A. niger; A. ochraceus; Eurotium 

amstelodami; Fusarium oxysporum; Mucor racemosus; 

Penicillium chrysogenum. 

Gherbawy et al., 2015 
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2. 4 Mycotoxins in Capsicum 

Pepper has extensively been reported to be frequently contaminated by mycotoxins 

in different countries around the world (Table 2). In Europe, in 2017 and 2018 alone, 41 

cases of pepper contamination were reported by the Rapid Alert System for Food and 

Feed (RASFF). Of the 41 notifications concerning mycotoxins in Capsicum, 30 of them 

were classified as rejections at the border, 5 as alerts and 6 of them as information 

notifications. According to the RASFF (2018), 33 notifications referred to AFs, and 8 to 

OTA. 

Concerning classes of mycotoxins found in pepper and pepper derivatives, AFs and 

OTA are among the most important contaminants from a consumer point of view. In 

addition, other mycotoxins such as citrinin (CIT), deoxynivalenol (DON), FB2, PAT, 

sterigmatocystin (ST) and ZEN, and their co-occurrence, are important issues that need 

to be examined in more detail. They may need to be controlled in the future in the 

production chain, processing and consumption of pepper and pepper-based derivatives 

(Table 2). 

2.4.1. Aflatoxins 

Aflatoxins are potent carcinogenic, mutagenic and immuno-suppressive agents (IAC, 

1993). They are naturally occurring fungal metabolites, found in a range of food 

commodities originating from food/feed products, especially those originating from 

tropical/sub-tropical regions, as described in Table 2. To date, nearly 20 different types 

of AFs have been described, among which, the most frequent are AFB1, AFB2, AFG1 

and AFG2. AFB1 is the most toxic compound, and classified as a Class 1 carcinogen. 

Singh and Cotty (2017) evaluated the prevalence of AFB1 in chillies from markets 

across the United States of America (USA) and Nigeria. These authors compared AFs 
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levels in chillies from both countries and found that samples purchased in Nigeria were 

more contaminated than those purchased in the USA. AFB1 was detected in 64% chillies 

from USA markets (n = 169), and 93% of Nigerian chillies (n = 55). 

Only 2% of the USA samples exceeded the regulatory limit of 20 µg/kg for total AFs; 

while the highest concentration detected was 94.9 µg/kg. AFB1 concentrations were 

significantly higher in Nigerian pepper, with the most contaminated sample containing 

156 µg/kg AFB1. About 38% of USA chillies were contaminated with >5 µg/kg AFB1 

(mean = 11.1 µg/kg), and based on European Union (EU) regulatory limits, all of these 

peppers would be rejected for importation into the EU. 

Despite their excellent sensorial characteristics, Pakistani peppers have lost space in 

the international market because of mycotoxin contamination (Richardson, 2018). 

Moreover, previous studies have already reported higher AF levels than those established 

by the EU (Khan et al., 2013). 

Regarding processed pepper products (e.g., crushed pepper, powdered pepper and 

paprika) they are more susceptible to AF contamination than the fresh fruit (Iqbal et al., 

2011b; Khan et al., 2013; Gherbawy et al., 2015).  

Reddy et al. (2001) evaluated the contamination of chilli pods by AFB1 collected 

from the principal market yards and cold storage facilities of the major chilli-growing 

areas of Andhra Pradesh (AP, India), and in chilli powders collected from different 

supermarkets in Hyderabad, AP. Authors found that 59% of chilli samples collected were 

contaminated with AFB1. In contrast, the highest level of AFB1 contamination was 

found in pepper pods (969 µg/kg). This may be because pepper pods contained >40% of 

discoloured pods, those with insect damage and visible fungal growth. Moreover, 

according to further analysis, these samples were contaminated by A. flavus. Because of 
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its low price, low-income people largely consume these kinds of chilli in India. Of course, 

high-quality powdered pepper is directly linked to a selection of high-quality pods. 

AFs can be produced during any step of the pepper production chain process (Table 

2). In the field, pepper pods are more susceptible to AFs contamination during the summer 

(Iqbal et al., 2011b). Moreover, even when properly stored, in the later stages (cold 

storage) it is still possible to detect traces of mycotoxins in pepper samples (Kiran et al., 

2005; Iqbal et al., 2011a). Özkan et al. (2015) reported that in crushed pepper samples the 

levels of total AFs and AFB1 varied according to the season of feedstock collection. 

2.4.2. Ochratoxin A 

Following AFs, OTA is the most prominent mycotoxin found in pepper samples. Due 

to its immunotoxic action, nephrotoxic and carcinogenic potential, OTA contamination 

is of global concern. Overall, OTA is the most common mycotoxin found in food and 

feed. OTA has previously been reported in red pepper samples (Santos et al., 2010b; Ham 

et al., 2016), dried chilli pod (Thirumala-Devi et al., 2000; Jalili et al., 2012; 

Yogendrarajah et al., 2014), chilli powder (Ozbey et al., 2012; Iqbal et al., 2013; Rotsisen 

et al., 2016), red pepper flakes (Tosun and Ozden, 2015), chilli sauce (Iqbal et al., 2013), 

sweet pepper (Çagindi et al., 2016; Gambacorta et al., 2018), and paprika (Fazekas et al., 

2005; Hierro et al., 2008; Ahn et al., 2010; Santos et al., 2010b) (see Table 2). 

Geographical, climatic characteristics and crop management systems directly affect 

mycotoxin contamination levels. Almela et al. (2007) evaluated the occurrence of OTA 

in peppers grown for paprika in Peru, Brazil, Zimbabwe and Spain. A total of 115 fungal 

strains were isolated. Of these, 85 fungal strains belonging to Aspergillus Section 

Circumdati (A. ochraceus) and Section Nigri (A. niger, A. carbonarius) from OTA 

contaminated paprika samples. Among the latter ones, about 31% (26 isolates) of the A. 
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ochraceus and 1.7% (1 isolate) of the A. niger strains were OTA producers in vitro. 

According to the authors, great differences in OTA content in paprika samples were 

found. Moreover, a relationship with the climatic conditions of the geographic origin of 

the samples, and cultural and technical practices in pepper manipulation were observed. 

For instance, the highest OTA contamination in red pepper originated from Peru. This 

could be related to the high humidity conditions prevailing in the pepper growing areas. 

2.4.3. Other Mycotoxins and Their Co-Occurrence 

As already discussed above, different studies have reported the occurrence of other 

mycotoxins in pepper, such as CIT, DON, FB2, PAT, sterigmatocystin (ST) and ZEN, 

mainly produced by species belonging to Aspergillus, Fusarium and Penicillium (Santos 

et al., 2011; Jeswal and Kumar, 2015; Santos et al., 2010b). Although mycotoxins of 

Alternaria have been less frequently reported, Cabral et al. (2016) detected tenuazonic 

acid (TeA), alternariol (AOH) and its monomethyl (AME) in sweet pepper samples (see 

Table 2). 

Co-occurrence of mycotoxins in Capsicum derived-products, such as paprika and 

chilli samples have previously been reported (Fazekas et al., 2005; Hierro et al., 2008; 

Zhao et al., 2018). Ozbey and Kabak (2012) evaluated the co-occurrence of AFs and OTA 

in commercial spices in Turkey. The co-occurrence of both mycotoxins was detected in 

62.5% of red chilli flake, 40.9% of red chilli powder and 4.3% of black pepper powder 

samples. It is important to point out that, red chilli flakes and red chilli powder were found 

to contain the highest levels of OTA (53.04 and 98.24 µg/kg, respectively), and were 

simultaneously contaminated with AFB1 with the highest concentrations (11.45 and 

35.77 µg/kg, respectively). 
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Santos et al. (2010b) evaluated the co-occurrence of AFs, OTA and ZEN in paprika 

and chilli samples commercialised in Spain. According to the authors, the occurrence of 

mycotoxins in 64 paprika was positive for AFs (59%), OTA (98%) and ZEN (39%); 

whereas in 35 chilli samples, the AFs, OTA and ZEN contaminations were positive for 

40%, 100% and 46% of the samples, respectively. Moreover, none of the samples had 

AFs levels higher than the EU legislative maximum allowable limits. Regarding the co-

occurrence of mycotoxins, 75% of paprika samples and 65% of chilli samples contained 

more than one mycotoxin. 

Mycotoxin co-occurrence were evaluated for 30 ground red pepper samples obtained 

from 15 manufacturers in the main chilli-pepper-producing areas of South Korea (Ham 

et al., 2016). OTA was detected in 3 samples (1–2 µg/kg); whereas no AFs were detected 

in ground red pepper samples. 

Co-occurrences with multi-mycotoxins from dry chilli samples collected from the 

markets in Sri Lanka (n = 86) and Belgium (n = 35) has also been reported (Yogendrarajah 

et al., 2014). In this study, 17 chemically divergent mycotoxins were analysed. Sixty-

seven per cent of the Sri Lankan samples exceeded the EU maximum level for AFB1 and 

44% of the samples exceeded the EU limit for total AFs. Nine of the 11 positive chilli 

samples from Belgium exceeded the EU limit for AFB1. Moreover, about 33% of the Sri 

Lankan chillies were contaminated with more than 3 different mycotoxins. According to 

authors, co-occurrence of different mycotoxins [AFB1 and OTA (36%), AFB1 and ST 

(28%), OTA and AFB1 and ST (17%), and AFB1 and FB2 (14%)] was found in different 

forms of chilli. 

ST is a known intermediate product of AFB1 biosynthesis; both mycotoxins are 

mainly produced by Aspergillus versicolor and A. flavus. Moreover, higher frequency of 
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mycotoxin co-occurrence found in processed chillies such as flakes and powder could be 

due to the fraudulent usage of low-quality grade chilli pods for spice processing.  

Gambacorta et al. (2018) analysed the presence of 17 chemically divergent 

compounds in 45 sweet pepper samples collected in southern Italy. Results showed that 

86% of the samples contained a number of mycotoxins ranging from 5 to 16, with a mean 

of 7 mycotoxins per sample. Mycotoxin co-occurrence is of concern for consumers. 

Combined intake of different types of mycotoxins may lead to a synergistic or at least 

additive effect. Currently, there is no legislation for combined contamination of 

mycotoxins in different foods, except for the control of the four AFs together. 

2.5 Ecophysiological Modulators of Mycotoxin Biosynthesis in Pepper 

Capsicum is a substrate with particular characteristics. In this food matrix the 

fungus-host interaction as well as the inhibition or increase in mycotoxin biosynthesis is 

markedly affected by interacting factors of aw, temperature, and nutritional status of food 

matrix (Sanchis et al., 2004). There is significant evidence that aw alone and interaction 

with temperature affect mycotoxin regulation, with some evidence that this is a response 

to such environmental stresses (Schmidt-Heydt et al., 2008). Moreover, during Capsicum 

pod storage, temperature effect can also greatly depend on the fungal species involved. 

Low temperatures can inhibit germination and mycotoxin production by Aspergillus spp. 

On the other hand, Penicillium spp. are prone to grow in low temperatures, so cold storage 

does not prevent the spoilage, but just delays fungal growth (Kiran et al., 2005; Donoso 

et al., 2006).  
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Pepper Products Mycotoxin Country References 

Pepper fruits/Whole chilli/Pepper pod 
AFsa; AOHc; AMEd; CITe;  

FBg; OTAi; STk; TeAl 

Argentina; Belgium; Chile; India; 

Nigeria; Pakistan; Sri Lanka; Turkey 

Kiran et al., 2005; Iqbal et al., 2010; Iqbal 

et al., 2011b; Cabral et al.,2016; Ikoma et 

al., 2015; Yogendrarajah et al., 2014; 

Singh and Cotty, 2017 

Red pepper flakes AFs; CIT; FB; OTA; ST Belgium; Turkey 
Yogendrarajah et al., 2014; Tosun and 

Ozden, 2015 

Chilli oil AFs; OTA; ZENp United Kingdom Patel et al., 1996 

Paprika AFs; OTA; ZEN 
Australia; Brazil; Morocco; Peru; 

Portugal; Spain 

Klieber, 2001; Martins et al., 2001; 

Zinedine et al., 2006; Almela et al., 2007; 

Hierro et al., 2008; Santos et al., 2010b 

Chilli/Ground chilli/Kashmiri chilli/ 

Dried chilli 

AFs; CIT; FB;  

OTA; ST; ZEN 

Australia; Bolivia; Chile; India; Pakistan; 

Qatar; Saudi Arabia; Thailand 

Turkey; United States 

Klieber et al., 2001; Martins et al., 2001; 

Sanchis and Magan, 2004; Zinedine et al., 

2006; Santos et al., 2010b; Asai et al., 

2012; Iqbal et al., 2011b; Iqbal et al., 

2013; Hammami et al., 2014; Set et al., 

2014; Gherbawy et al., 2015; Jeswal and 

Kumar, 2015; Rotsisen et al., 2016; Singh 

and Cotty, 2017 

Red pepper pastes PATj Turkey Yassihuyuk et al., 2014 

Red pepper powder/Ground red 

pepper/Capsicum powder 
AFs; OTA; ST 

Egypt; Ethiopia; Iran; Korea; Saudi 

Arabia; Turkey 

El-Kady et al., 1995; Fufa and Urga, 

1996; Erdogan, 2004; Bokhari et al., 

2007; Ahn et al., 2010; Barani et al., 

2016; Ham et al., 2016; Khazaeli et al., 

2017 

Sweet peppers pod/Bell pepper pod/Fresh 

sweet peppers 

AFs; ALTb; AME;  

AOH; FB; OTA;  

TeAl; TTX m; ZEN 

China; India; Italy; Turkey 
Van de Perre et al., 2014; Çağindi and 

Gürhayta, 2016; Gambacorta et al., 2018 

Dried sweet peppers 

AFs; AME; AOH; DON f;  

FB; HT-2o; NIVh; OTA;  

TeA; TTX; ZEN 

Italy Gambacorta et al., 2018[33] 

Ground sweet pepper 

AFs; ALT; AME; AOH; DON; FB; H-2n; 

HT-2;  

NIV; OTA; TeA; TTX; ZEN 

Italy Gambacorta et al., 2018 

Fried sweet pepper 
AFs; AOH; AME; DON; FB; H-2; HT-2; 

NIV; OTA; TeA; TTX; ZEN 
Italy Gambacorta et al., 2018 

Table 2. Mycotoxins incidence on different pepper derivative-products around the globe. 

 

aAflatoxins = AFs; bAltenuene = ALT; cAlternariol = AOH; dAlternariol monomethyl ether = AME; eCitrinin = CIT; fDeoxynivalenol = DON; 

gFumonisin = FB; hNivalenol = NIV; iOchratoxin = OTA; jPatulin = PAT; kSterigmatocystin = ST; lTenuazonic acid = TeA; mTetrodotoxina = 

TTX; nTrichothecene H-2 toxin; pZearalenone = ZEN. 
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Capsaicinoids are important secondary metabolites responsible for the pepper fruit 

pungency and antimicrobial properties (Tewksbury et al., 2008; Xiu-ju et al., 2011; 

Wahyuni et al., 2013) Although Capsicum plants produce chemical defences, spoilage 

and mycotoxigenic fungal strains have already been reported in several studies 

(Tewksbury and Nabhan, 2001; Tewksbury et al., 2008; Soumya and Nair, 2012; 

Machnicki, 2013; Veloso et al., 2014). Very few studies have examined the ecological 

interactions between Capsicum fruits and fungal pathogens, and none has considered the 

role that mycotoxins might play in this interaction. Thus, it seems reasonable to suggest 

that the capsaicinoids group can act both in activating and/or inhibiting mycotoxin 

biosynthesis, while for fungi, mycotoxins may have a key role in their host–pathogen 

relationship, providing protection against environmental stress. Moreover, spices 

processed from pepper are among the foods containing higher sodium concentrations 

(Colin-Ramirez et al., 2017), which can be toxic to some spoilage and mycotoxigenic 

fungi (Stoll et al., 2013). Although the nutritional profile of pepper does not impede 

fungal growth, the high concentration of sodium in pepper powder may impose a 

challenge for other microbial species.  

Overall, there are still unanswered questions about the Capsicum-fungus- mycotoxin 

relationship: (i) Do mycotoxins confer some adaptive strategy for the fungi in the 

presence of capsaicinoids? (ii) What would the role of mycotoxins be in non-pungent 

varieties of Capsicum (e.g., sweet pepper)? Therefore, would this be a more challenging 

environment for fungal growth in this substrate? (iii) Do the compounds from this non-

pungent substrate have some antifungal activity? (iv) Does NaCl act as an external signal 

to trigger the mycotoxin biosynthesis in this kind of substrate? (v) Does Aspergillus 

stimulate the production of OTA by NaCl in this kind of substrate? (vi) What is the role 
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of simultaneous action of NaCl and capsaicinoids compounds such as capsaicin in the 

production of OTA? 

2.6 Impact of Capsicum spp. Mycotoxins’ Contamination on Health 

Capsicum products are used as seasoning and consumed in reduced portions. 

Consequently, there is no major food outbreak related to this spice. However, 

experimental research has already shown that pepper consumption may be a strong risk 

factor for gastric cancer. López-Carrill et al. (1994) suggested that capsaicin, a compound 

present in pepper, behaves as a carcinogen. On the other hand, the daily intake of 

mycotoxin-contaminated pepper is subjected to the accumulation of the toxic metabolite 

in the body, possible leading to acute intoxication and being translated in different kind 

of mycotoxin-related diseases.  

Serra et al. (2002) suggested that mycobiota present in red pepper may also be a risk 

factor for gallbladder cancer (GBC). Ikoma et al. (2015) reported the contamination of 

red peppers obtained from Bolivia, Chile, and Peru by AFs and OTA. According to the 

authors, all of the peppers from the three countries showed contamination with AFs below 

the EC recommended limits (5 µg/kg), but the OTA contamination of two samples was 

above the EC recommended limit (15 µg/kg). The mean concentrations of OTA in the 

peppers from Chile (mean 355 µg/kg, range <5–1059 µg/kg) and Bolivia (mean 207 

µg/kg, range 0.8–628 µg/kg), that have high incidence of GBC, were higher than that in 

Peru (14 µg/kg, range <5–47 µg/kg), which has an intermediate GBC incidence. 

Similarly, Nogueira et al. (2015) evaluated the plasma related to GBC cases in Chile. 

Authors found AFB1-adducts in 64% of the evaluated human blood samples (23 

samples). In the study, the GBC cases were associated with the consumption of red pepper 

contaminated with AFB1. The results are not yet conclusive, but they point out the 
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ingestion of mycotoxin-contaminated pepper as one of the determining factors for the 

development of GBC among the inhabitants of this country. 

A prolonged exposure to mycotoxin-contaminated red peppers may trigger different 

acute and chronic diseases. Specific medical research such as those developed by López-

Carrill et al. (1994) and Serra et al. (2002) is needed, especially in communities with high 

consumption of this spice, such as the Andean, Mexican American, and Asian 

populations. 

2.7 Conclusions and future research trends 

Despite its economic relevance, Capsicum and its derivative-products are highly 

susceptible to contamination by mycotoxins. AFs, OTA, ZEN, FMs and PAT, as well as 

less expressive mycotoxins such as DON, AME and AOH that have been detected in 

paprika, chilli sauce, and seasonings made out of Capsicum. 

Pepper crop production and further transportation, processing and storage are crucial 

for the production of safe food. These have proven to be critical steps for the food safety 

of this food commodity. In these last stages, the control of aw, temperature and moisture 

content are essential to avoid the growth of potential mycotoxigenic spoilage fungi, such 

as Aspergillus and Penicillium species. The presence of capsaicinoids in Capsicum plant 

and in powdered pepper can select and delay fungal infection. However, further research 

is needed to elucidate the ecophysiological conditions that favour fungal growth in this 

substrate, as well as the role that mycotoxins play during the infection process. Moreover, 

studying the effect of substrate composition (e.g., NaCl and capsaicinoids) on the 

mycotoxin production can open new avenues in knowledge of how potential 

mycotoxigenic fungi can be controlled in terms of their metabolism. 
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Abstract  

Capsicum products, such as chilli powder, paprika, sauces, and spice mix, have highly 

been consumed worldwide. In Chile, berry fruits of Capsicum annuum L. cv. "Cacho de 

Cabra” are used for the manufacture of a traditional pepper powder known as Merkén. 

Two alert notifications regarding the presence of Ochratoxin A in Merkén have been 

reported by the Chilean Ministry of Health. These alerts have triggered concern mainly 

due to the food safety of Capsicum derivative products and the health risks to which the 

Chilean population consumers of Merkén may be subjected. In this context, the main aim 

of this work was to review the critical points of mycotoxin contamination in the Capsicum 

production chain used for Merkén manufacture in Chile; outlining the possible causal 

agents of mycotoxin contamination in Merkén production chain. Current national and 

international legislation on mycotoxin contamination in pepper and its derivative are here 

discussed. Moreover, preventive and corrective measures adopted by the Chilean 

regulators’ agencies to control mycotoxin in this spice are also discussed. 

Key words: Mycotoxins, Ochratoxin A, Pepper, Spoilage fungi 
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3.1 Introduction 

Capsicum pepper is the second largest consumed spice throughout the world, after 

black pepper. Its exotic characteristics of taste, aroma, colour and pungency, as well as 

the multivariate forms of consumption, have made this spice widely used in gastronomy. 

As with any other crops, Capsicum pepper is also susceptible to fungal infection and 

mycotoxin contamination. The control of water activity (aw), temperature and moisture 

content are essential to avoid the growth of potential mycotoxigenic spoilage fungi, such 

as Aspergillus and Penicillium species (Mandeel, 2005; Ruiz-Moyano et al., 2009). 

Concerning classes of mycotoxins, aflatoxins (AFs) and ocratoxina A (OTA) are 

among the most important contaminants from a consumer point of view. In addition, 

citrinin (CIT), deoxynivalenol (DON), patulin (PAT), sterigmatocystin (ST) and 

zearalenone (ZEN) have also been detected in Capsicum products (Santos et al., 2010b; 

Santos et al., 2011; Jeswal and Kumar, 2015). 

In Chile, pepper powder consumption per capita reaches 5 g/day/person (Universidad 

de Chile, 2011). The variety of Capsicum annuum L. cv. "Cacho de Cabra", one of the 

most consumed in the country is traditionally produced by Amerindian Mapuche 

Ethnicity. The Mapuche culture and their gastronomic influence is of great importance 

for the identity of Chile as a country (FIA, 2010). 

The production of this commodity on an industrial scale, associated with the 

widespread acceptance of this product in the Chilean market, has made Capsicum-based 

products economically relevant for agribusiness. However, there is still a lack of 

information, especially on mycobiota and possible mycotoxins in Capsicum pepper. 

This chapter aims to discuss the food safety of peppers in Chile, highlighting the 

impact of spoilage fungi and mycotoxin contamination on human health and agribusiness. 
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Current national and international legislation on mycotoxin contamination in pepper and 

its derivative will be discussed. Moreover, preventive and corrective measures adopted 

by the Chilean regulators’ agencies to control mycotoxin in this spice will also be 

discussed. 

3.2 Capsicum annuum L. cv. "Cacho de Cabra": Cultural importance to Chile 

Merkén is a product intrinsically associated to the ancestral Mapuche Ethnicity. 

Mapuche is an Amerindian Ethnicity with its communities mainly living in south-central 

Chile and some communities living in south-western Argentina. According to the data 

reported by the National Institute of Statistics of Chile, in 2016 about 1.5 million of its 

habitants (c.a. 8% of the whole Chilean population) identified themselves as members of 

the Mapuche Ethnicity (INESTAT, 2017). Although the Mapuche Communities are 

disappearing at an accelerated rate, their cultural and gastronomic influence is of great 

importance for the identity of Chile as a country. 

Moreover, the Mapuche’s Culture has been hegemonised through the centuries, 

losing part of their tradition and cultural habits. To recover their Cultural Intangible 

Heritage, the Mapuche Communities have often claimed the loss of their Culture, which 

is under risk. 

Merkén is produced by families of the Mapuche Ethnicity in the central-south region of 

Chile, mainly in the Region of La Araucanía and is commercialised on the national and 

international market (FIA, 2010). The production of Merkén by these families has been 

carried out mainly in an artisan form. 
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3.3 Capsicum peppers in Chile 

Red peppers are among the most popularly consumed spices around the world. In the 

American continent, Capsicum is described as one of the oldest cultivated plants, 

regarded as a prehistoric crop (Govindarajan and Salzer, 1985). 

Capsicum is a horticultural crop produced worldwide, includes more than 30 species, 

from which C. annuum, C. baccatum, C. frutescens, C. chinense and C. pubescens are the 

most common ones. These species encompass cultivars producing a wide variety of 

shapes and sizes of peppers, both pungent and non-pungent, ranging among bell peppers, 

jalapenos and cayenne peppers. Plants are bushy, about 60-80 cm height and semi-

perennials, that are grown as annuals in cultivation; usually produced in tropical and sub-

tropical areas (Govindarajan and Salzer, 1985; Mueller et al., 2005). 

In Chile, the main species of cultivated pepper is C. annuum, wich are popularly 

known as “aji”. In addition, in other countries, it is also commonly known as "chilli", "red 

pepper", "pepper", "hot red pepper", "tabasco", "paprika", and "cayenne" (Suzuki and 

Iwai, 1984; Cichewicz and Thorpe, 1996). 

Chilean varieties of C. annuum include pungent and non-pungent peppers. The 

spiciness differences in pepper are due to capsaicinoids presence, a secondary metabolite 

group that is exclusively produced in their fruits and present throughout its development 

and maturity (Figure 1). 

Sweet peppers varieties (e.g., Hungarian sweet wax), although less common are 

useded for the preparation of pickles and paprika. Pungent varieties (e.g., Crystal, Cacho 

de Cabra, Cayenne S Largo, Anaheim and Chilean) are the most cultivated and consumed 

due to their aroma and spiciness (FIA, 2006). 
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Capsicum annuum L. cv. "Chilean" is the variety with the largest cultivated area. 

Berry fruits of this variety are used in agribusiness for the preparation of sauces, pasta, 

and dehydrated products. Cristal variety is intended for fresh consumption and pickles 

(FIA, 2006). 

C. annuum L. cv. "Cacho de Cabra" variety are a key element for the creation of 

Mekén, which is a condiment widely used in Chilean gastronomy. Besides its economic 

importance, this variety is the one with the most cultural impact, as it is traditionally 

produced by native Chilean Communities (FIA, 2006).  

3.3.1 Capsicum production 

Red pepper is the second largest consumed spice throughout the world, after black 

pepper. According to the Food and Agriculture Organisation (FAO), in 2016, the 

worldwide production area for dried Capsicum was 1.798.847 ha, with a production of 

3.918.159 tonnes of harvested product per year (FAOSTAT, 2018). 

 China is an important supplier of crushed and ground peppers. In 2016, China 

produced the highest amount of peppers, followed by Mexico and Turkey. 

In Chile, data available for production, importation and exportation are general and 

consider the entire Capsicum genus in different forms (e.g., fresh, dried, ground or 

powdered). Capsicum cultivation extends from Region of Arica to Araucanía Region 

(northern to central-south, respectively), covering approximately 522 hectares of the 

planted area. The Chilean Regions of Coquimbo and Maule are the main producers of 

sweet pepper, with 131.4 and 213.6 hectares, respectively, dedicated to this crop (FIA, 

2006). 

Capsicum annuum L. cv. "Chilean" is the most produced pepper at national level, 

corresponding to 88% of the cultivated surface. While C. annuum L. cv. "Cacho de 
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Cabra” is the second most-produced variety, corresponding to 9% of the cultivated 

surface in Chilean territory. The susceptibility of this variety to spoilage fungi is pointed 

to as one of the factors that can reduce production yields (FIA, 2006).  

 

 

 

 

 

 

 

 

 

 

 

 

C. annuum L. cv. "Cacho de Cabra” is mainly produced in the Chilean Region of La 

Araucanía by small local producers. In addition, Chilean Production Development 

Corporation (CORFO) financed ventures such as Chilean gourmet e Chili from Chile to 

promotes the production and export of Merkén (e.g., C. annuum spice). Merkén is also 

sold on an industrial scale by Marcopolo, Gourmet, Sabu, and Surco, which are the 

leading brands in the Chilean market.  

Peppers are amongst the spices that are most susceptible to fungal contamination, 

especially by potentially mycotoxigenic species. Several authors have highlighted the 

Figure 1. Capsicum annuum processing chain, highlighting the composition and Capsicum 

derivative products. Adaptad from: ODEPA, 2013. 
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need for managed carefully throughout pepper production as a strategy to prevent fungal 

infection. 

3.3.2 Process Production of C. annuum L. cv. "Cacho de Cabra" 

Capsicum annuum L. cv. "Cacho de Cabra” corresponds to a local ecotype of the 

Region of Araucanía, mainly destined for Mekén production. Production can be done on 

an artisanal and industrial scale (FIA, 2010). 

The production of C. annuum L. cv. "Cacho de Cabra” begins with the selection of 

seeds from previous harvests. Selected seeds are sow in a nursery from May to June (end 

of autumn to early winter in the Southern Hemisphere). The selection criteria for pepper 

seeds must be rigorous as this step will be crucial for good production outcome. 

Unlike the industrial process, artisanal production has no strict criteria for seed 

selection and disinfection. The seeds of the cultivar "Cacho de Cabra" are saved from the 

previous harvest to make new sowing. 

Then, from August to September (end of winter to early springer), plants are 

transplanted to the field for plant growth and berry fruit production. Then, from March to 

April (beginning of autumn), berry fruits are harvested. Harvesting of Capsicum fruits 

takes place at different stages during maturation. For the agro-industry sector, they are 

usually harvested fully mature (FIA, 2010). 

At this stage of advanced maturity, the pod is susceptible to mechanical damage and 

the action of phytophagous insects, sometimes vectors of fungal spores. The advanced 

maturity of the pods, open wounds and rot are considered serious damages for the 

elaboration of Merkén, once it can diminish the quality of the product. 

After harvested, it is recommended that red pepper moisture content (65-80% = 0.995 

aw) should be immediately reduced to around 13% (=0.50 aw) by drying to inhibiting 
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enzyme activities, fungal growth, and mycotoxin contamination (Toontom et al., 2012; 

Sanzani et al., 2016).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Berry fruits are usually dried by direct sun exposure or mechanical heat. 

Traditionally, peppers are dried drying by sun exposure or inside “Rucas”, that are typical 

Mapuche’s houses made of wood and straw. After peppers being placed on the floor and 

turned several times to obtain an even drying. Artisanal drying of pepper can take between 

5 and 15 days, depending on the hours of sun and weather conditions (FIA, 2010). 

Mechanical dehydration is used at an industrial scale; the temperature, air velocity 

and humidity-controlled conditions reduces the time for microbial contamination and 

Figure 2. Semi-industrial and artisanal production chain of C. annuum for Merkén 

production. Adpated from: FIA, 2010. * Adding salt and toasted coriander 
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improves pepper quality. The high costs of investing in equipment, maintenance, and 

energy costs make this approach inaccessible to small producers (Kaleemullah and 

Kailappan, 2005). 

Capsicum annuum can be sold whole fresh, crushed, and mixed with other spices, 

expanding business possibilities for Chilean traders (Figure 2). After drying, the farmers 

smoke the fruits, for a period close to half an hour on a native wood fire. This process 

gives it a darker colour and a certain smoky flavour that, once transformed, generates a 

chilli pepper known as Merkén. Moreover, after grinding C. annuum L. cv. "Cacho de 

Cabra” some communities add other spices to obtain the final Merkén with the producer 

characteristic. 

The final Merkén has about 70% of pepper (with or without pepper seeds, depending 

on each producer), 20% of coriander seeds and other spices, and 10% sea salt. Overall, 

these added spices give to the Merkén a darker colour, while the smoke process gives it 

a smoky flavour (FIA, 2010). 

3.4 Merkén: Internal Trade and Current Risks 

Due to its high demand, nowadays Merkén is also processed industrially by Chilean 

Industries and sold on the national and international market mainly by the following 

brands: Marcopolo, Gourmet, Sabu and Surco. These 4 brands share about 90% of the 

national production and national and international markets. In addition, the Chilean 

startup called Chili, funded by the Corporation for the Promotion of Production (CORFO, 

Chile), received financial support for the production of traditional and gourmet Merkén. 

The industrialisation of the Merkén production aims to promote its standardisation 

and obtain a commercial product of higher quality and local identity (FIA, 2010). In the 

year 2015, the total Chilean exportations of Merkén reached 4.4 million US dollars, an 
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increase of 11.3% compared to 2014 (ProChile, 2016). In that same year, Chile produced 

58% of the Merkén imported by Argentina. The production of dehydrated chilli and by-

products such as Merkén, paprika, sauces, spice mix is a sector of high economic 

potential. 

However, in recent years, the decline in domestic production, low yields in the last 

seasons, and high energy costs associated with processing have resulted in a low export 

index of processed chilli products. To try to reverse the situation, Chile has sought to 

improve its competitiveness and regain its participation in the international market, 

especially in Europe and the United States of America, where there is a great demand for 

this agrifood product (ACHIPIA, 2018). 

Among the strategic measures adopted by Chile, search for the development of more 

productive Capsicum varieties, tolerant to both frosting and phytopathogens. In addition 

to high productivity and sensory properties, in demanding markets, it is essential to ensure 

the food safety of the marketed product. 

In 2017, the Chilean Ministry of Health reported two cases of Merkén contamination 

with mycotoxin, mainly with OTA (Minesal, 2017). It put the market of this commodity 

under risk (ACHIPIA, 2018), which has directly affected Mapuche communities’ 

revenues. Such communities have in this spice an important source of income for their 

families’ subsistence. 

In addition, agribusiness sector also suffers economic losses, with the blockade of its 

products and mainly the credibility lost in the international market. Similarly, the 

Pakistani pepper agroindustry despite the excellent sensorial characteristics of its pepper, 

suffered economic regression. The high levels of mycotoxins detected in their products 

have diminished their business relations. Peppers and by-products are prone to fungi 
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contamination, including mycotoxigenic species (Iqbal et al., 2010; Iqbal et al., 2011a; 

Iqbal et al., 2013). 

3.5 Mycobiota and Mycotoxin in Chilean Capsicum  

Mycotoxins are low molecular weight metabolites produced by fungi that can confer 

risks to human and animal health. Peppers and industrialised derivatives have been 

reported to be frequently contaminated with aflatoxins (AFs), OTA, fumonisins (FBs), 

zearalenone (ZON), trichothecenes (TCTs), and patulin (PAT). Among these, OTA has 

been one of the major fungal toxins found in pepper samples (Yogendrarajah et al., 2014; 

Cabral et al., 2016; Khazaeli et al., 2017; Gambacorta et al., 2018). 

Ochratoxins are a group of fungal secondary metabolites whose structure derives 

from a dihydromethyl-isocoumarin linked to phenylalanine using a peptide-like bond. 

OTA is the most abundant and the most toxic of the ochratoxins’ group, which also 

includes ochratoxins B (OTB) and C (OTC), and other derivatives (Almela et al., 2007). 

OTA is a nephrotoxic, cytotoxic, carcinogenic, teratogenic, and immunosuppressive 

compound. It may also induce gene mutation, although the mechanism of genotoxicity is 

not clear yet. Moreover, some individual human exposure to OTA has been related to 

Balkan Endemic Nephropathy (BEN) syndrome (Creppy et al., 1998; Jiménez et al., 

1999; Abouzied et al., 2002; Blank et al., 2003). 

The warm and humid climate in the production areas, poor hygienic conditions 

during production, transport, packaging and storage may increase the risk of fungal 

proliferation and OTA contamination in peppers (Mandeel, 2005; Paterson and Lima, 

2011; Taniwaki et al., 2018). In recent years some authors have referred to the impact of 

climate changing on the increasing of mycotoxin production by food mycotoxigenic fungi 

(Paterson and Lima, 2010b; Battilani et al., 2016; Camardo Leggieri et al., 2017). 
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According to the OECD, the Chilean agriculture production has been dealing with 

warmer temperatures and extreme events that are likely to be more frequent and severe 

(OECD/ECLAC 2016). In this context, climate changing appear as a main concerning for 

production of food safety, regarding mycotoxin contamination in Chile. 

In the field, proper fertilizer use and proper irrigation are key to decreasing soil-born 

fungi (e.g., Mucor, Cladosporium, Harzia and Rhizopus). In addition, the implementation 

of good agricultural practices is important to prevent the proliferation of field pathogens 

as Alternaria and Fusarium. Species of both genera can cause rot and wilt in living plants 

and can infect fresh fruits, especially after injury by insects or chilling, mechanical 

damage (Hochmuth and Hochmuth, 2010; Yang et al., 2011). 

The drying stage of the pods is characterised by long periods of exposure to the sun 

(e.g., between 5-15 days), where pods can be affected by changes in temperature, 

exposure to dust, wind and insect infestation. This timeframe allows fungal colonisation 

to occur, especially by xerophilic/xerotolerant fungi (Aspergillus and Penicillium 

species). In addition, poor post-harvest hygiene in storehouses can lead to further fungal 

colonisation and an increase in the risk of mycotoxins contamination (Santos et al., 2008). 

In the industrial sector, the drying stage is automated, despite the high energy costs, 

the controlled conditions of temperature, air velocity and humidity reduce the microbial 

contamination and improve chilli quality. However, OTA is very stable and can remain 

in the substrate even after the grinding and baking process. It is noteworthy that, quality 

of Mekén is directly related to quality pods collected in the field (Costa et al., 2019b). 

OTA is mainly produced by some species of Aspergillus and Penicillium. Aspergillus 

ochraceus, species belonging to Aspergillus section Nigri (especially A. carbonarius, but 

in less extension (10%) by A. niger too) and Penicillium verrucosum, have been found as 
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important OTA producers. Within these, A. carbonarius have been identified as the key 

species responsible for OTA contamination in agri-food products. They contaminate 

different crops with different distribution depending on climate conditions. Aspergillus 

species predominate in warm and temperate regions while Penicillium species are 

frequent in colder regions. OTA production is higher at 0.98 aw, regardless of the 

temperature level, but its production tends to rise at the optimum temperature, between 

25 and 30 ºC in A. ochraceus (EFSA, 2006; Wang et al., 2016). 

A few years ago, A. ochraceus was considered to be the main source for OTA 

production in relatively warmer regions, while P. verrucosum being in colder ones. 

However, A. westerdijkiae, a potential OTA producing fungus that is phylogenetically 

similar to A. ochraceus, is frequently found in tropical regions, and although it does not 

grow at 37 ºC, it is still considered to be one of the important OTA producers (Almela et 

al., 2007; Wang et al., 2016). Mycotoxin production depends on each fungal strain 

(Rodrigues et al., 2011). Those fungal species not considered OTA producer become 

included in the “OTA producer list” if there is found the genetic requirement for OTA 

biosynthesis in one of their strains. In addition, a fungal species become considered 

potentially ochratoxigenic when one of its strains is found producing OTA. 

OTA has previously been reported in red pepper samples (Santos et al., 2010b; Ham 

et al., 2016), dried chilli pod (Thirumala-Devi et al., 2000; Jalili and Jinap, 2012; 

Yogendrarajah et al., 2014), chilli powder (Ozbey and Kabak, 2012; Iqbal et al., 2013; 

Rotsisen et al., 2016) red pepper flakes (Tosun and Ozden, 2015), chilli sauce (Iqbal et 

al., 2013), sweet pepper (Çağindi and Gürhayta, 2016; Gambacorta et al., 2018), and 

paprika (Ahn et al., 2010; Santos et al., 2010). 
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Up to now, an initial overview of the mycobiota associated with C. annuum L. cv. 

"Cacho de Cabra” and Merkén was realized by Costa et al. (2019b). The authors showed 

that 225 fungal strains were isolated from pepper samples obtained at the field, dried, and 

smoked phases. Merkén samples were also analysed. 

Fusarium spp. (23%) and Alternaria spp. (14.7%) were predominant in the field (n 

= 61). Species of both genera are considered field pathogens, growing better on substrates 

with aw ≥ 0.9.  According to the authors, Penicillium spp. (drying = 52.1%; smoked = 

74.1%; n = 43) and Aspergillus (drying = 26%; smoked = 21.17%; n = 85) were 

predominant in post-harvest. The drying and smoking phases are performed to decrease 

the levels of moisture content (11.0% to 16.3%) and aw (0.513 to 0.611) of the pepper 

pods. However, some species of Penicillium and Aspergillus can grow in low aw 

conditions.  

Adebanjo and Shopeju (1993) showed that in fresh C. annuum, Fusarium equiseti 

was the main species found, while in stored samples the incidence of both A. alternata 

and Fusarium spp. was low. 

Casquete et al. (2017) isolated 67 fungal species from smoked paprika samples. Both 

potential aflatoxigenic Aspergillus species and PAT-producer Penicillium (P. expansum 

and P. thomii) were found. In these samples, mycotoxins were not detected, agreeing with 

other studies that had already stated that aw conditions required for the production of 

mycotoxins are slightly more restricted than for growth (Magan and Aldred, 2008).  

The long periods of drying and poor sanitary conditions where pepper products are 

stored can contribute to this gradual increase in fungal contamination levels.  
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Similarly, red pepper samples, even after drying, can have an increase in populations 

of spoilage fungi with A. glaucus, A. niger and A. fumigatus being dominant (Seenappa 

et al., 1980; Adebanjo and Shopeju, 1993; Iqbal et al., 2011a). 

Pepper powder products are very hygroscopic. Overall, where pepper powder is sold 

in markets in bulk, rehydration can occur which would allow mycotoxigenic fungi to 

become active and produce mycotoxins (Santos et al., 2010b). Thus, after drying they 

need to be effectively packaged to prevent any increase in aw.  Besides that, high-quality 

of Merkén is directly linked to a selection of high-quality pods. 

In 2018, the Chilean Agency for Food Quality and Safety (ACHIPIA) has prepared 

a risk profile for Ochratoxin A in Capsicum pepper and Merkén. However, due to scarce 

information available on Capsicum production and OTA contamination levels in this 

product, it was not possible to carry out a risk assessment with representative data. 

Recently monitoring data for mycotoxin in Capsicum from 2008-2017 were published by 

Foerster et al. (2019), paying special attention to the contamination of Capsicum 

consumed and produced in Chile.  

According to the Chilean Mycotoxin Surveillance Program data so far, the highest 

level of OTA in Capsicum (e.g., 416.3 μg/kg) was detected in a sample collected from 

the local market. 

Similarly, Ikoma et al. (2015) showing contamination range of 163.4-1059.2 µg/kg 

with an average OTA amount of 355.6 µg/kg in dried red peppers from Chile. These 

concentrations exceed also the OTA limits established by the European Commission 

(EC). 
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Contamination of Capsicum and derivative products as Merkén also causes concern 

as OTA levels detected reached levels of 71.77 μg/kg (Chilean Ministry of Health- 

Minsal, 2017). 

 Rodriguez (2018) analysed mycotoxins contamination of Merkén from the farmers 

and markets of the La Araucania region, Chile. The authors reported that Merkén samples 

showed a 100% OTA contamination, ranged between 0.79±0.05 to 19.81±0.70 µg/kg. 

The authors point out that only one sample has a higher OTA concentration (19.8 ±0.70 

μg/kg) than those established by the EC. 

However, even at low concentration, the constant presence of OTA/AF may be a risk 

as it may act in synergy with other mycotoxins. The simultaneous occurrence of different 

mycotoxins may increase, decrease or not act on the toxicity of these metabolites.  

In Chile, Capsicum products are also reported as highly susceptible food matrix to 

aflatoxins contamination. Foerster et al. (2019) reported that the co-occurrence of OTA 

and AFs in Capsicum samples corresponded to 20.6% of the samples analysed by the 

Chilean Mycotoxin Surveillance Program. Up to now, the highest level of aflatoxins 

detected in Chilean Capsicum has been 176.4 μg/kg.  

Regarding AF contamination in Merkén, up to now, only AFB1 was detected (57%; 

n= 13) in very low concentration (0.29±0.37 to 1.67±0.32 µg/kg) (Rodriguez, 2018).  

The consumption of pepper by the Chilean population is high, which is estimated to 

be approximately 140 g/month/person. Heretofore there is no history of outbreak due to 

OTA or AF from Capsicum products in Chile. However, protracted consumption of foods 

contaminated with OTA/AF is a risk factor for human health. Several authors have been 

reported consume the Capsicum as an important risk factor for gallbladder cancer (GBC) 
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in Chilean women (Serra et al., 2002; Tsuchiya et al., 2011; Asai et al., 2012; Ikoma et 

al., 2015; Nogueira et al., 2015).  

Overall, data on potentially mycotoxigenic mycobiota and the presence of Capsicum 

mycotoxins consumed in Chile already indicate the susceptibility of this substrate. The 

data reported by Foerster et al. (2019) reaffirmed that in Chile food contamination with 

mycotoxins is real and more severe than projected, especially in Capsicum. Therefore, it 

is urgent to update the regulation of mycotoxins in this country. In addition, a study across 

all production points of Capsicum will be essential to understand the general framework 

of the action of mycotoxins on this substrate. All this information is important to ensure 

the competitiveness of agricultural producers in the international market and especially 

for the health of the Chilean population itself. 

3.6 National and International Legislation 

Maximum limits for mycotoxins in foods are determined by the legislation of own 

country. In Brazil, current legislation includes MTL established for total AFs (20 µg/kg) 

and OTA (30 µg/kg) in Capsicum spp. (dry fruit, whole or crushed, and mixtures of 

spices). In Pakistan, the regulation for AFs in chilli powder fixes maximum tolerable 

limits (MTL) in 15 µg/kg for total AFs, 10 µg/kg for AFB1 and, 7 µg/kg for OTA. As for 

Capsicum fruits, the MTL is set at 30 µg/kg for total AFs (FAO, 2018). 

The European Commission (EC) established the strictest legislation for mycotoxin 

in food and feed for all countries of the European Union. The regulations for AFs in 

Capsicum fruits with MTL set at 10 µg/kg for total AFs (AFB1 + AFB2 + AFG1 + AFG2) 

and at 5.0 µg/kg for AFB1 (European Commission Regulation EU No. 1881/2006). The 

regulation was recently updated with the maximum levels of OTA in spices of 20 µg/kg 

for Capsicum powder and 15 µg/kg for mixtures of Capsicum with other species 
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(Commission Regulation EU No 2015/1137). No maximum tolerable Fusarium toxin or 

PAT concentration has been established for pepper powder to date. 

Although it is a risk factor, up to now the Chilean legislation does not regulate the 

maximum limits of OTA in spices. In Chile, the regulation for mycotoxin in spice, 

including Capsicum, establishes MTL set at 10 µg/kg, only for total AFs. Similarly, in 

Uruguay, the legislation is established only for AFs, with MTL set at 10 µg/kg for total 

AFs and at 5.0 µg/kg for AFB1. 

3.7 Conclusions 

Alternaria, Aspergillus, Fusarium, and Penicillum species were predominant in 

Caspsicum samples collected in Chile. In addition, spoilage fungi from Capsicum 

samples were obtained from all points of the production chain. Pointing out the 

susceptibility of this commodity to fungal contamination.  

In the international domain, mycotoxins such as AFs, OTA, ZEN, FMs and PAT, 

DON, AME and AOH have been widely detected in paprika, chilli sauce, and seasonings 

made out of Capsicum.  OTA and AF were the only mycotoxins analysed in Chilean 

peppers. In investigations carried out so far, both toxins were frequent and were present 

in concentrations that exceeded the limits established by international regulation (e.g., 

EC, FDA).  

Despite its economic relevance and high intake, there is a lack of information about 

the Chilean consumer profile of Capsicum. Up to now, there is no outline of the 

frequency, seasonality and amount of consumption of Capsicum, by country regions, rural 

and urban areas, age groups, gender and risk population. 
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The consumption profile, mycobiota dominate and possible mycotoxins present are 

essential information to establish an action plan, which aims to contribute both to the 

business of the small and medium producer and the population health. In addition, this 

information is essential to improve national legislation. 
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Abstract  

This work aims to provide the first study on the mycobiota present in Chilean pepper 

Capsicum annuum L. cv. “Cacho de Cabra” throughout the early production stages. Two 

hundred and forty berry fruits were sampled: 1) at the ripe fruits harvest day; 2) during 

drying; and 3) smoking processes. A total of 192 strains, encompassing 11 genera and 44 

species, were identified through analysis of β-tubulin (benA) gene and internal transcribed 

spacer of ribosomal DNA (ITS) region. All collection points showed samples with high 

fungal contamination, but the mycobiota composition varied as a result of different 

environmental conditions. Alternaria spp. and Fusarium spp. were predominantly 

isolated from fresh fruits of C. annuum. Penicillium spp. was the most frequent genus in 

all analysed points. Penicillium brevicompactum and P. crustosum were the most 
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abundant species. Among Aspergillus, A. niger and A. flavus were dominant after the 

drying phase. In our study, none of the analysed strains of Penicillium (113) and 

Aspergillus (35) produced Ochratoxin A at detectable levels. The broad characterisation 

of the fungal community of C. annuum carried out in this study could be a guideline for 

future mycotoxin analyses performed directly on the pod. Understanding the role and 

dynamics of mycobiota and its relationship with the toxins present in this substrate, will 

be useful to establish and improve control measures considering the specificities of each 

point in the C. annuum production chain. 

 

Keywords: Chilli, Spoilage Fungi, Mycotoxigenic Fungi, Mycobiota Identification, 

OTA 
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4.1 Introduction 

Capsicum genus is a horticultural crop produced worldwide. Its exotic flavour, 

aroma, colour, and pungency popularised Capsicum peppers, making them the second 

largest consumed spice throughout the world, especially in Asia and Latin America. 

According to the Food and Agriculture Organisation (FAO), in 2016, the worldwide 

production area for dried Capsicum was 1.798.847 ha, with a production of 3.918.159 

tonnes of harvested product per year (FAOSTAT, 2018). 

In Chile, the main species of cultivated pepper is C. annuum, which is popularly 

known as “aji” (Govindarajan, 1985). A particular landrace of C. annuum L. cv. “Cacho 

de Cabra” is the second most-produced variety in Chilean territory, mainly in the Region 

of La Araucanía (FIA, 2006). 

The production of C. annuum L. cv. “Cacho de Cabra” by small farmers has been 

carried out predominantly in artisan or semi-industrial forms. In both cases, it begins with 

the sowing of selected seeds in a nursery, which occurs between May to June (end of 

autumn to early winter in the Southern Hemisphere). Then, from August to September 

(end of winter to early spring), plants are transplanted to the field for plant growth and 

berry fruit production. Finally, from March to April (beginning of autumn), berry fruits 

are harvested (FIA, 2006). 

After harvest, berry fruits are usually dried by direct sun exposure or mechanical 

heat. Traditionally, this process takes place inside “Rucas”, typical houses made of wood 

and straw, with berry fruits being placed on the floor and turned several times to obtain 

an even drying. Artisanal drying can take between 5 to 15 days, depending on the number 

of available sun hours and weather conditions (FIA, 2010). After drying, berry fruits go 

through a smoking process for approximately half an hour on a native wood fire. This 
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process generates a product with a specific darker colour and a certain smoky flavour 

(Costa et al., 2019a). 

Capsicum annuum L. cv. “Cacho de Cabra” can be sold whole, fresh, crushed, and 

mixed with other spices. However, they are predominantly used as raw material to 

produce a powdered pepper known as Merkén (Costa et al., 2019a). As expected, high-

quality of Merkén is directly linked to a selection of high-quality pods (FIA, 2010). 

However, research on mycobiota, including mycotoxigenic species, was carried out 

predominantly on chilli powder and other chilli by-products (Atanda et al., 1990; Ruiz-

Moyano et al., 2009; Santos et al., 2011; Tančinová et al., 2014; Ham et al., 2016; 

Casquete et al., 2017). To date, few studies have reported the mycobiota of C. annuum 

berry fruits and none has described it in all stages of production (Cabral et al., 2016; 

Haruna et al., 2017; Frimpong et al., 2019). 

The agricultural practices used by farmers that produce C. annuum L. cv. “Cacho de 

Cabra” are highly empirical, based on ancestral agriculture practices and do not consider 

the prevention of fungal growth and further potential contamination with mycotoxins 

(FIA, 2010). For the Chilean ecotype of C. annuum L. cv. "Cacho de Cabra” there is no 

data on mycobiota diversity. 

Origin of the raw material, hygiene conditions, temperature, humidity and water 

activity (aw) are critical factors to fungal colonisation and mycotoxin biosynthesis 

(Sanchis and Magan, 2004; Almela et al., 2007; Ahn et al., 2010; Iqbal et al., 2011a). The 

Chilean Mycotoxin Surveillance Program reported a contamination of Capsicum samples 

with Aflatoxins and Ochratoxin A beyond the maximum tolerable limits (MTL) 

established by the European Commission (Foerster et al., 2020). Ochratoxin A 
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contamination was also reported in Merkén, a derivative product from C. annuum 

(Agencia Chilena para la Calidad e Inocuidad Alimentaria [ACHIPIA], 2018). 

These recent mycotoxin contamination alerts point out that fungal contamination, 

especially by potentially mycotoxigenic species, should not be underestimated in Chilean 

Capsicum and its derivatives. However, there is no available data on fungal population 

loads in C. annuum L. cv. “Cacho de Cabra” during the harvesting and post-harvest 

phases, including drying and smoking processes. For this reason, the objective of the 

present work is to provide the first study on the mycobiota of Chilean pepper C. annuum 

L. cv. “Cacho de Cabra” during the initial stages of traditional agricultural cultivation. 

The strains of Aspergillus and Penicillium isolated will be also analysed as to its 

ochratoxigenic potential. 

4.2 Materials and Methods  

4.2.1 Study area 

Berry fruits samples of Capsicum annuum L. cv. "Cacho de Cabra” were collected 

in the following rural localities of the Region of La Araucanía, Chile (Figure 1): Nueva 

Imperial (S 38° 72’07’’, W 72° 91’19’’), Hualacura (S 38° 71’98’’ 72° 94’00’’ W), 

Cholchol (S 38° 57’02’’, W 72° 81’96’’) and Purén (Lumaco) (S 38° 16’42’’, W 72° 

82’08’’). 

4.2.2 Sampling 

Capsicum annuum L. cv. “Cacho de Cabra” pod samples were provided by 8 farmers 

from Nueva Imperial (2), Hualacura (1), Cholchol (1) and Purén (Lumaco) (4). Samples 

were collected from April to June 2017 at 3 different sampling points: 1) at the ripe fruits 

harvest day (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 chilli pods were 
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obtained from each farmer, totalling 240 samples collected and analysed (SP I, n=80; SP 

II, n=80; SP III, n=80). The bulk samples were stored in paper bags, transported in a 

refrigerated box to the laboratory and processed in the same day. 

Average temperature and humidity during SP I sampling were: (April 2017) 12.5 °C 

and 87.28% for Nueva Imperial and Hualacura; 12.1 °C and 85.61% for Cholchol, and 

12.1 °C and 85.53 % for Purén (Lumaco). During SP II sampling average temperatures 

and humidity were: (May 2017): 6.6 °C and 90.75% for Nueva Imperial and Hualacura; 

8.2 °C and 89.76% for Cholchol, and 7.8 °C and 90.93 % for Purén (Lumaco); while 

during SP III average temperatures and humidity were: (June 2017) 7.9 °C and 91.38 % 

for Nueva Imperial and Hualacura; 7.4 °C and 91 % for Cholchol, and 6.8 °C and 93.2 % 

for Purén (Lumaco) (Meteochile, 2020). 

4.2.3 Mycological analysis of Capsicum annuum  

In order to isolate the mycobiota, each of the 240 chilli pods was divided into three 

sections (top, middle, and bottom). A fragment of each section was cut (1 x 1 cm) and 

plated on Malt Extract Agar (MEA, malt extract 20 g L-1, mycological peptone 1 g L-1, 

agar 20 g L-1, glucose 20 g L-1), Dichloran Rose Bengal Chloramphenicol agar (DRBC, 

KH2PO4 1 g L-1, MgSO4·7H2O 0.5 g L-1, peptone 5 g L-1, dichloran 0.002 g L-1, 

chloramphenicol 0.1 g L-1, agar 15 g L-1, glucose 10 g L-1, rose bengal 0.025 g L-1) and 

Dichloran 18% Glycerol Agar (DG18, mycological peptone 5 g L-1, glucose 10 g L-1; 

KH2PO4 1 g L-1, MgSO4·7H2O 0.5 g L-1, glycerol 220 g L-1, dichloran 0.002 g L-1, 

chloramphenicol 0.1 g L-1, agar 15 g L-1) medium. Each plate was incubated for 7 days 

in the dark at 25 °C. Fungal isolates were selected eliminating the fast-growing Mucorales 

giving preference to potentially mycotoxigenic genera. 
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Figure 1. Location of the sampling localities in the region of La Aracaunía, Chile. 

Numbers above the location pins indicate the number of Farmers that provided chilli 

samples. 

4.2.4 Morphological identification 

For fungal morphological identification, all strains were subculture on MEA and 

Potato Dextrose Agar (PDA, 200 g of infusion from potatoes, glucose 20 g, agar 15 g) at 

25 °C for 7 days in the dark. Fungal strains were identified at genus level based on macro- 

and micro-morphological traits with appropriate keys (Nelson et al., 1983; Samson et al., 

2000; Klich, 2002). All fungal strains isolated in the present study (Supplementary Table 

1) were deposited at the Chilean Culture Collection of Type Strains (CCCT/UFRO, 

http://ccct.ufro.cl/), which is member of the World Federation of Culture Collection under 

the registration number WDCM 1111. 
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4.2.5 Molecular biology analyses 

4.2.5.1 Genomic DNA extraction 

Genomic DNA of each isolate was extracted using a modified protocol described by 

Rodrigues et al. (2009). Briefly, spores of each strain were transferred from a 7 days old 

culture into 50 mL tubes containing 25 mL of Malt Extract-Glucose-Yeast-Peptone 

Medium (MGYP, malt extract 3 g L-1, glucose 10 g L-1, yeast extract 3 g L-1, peptone 5 g 

L-1). Samples were incubated at room temperature for 5 days in the dark, at 150 rpm in a 

shaker. Fungal biomass was filtrated and stored at -20 °C. 

For DNA extraction, 100 mg of biomass were transferred into a 1.5 mL micro-tube 

containing 100 µL of lysis buffer (200 mM Tris-HCl pH 8.5, 250 mM NaCl, 25 mM 

EDTA, 0.5% (w/v) SDS). Cell lysis was performed using a pellet pestle for 3-4 min. After 

mechanical lysis, 900 µL of lysis buffer was added and the samples were incubated for 1 

hour at 65 °C. Samples were centrifuged at 14000 x g for 10 min at room temperature and 

800 µL of the upper phase was transferred into a new 2 mL micro-tube. 

Polysaccharides and proteins were precipitated by adding 1 mL of cold sodium 

acetate (3 M, pH 5.5). Samples were gently mixed by inversion, placed at -20 °C for 10 

min and centrifuged at 14000 x g for 10 min at room temperature. Clean supernatant was 

then transferred into a new micro-tube and precipitated with one volume of cold 

isopropanol (-20 °C). Samples were gently mixed by inversion for 2 minutes, incubated 

at -20 °C for 2 h and centrifuged at 14000 x g for 10 min. 

DNA pellets were washed twice with 1 mL of cold 70% ethanol, centrifuged at 14000 

x g for 10 min and dried using a Savant™ SPD111 SpeedVac Concentrator (Thermo 

Fisher Scientific Inc., Wilmington, USA). DNA samples were suspended on 50 µL of 

ultra-pure water and stored at -20 °C. DNA samples were subjected to quality assessment 
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by quantification of total DNA using NanoDrop™ 1000 instrument (Thermo Fisher 

Scientific Inc., Wilmington, USA) and by electrophoresis agarose gel 1% (w/v) for 45 

min at 80 V. SYBR® Safe DNA Gel Stain (Invitrogen, Carlsbad, USA) was used as 

staining element and NZYDNA ladder III (NZYTech Lda, Lisbon, Portugal) was used as 

DNA molecular weight marker. 

4.2.5.2 PCR amplification 

In order to identify the fungal strains, partial amplification of internal transcribed 

spacer of ribosomal DNA (ITS) region or β-tubulin gene (benA) were performed. ITS is 

regarded as the universal barcode for fungal identification (Schoch et al., 2012) but for 

specific genera such as Penicillium and Aspergillus benA is a more informative primary 

barcode when trying to achieve species-level identification (Samson et al., 2014; Visagie 

et al., 2014). 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´) design by White et al. 

(1990). 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´) design by 

Glass and Donaldson (1995). 

For both regions, PCR reactions included 25 µL Taq DNA polymerase Master Mix 

2x (VWR Life Science, Leuven, Belgium), 2 µL of each primer at 10 mM and 2 µL of 

total DNA in a final volume of 50 µL. PCR parameters used in the thermal cycler for ITS 

were: 94 °C for 3 min, 35 cycles of 94 °C for 1 min, 55 °C for 1 min, 72 °C for 1 min and 

a final extension at 72 °C for 5 min; for benA were: 95 °C for 3 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 
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manufacturer’s instructions and sent to Sanger sequencing to StabVida (Madan Parque, 

Caparica, Portugal). All sequences were submitted to GenBank and accession codes can 

be found in Supplementary Table 1. 

4.2.6 Phylogenetic analyses 

Each sequence was compared with the GenBank database using the Basic Local 

Alignment Search Tool (BLAST, https://blast.ncbi.nlm.nih.gov/). Phylogenetic analyses 

were performed by comparing sample sequences against those of reference species 

retrieved from the NCBI database (Table 1). Alignment was performed using MUSCLE 

(Robert, 2004) followed by visual inspection and manual correction using MEGA 7.0 

(Kumar et al., 2016). 

Maximum likelihood trees based on the most suitable substitution model (determined 

based on the lowest bayesian information criterion, varying between Kimura 2-parameter 

(Kimura, 1980) or Tamura-Nei (Tamura and Nei, 1993) methods and 1,000 bootstrap 

replicates were constructed using MEGA 7.0. All positions containing gaps and missing 

data were eliminated. 

4.2.7 Diversity analyses 

Shannon-Wiener (H’), Simpson’s diversity (D1), Simpson’s dominance (D2), species 

richness (S) and Simpson’s evenness (E) diversity indices (Shannon, 1948; Simpson, 

1949; Whittaker, 1972; McCune and Grace, 2002) were estimated based on species 

counts for the complete dataset. Species and genus relative abundances were estimated 

and plotted in R environment 3.5.1 and RStudio 1.1.383 (Rstudio, 2016; R environment, 

2020) using vegan package (Oksanen et al., 2018) to estimate Bray-Curtis similarity 

matrices and pheatmap package (Kolde, 2018) to plot the similarity data using UPGMA 
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clustering method. Species distribution per sampling point was also represented in a Venn 

diagram generated using VennDiagram package (Chen, 2018) in Rstudio. 

For benA and ITS separately, Jukes-Cantor distance matrices between sequences 

were calculated using MEGA 7.0. Those were used to assign sequences to operational 

taxonomic units (OTUs), and construct observed and Chao1 estimated rarefaction curves 

using DOTUR furthest neighbour clustering method (Schloss and Handelsman, 2005). 

For each OTU, a consensus sequence that represented that cluster was derived using 

Geneious Prime 2020.0.5 (https://www.geneious.com) and subsequently used for 

phylogenetic analysis as described above. 

4.3 Determination of mycotoxigenic strains 

All Aspergillus and Penicillium strains were tested for OTA production in an 

inducing Yeast Extract Sucrose agar medium (YES, yeast extract 20 g L-1; sucrose 150 g 

L-1; agar 15 g L-1; MgSO4·7 H2O 0.5%; ZnSO4·7H2O 0.01%; CuSO4·5H2O 0.005%) and 

incubated at 25 °C for 7 days in the dark (Frisvad and Filtenborg, 1983; Esteban et al. 

2006). 

For OTA extraction, 2 mL of methanol were added to 3 agar plugs removed from one 

colony. After 1 hour, the extract was filtered through 0.2 μm filters (Bragulat et al., 2001). 

OTA quantification was performed according to Abrunhosa et al. (2014) using High 

Performance Liquid Chromatography (Waters, Milford, MA, USA) with a reverse-phase 

C18 silica gel column (250 x 4.6 mm, 5 μm), equipped with a Varian 9002 pump (Agilent, 

Palo Alto, CA, USA), a Varian Prostar 410 autosampler and Jasco FP-920 fluorescence 

detector (Jasco Europe, Cremella, Italy). Excitation and emission wavelengths were set 

at 333 and 460 nm, respectively. 

http://www.geneious.com/
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             Table 1. Reference strains used for phylogenetic analysis of the study isolates. GenBank accession numbers of ITS and benA sequences used to 

             construct phylogenetic trees are listed here. 

Genus Species Section / Species complex / Clade Strain§ 

GenBank accession 

numbers 

ITS benA 

Alternaria alternata section Alternaria CBS 916.96 T AF347031 - 
 

arborescens section Alternaria CBS 102605 T NR_135927 - 
 

atra section Ulocladioides ATCC 18040 T AF229486 - 
 

consortialis section Ulocladioides CBS 104.31 T KC584247 - 
 

cucurbitae section Ulocladioides CBS 483.81 R FJ266483 - 
 

limoniasperae section Alternaria CBS 102595 T FJ266476 - 
 

longipes section Alternaria CBS 540.94 R AY278835 - 
 

multiformis section Ulocladioides CBS 102060 T NR_077187 - 
 

tenuissima section Alternaria CBS 918.96 R AF347032 - 
 

terricola section Ulocladioides CBS 202.67 T NR_103600 - 

Aspergillus brasiliensis section Nigri CBS 101740 T - FJ629272 
 

dimorphicus section Cremei CBS 649.74 T - EF652111 
 

flavus section Flavi CBS 100927 T - EF661485 
 

fumigatus section Fumigati CBS 133.61 T - EF669791 
 

luchuensis section Nigri CBS 205.80 T - JX500062 
 

niger section Nigri CBS 554.65 T - EF661089 
 

pseudoglaucus section Aspergillus CBS 123.28 T - EF651917 
 

versicolor section Versicolores CBS 583.65 T - EF652266 

Cephalotrichum cylindricum - UAMH 1348 T NR_146264 - 
 

gorgonifer - CBS 120011 KY249257  - 
 

telluricum - CBS 336.32 T NR_154845 - 

Cladosporium cladosporioides Cladosporium cladosporioides species complex CBS 112388 T NR_119839 - 
 

colocasiae Cladosporium cladosporioides species complex CBS 386.64 T NR_119840 - 
 

oxysporum Cladosporium cladosporioides species complex CPC 14371 T NR_152267 - 
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Cont.      
 

westerdijkiae Cladosporium cladosporioides species complex CBS 113746 T HM148061 - 

Colletorichum coccodes No clade assigned CBS 369.75 T NR_119858 - 
 

destructivum Destructivum clade CBS 136228 T NR_152280 - 
 

graminicola Graminicola clade CBS 130836 T NR_111190 - 
 

spaethianum Spaethianum clade CBS 167.49 T NR_111451 - 

Fusarium equiseti Fusarium incarnatum-equiseti species complex NRRL 26419 T NR_121457 - 
 

equiseti Fusarium incarnatum-equiseti species complex BCCM/IHEM 2823 KJ125696 - 
 

equiseti Fusarium incarnatum-equiseti species complex BCCM/IHEM 19268 KJ125578 - 
 

equiseti Fusarium incarnatum-equiseti species complex BCCM/IHEM 19306 KJ125566 - 
 

incarnatum Fusarium incarnatum-equiseti species complex BCCM/IHEM 20883 KJ125579 - 
 

incarnatum Fusarium incarnatum-equiseti species complex BCCM/IHEM 18176 KJ125577 - 
 

incarnatum Fusarium incarnatum-equiseti species complex BCCM/IHEM 1487 KJ125573 - 
 

oxysporum Fusarium oxysporum species complex BCCM/IHEM 25665 KJ125664 - 
 

oxysporum Fusarium oxysporum species complex BCCM/IHEM 1243 KJ125597 - 
 

redolens - NRRL 22901 U34565 - 

Microascus cinereus - UTHSC 10-2805 T NR_132939 - 
 

gracilis - CBS 369.70 T NR_165206 - 

Penicillium adametzioides section Sclerotiora CBS 313.59 T - JN799642 
 

angulare section Sclerotiora CBS 130293 T - KC773779 
 

bialowiezense section Brevicompacta CBS 227.28 T - AY674439 
 

brasilianum section Lanata-Diviricata CBS 253.55 T - GU981629 
 

brevicompactum section Brevicompacta CBS 257.29 T - AY674437 
 

buchwaldii section Brevicompacta CBS 117181 T - JX313182 
 

bussumense section Aspergilloides CBS 138160 T - KM088685 
 

chrysogenum section Chrysogena CBS 306.48 T - AY495981 
 

citrinum section Citrina CBS 139.45 T - GU944545 
 

corylophilum section Exilicaulis CBS 312.48 T - JX141042 
 

crustosum section Fasciculata CBS 115503 T - AY674353 
 

cyclopium section Fasciculata CBS 144.45 T - AY674310 
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discolor section Fasciculata CBS 474.84 T - AY674348 
 

expansum section Penicillium CBS 325.48 T - AY674400 
 

freii section Fasciculata CBS 476.84 T - AY674290 
 

frequentans section Aspergilloides CBS 105.11 T - KM088762 
 

glabrum section Aspergilloides CBS 125543 T - GU981619 
 

melanoconidium section Fasciculata CBS 115506 T - AY674304 
 

neoechinulatum section Fasciculata CBS 169.87 T - AF003237 
 

paraherquei section Lanata-Diviricata CBS 338.59 T - KF296465 
 

polonicum section Fasciculata CBS 222.28 T - AY674305 
 

sizovae section Citrina CBS 413.69 T - GU944535 
 

verrucosum section Fasciculata CBS 603.74 T - AY674323 
 

viridicatum section Fasciculata CBS 390.48 T - AY674295 

Stagonosporopsis dorenboschii - CBS 426.90 T NR_135996 - 
 

hortensis - CBS 104.42 R GU237730   
 

loticola - CBS 562.81 T NR_163680 - 

Talaromyces pinophilus section Talaromyces CBS 631.66 T - JX091381 

Trichocoma paradoxa - CBS 788.83 JN899398 KF984556 

Trichoderma gamsii Viride clade FMR 12636 NR_131317 - 
 

koningiopsis Viride clade CBS 119075 T NR_131281 - 
 

trixiae Viride clade CBS 134702 T NR_138444 - 

  viridescens Viride clade CBS 433.34 NR_138429 - 
§ T – type strain; R – reference strain. 
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An isocratic mobile phase of acetonitrile/water/acetic acid (99:99:2, v/v/v) was used 

with a flow rate of 1.0 mL min-1. 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 μg/mL) supplied by Sigma (O1877). OTA determination 

in samples was based on the external standard calibration method, using an OTA 

concentration range of 0.05-100 ppb. The calibration curve was y = 1075.8 × + 736.3 and 

R2 = 0.9972. Limit of detection (LOD) and limit of quantification (LOQ) were calculated 

according to the following equations (Taverniers et al., 2004): LOD = 3.3 × (sd/b) and 

LOQ = 10 × (sd/b), where sd is the standard deviation of the intercept of the regression 

line obtained from the calibration curve, and b is the slope of the line. LOD and LOQ 

were calculated as 7.6 and 23 ppb, respectively. 

4.4. Results and Discussion 

4.4.1 Mycobiota isolation and identification 

In our study, a total of 192 filamentous fungi strains were isolated and identified from 

C. annuum berry fruits. Of those, 149 were sequenced using benA and 43 using ITS 

(Supplementary Table 1). Their phylogenetic analysis revealed that the total data set 

includes 11 genera and 44 different fungal species (Supplementary Figures 1-3). 

Predominant genera were Penicillium (58.9%), Aspergillus (18.2%), Alternaria (8.9%) 

and Fusarium (7.3%). On the other hand, Cephalotrichum, Cladosporium, 

Colletotrichum, Microascus, Stagonosporopsis, Talaromyces, and Trichoderma were 

isolated in low frequencies, collectively corresponding to 6.7% (Figure 2). 

Species belonging to each genus were differently distributed between sampling 

points (Figure 3 and 4). Fusarium and Alternaria species are usually isolated from living 

plants and fresh fruits. Overall, these genera are well adapted to field phase (Sanzani et 
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al., 2016). This was also observed in the present study, with Fusarium spp. being present 

only in SP I, while Alternaria spp. was isolated in all sampling points, being predominant 

in SP I and SP II (Figure 3 and 4). In particular, F. incarnatum-equiseti species complex 

and Alt. sect. Alternaria were the most prevalent in our study (Figure 3). Adebanjo and 

Shopeju (1993) showed that F. equiseti was the main species found in fresh fruit of C. 

annuum. Similarly, in the post-harvest phases (SP II and III) of the present study it was 

observed that the incidence of both Alternaria spp. and Fusarium spp. were low. In fact, 

in stored samples the predominance of field fungi is switched to xerophilic fungi such as 

Aspergillus and Penicillium (Figure 2).  

 

 

 

 

 

 

 

 

 

Figure 2. Heat map showing genus relative abundance distributed by the three sampling 

points considered (SP I, SP II and SP III). Sites were clustered using UPGMA 

dendrogram based on Bray-Curtis similarities. Colour legend and scale provided in the 

figure. 
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Exceptions to this trend include species such as A. dimorphicus, A. versicolor and P. 

sizovae, which are commonly regarded as saprophytes, soil-borne and opportunistic plant 

pathogens together with F oxysporum, F. redolens and Stagonosporopsis sp. (Houbraken 

et al., 2010; Garampalli et al., 2016, Haapalainen et al., 2016). These were isolated 

exclusively from samples of ripe chilli fruits (SP I, Figure 3 and 4). Surprisingly, the 

xerophilic species of A. pseudoglaucus was also isolated from fresh fruit (Figure 4). This 

species is generally related to the deterioration of dry foods as chilli powder (Garcia et 

al., 2018). 

Regarding Penicillium, species from this genus are usually isolated from chilli by-

products such as paprika, red pepper flakes and crushed chilli (Heperkan and Ermis, 2004; 

Santos et al., 2011; Tančinová et., 2014; Gherbawy et al., 2015; Garcia et al., 2018). As 

far as we know, this is the first report of P. crustosum spoiling pepper fruits at the post-

harvest stage (SP II and III, Figure 3 and 4), re-enforcing the idea that this species can be 

an emerging pathogen. Here, P. crustosum was isolated from chilli pods, usually being 

reported in cheese, nuts, and soil (González et al., 2017; Decontardi et al., 2018; Garcia 

et al., 2018). As for the P. glabrum clade, our data corroborates Barreto et al. (2011) and 

Houbraken et al. (2014) that indicated high intra-specific β-tubulin variation for this 

group. Among the 21 strains grouped in this clade, only five could be identified as P. 

glabrum (1) and P. frequentans (4). The remaining lineages could represent putative new 

species (Supplementary Figure 3), which is particularly interesting since these strains 

were isolated from dried pepper, an unusual substrate for this group. Similarly, P. 

cyclopium and P. polonicum are rarely isolated from chilli and its derivatives (Santos et 

al., 2011; Dashora et al., 2018), possibly due to the shift in the conditions during the 

drying process causing that these airborne fungi seize to proliferate. Nevertheless, these 

two species were isolated here in more than one sampling point (Figure 4) and at relatively 
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high frequencies, particularly in sampling point III (Figure 3). In fact, P. cyclopium, P. 

brevicompactum and P. glabrum clade were dominant in smoked C. annuum samples (SP 

III, Fig 3) but they were isolated in all sampling points (Figure 4), indicating that they 

might represent mycobiota residing in the plant that is very well adapted to shifts in 

abiotic conditions along the supply chain. Several other Penicillium species were found 

at lower frequencies. Some, such as P. expansum and P. citrinum, which are important 

and widespread postharvest pathogens that are highly adaptable to diverse environments 

(Pitt and Hocking, 2009; Prusky et al., 2014; Casquete et al., 2017). Others, such as P. 

corylophilum, P. verrucosum and P. viridicatum do well in storage conditions and have 

already been reported in dry foods, including chilli products (Heperkan and Ermis, 2004; 

Bokhari et al., 2007; Hammami et al., 2014; Gherbawy et al., 2015; Jeswal et al., 2015; 

Garcia et al., 2018). Conversely, P. adametzioides, P. bialowiezense, P. buchwaldii, P. 

glabrum, and P. discolor, were isolated at low frequencies exclusively from smoked chilli 

(SP III, Figure 3 and 4). From an ecological point of view, this represents important data 

since these strains are common spoilage fungi in other food matrices (e.g., cheese, nuts, 

and so forth), but not in C. annuum pods. 

Among Aspergillus, along with the less prevalent species mentioned above, the 

dominant ones were A. niger and A. flavus, particularly in SP II (Figure 3). These species, 

among others belonging to sections Nigri and Flavi, have been shown to be predominant 

fungal contaminants in Capsicum pods and derivative products, being associated with the 

presence of mycotoxins in such food items (Ham et al., 2016; Costa et al., 2019b; 

Frimpong et al., 2019; Chuaysrinule et al., 2020). 

This study also represents the first record, to the best of our knowledge, of A. 

luchuensis (1 strain in SP III) and P. melanoconidium (1 strain in SP I) isolated from C. 

annuum berry fruits. 
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Figure 3. Heat map showing species relative abundance distributed by the three sampling points 

considered (SP I, SP II and SP III). Sites were clustered using UPGMA dendrogram based on Bray-

Curtis similarities. Colour legend and scale provided in the figure. 
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Figure 4. Venn diagram showing diversity distribution of fungal species isolated from 

Chilean Capsicum annuum L. cv. “Cacho de Cabra” in the three sampling points 

considered (SP I, SP II and SP III). 

 

4.4.2. Diversity and sampling effort 

An array of diversity indices was estimated based on species counts for the complete 

192 strains dataset (Table 2). Overall, Shannon’s diversity (H’), Simpson’s diversity (D1) 

and Simpson’s dominance (D2) values are high, indicating that the complete dataset is 

highly diverse, which is reflected on the species richness (S) value. 
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Higher values of S can be indicative of the presence of several low frequency species 

(Morris et al. 2014). It is in accordance with the estimated overall Simpson’s evenness 

(E) with a relatively low value showing that there are a few dominant species in the dataset 

(Morris et al. 2014). This is not unexpected due to the isolation scheme followed, i.e., as 

potentially mycotoxigenic genera were targeted during isolation, the final data set 

contains a higher number of Penicillium and Aspergillus isolates and species when 

comparing to other fungal groups. In fact, the directed isolation methodology used here 

hinders diversity estimates for individual sampling points (Table 2) by reducing the 

diversity estimates, particularly for SP I, due to the elimination of fast-growing Mucorales 

species. 

Chao1 richness estimates and observed rarefaction curves at several genetic distance 

levels were estimated for both analysed markers (Supplementary Figure 4). For distance 

levels around 3% or higher they tend to a stable value, particularly in the case of the 

estimated Chao1 curves (Supplementary Figure 4A), meaning that the sequencing effort 

applied was near sufficient and the studied fungal community is relatively well 

characterised. Here, the lower observed OTU numbers (Supplementary Figure 4B) in 

comparison with the estimated Chao1 are the result of the directed sampling strategy that 

was adopted in the present study. Several authors consider distance levels of 3% to 

represent species differentiation (Schloss and Handelsman, 2005; Passarini, 2013; Siles 

et al., 2016; Hamad et al., 2017). As expected, the lineage-through-time plots show that 

the number of expected OTU’s decreases with the increase of evolutionary distance 

(Supplementary Figure 4C), which can be translated as each OTU corresponding to 

progressively higher taxonomic categories. 

A similar approach to that described by Blaxter et al. (2005) was herein applied and 

a phylogenetic analysis of OTU consensus sequences and singletons was performed 
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(Supplementary Figure 5). The use of consensus sequences allowed to represent the 

diversity of the constituent sequences and further compare them with reference strains. 

The obtained results show that threshold definition is most likely dependent of the studied 

taxonomic groups and species differentiation power of the analysed region. For the benA 

dataset, species at 0%, sections at 6% and genus at 29% distance levels can be defined. 

On the other hand, the ITS dataset did not allow species classification of most isolates. 

However, it is possible to define groups (sections, species complexes or clades) at 0% 

distance levels and genus at 10%. 

From the results presented in this section it is possible to conclude that, despite some 

bias is introduced by the sampling scheme followed (presence of dominant species), we 

were able to recover low-frequency or rare species achieving a sound overview of the 

mycobiota present in Chilean C. annuum L. cv. “Cacho de Cabra”, which is key 

information to improve risk assessment based on the presence of potential mycotoxigenic 

species. 

 

Table 2. Diversity measures estimated for a dataset of 192 strains isolated from Chilean 

Capsicum annuum L. cv. "Cacho de Cabra". Values were calculated for the overall dataset 

and for each sampling point individually (SP I, SP II and SP III). 

 

 
H' D1 D2 S E 

 

Shannon's 

diversity 

Simpson's 

diversity 

Simpson's 

dominance 

Species 

richness 

Simpson's 

evenness 

Overall 7.79589 0.94705 18.88525 44.00000 0.42921 

SP I 4.91496 0.92278 12.94964 20.00000 0.64748 

SP II 4.08746 0.89319 9.36283 16.00000 0.58518 

SP III 5.47180 0.92564 13.44727 28.00000 0.48026 
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4.5. Mycotoxin detection and food safety considerations 

Small- and medium-scale pepper cultivation systems often do not have the same level 

of control as large-scale pepper producers, especially in relation to good handling and 

storage practices. In Chile, no data is available for on-field management systems of C. 

annuum L. cv. "Cacho de Cabra” production. 

In our study, obtained fungal isolates were distributed per sampling point as follows: 

31% from fresh (SP I; 60 isolates), 24% from dried (SP II; 46), and 45% from smoked 

(SP III; 80) C. annuum samples. Possibly, in SP I, irrigation and fertiliser application 

above the recommended levels, as well as changes in climatic conditions, crop rotation, 

and soil texture, can enhance plant susceptibility to fungal colonization (Costa et al., 

2019b). In the post-harvest phases (SP II and SP III), the control of temperature, humidity 

and aw are critical factors to guarantee a low bioburden. Despite no data is available for 

the specific production conditions used by each farmer, they all follow traditional 

methods during those production stages and, although reduction in moisture levels 

between sampling points is empirically observed, the percentage of fungal isolation 

increased. The obtained contamination profiles for each farmer are different (Figure 5) 

and, given the use of similar techniques, major influencing points could be geographic 

location or the existence of specific mycobiomes installed in each production field. Other 

possible explanation includes the variation in environmental conditions to which chilli is 

exposed during the post-harvest stages, resulting in lower aw values and giving 

competitive advantage to xerophilic/xerotolerant fungi such Aspergillus and Penicillium 

species over other fungal species, ultimately leading to these genera representing a higher 

percentage of the fungal load (similar profile to that observed in Farmers I and VII, Figure 

5). Furthermore, the timeframe between drying and smoking might be variable and 

include changes in temperature, exposure to dust, wind and insect infestation, which can 
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also contribute to the observed differences in fungal contamination profiles. The high 

frequency of spoilage fungi isolated in all stages of production of C. annuum directly 

affects the quality of these pods that are consumed fresh and may also compromise the 

quality of derived products. In Chile, OTA has been detected above the limits established 

by Chilean and European Commission regulations in Capsicum and Merkén samples 

(ACHIPIA, 2018). 

 

 

 Figure 5. Heat map showing genus relative abundance distributed by the eight Farmers 

considered (I–VIII). Numbers in between parenthesis represent the number of isolates 

originating from each farmer. Sites were clustered using UPGMA dendrogram based on 

Bray-Curtis similarities. Colour legend and scale provided in the figure. 

 

Ikoma et al. (2015) evaluated chilli samples produced and marketed in Chile and 

detected OTA in assessed samples in very high concentration levels. In fact, geographical 

and climatic characteristics, and crop management systems (poor hygienic conditions, 

oscillation in water activity and temperature) can favour increased mycological loads 

having a direct effect on mycotoxin contamination levels. In addition, NaCl and 

capsaicinoids compounds have been referred as acting as external signals to trigger OTA 

biosynthesis in this type of substrate (Costa et al., 2019b; Stoll et al., 2013). 
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The OTA-producing species with greatest relevance are A. carbonarius, A. niger, A. 

ochraceus, P. nordicum, and P. verrucosum (Cabañes et al., 2010; Cabañes and Bragulat, 

2018). In our study, all strains of Penicillium (113) and Aspergillus (35) isolated were 

subjected to OTA production analysis. Obtained data showed that, under the growth 

conditions used (see 2.6), none of the strains was able to produce OTA above the detection 

limits. OTA production varies not only due to the environmental conditions but is also 

species and strain dependable. A. carbonarius can take only 5 days to reach the highest 

production, A. niger may take 7 days (Zeilinger et al., 2014) and A. westerdijikae 10 days 

(Vipotnik et al., 2016), for instance. Due to the different isolates included in this study, 7 

days growth for OTA analysis represented a compromise between the different species 

tested. The same was applied to the growth temperature used for the analyses. Here, 14 

strains of A. niger were isolated. Although A. niger is reported as OTA producer, 

relatively few strains (c.a. 10%) can biosynthesise this mycotoxin (Hocking et al., 2007). 

Furthermore, 1 P. verrucosum strain was isolated from smoked pepper (SP III). This 

strain was positive for otanpsPN gene (unpublished data), however it did not produce 

detectable levels of OTA in synthetic medium. The otanpsPN gene is key in OTA 

biosynthesis as it is involved in the linkage of the phenylalanine moiety to the polyketide. 

Despite the presence of otanpsPN, other genes or gene regulators are essential for the 

OTA biosynthetic pathway (Gallo et al., 2012). 

The absence of OTA-producing fungi does not guarantee that the C. annuum samples 

are OTA free. Once secreted, OTA remains in the commodity even after the 

disappearance of the fungal contaminants. Manual sorting of the damaged fruits by 

farmers can help reducing the mycotoxin levels, however, OTA is a reasonably heat stable 

molecule that can persist through most food processing operations (Duarte et al., 2010; 

Karlovsky et al., 2016). Furthermore, as mentioned previously, mycotoxin production and 
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secretion are closely associated with the nutritional components of the substrate (Abbas 

et al., 2009). Some studies emphasize the effect of carotenoids and other pungent 

substances present in C. annuum pod in the growth rates and mycotoxin expression of 

some fungal species (Masood et al., 1994; Norton, 1997; Santos et al., 2010a). For this, 

additional analyses should be made directly on the fruits of C. annuum. 

Furthermore, our study has detected other potentially mycotoxigenic strains such as 

A. flavus (e.g., aflatoxins), Alternaria sect. Alternaria (e.g., alternariol), P. cyclopium 

(e.g., penicillic acid), P. citrinum (e.g., citrinin), P. expansum (e.g., citrinin, patulin), A. 

fumigatus (e.g., gliotoxin), P. polonicum (e.g., cyclopiazonic acid and penicillic acid) and 

F. oxysporum (e.g., fusarins and moniliformin) were isolated. The co-occurrence of 

mycotoxins has already been reported in chilli products (Pitt and Hocking, 2009; Perrone 

at al. 2017; Costa et al., 2019b). 

From the point of view of food safety, isolation in all sampling points of potentially 

mycotoxigenic strains highlights the importance of improving bioburden control. A good 

adaptation of these strains to different conditions along the production chain of C. 

annuum, can be a threat, since the drying and smoking processes can be barriers to the 

development of fungi, but they do not affect the mycotoxins already released in the food 

matrix during previous stages of the food production chain. 
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4.6 Conclusion 

This study provides the first comprehensive dataset regarding mycobiota, particularly 

that with mycotoxigenic potential, of chilli C. annuum L. cv. “Cacho de Cabra”. Our 

results clearly show that fresh, dried and smoked chilli pod are substrates increasingly 

selective for occurrence of potentially mycotoxigenic fungi. Under post-harvest 

conditions, Aspergillus and Penicillium species proliferated replacing the higher levels of 

Alternaria and Fusarium observed at harvest time. This shift in the fungal community of 

C. annuum L. cv. “Cacho de Cabra” is the result of differences in the ecophysiological 

conditions in the field and the post-harvest phases. The decrease in aw during the drying 

and smoking processes was not sufficient to avoid fungal growth. In addition, the 

exposure timeframe of chilli pods to inadequate conditions throughout the drying and 

smoking processes may have favoured fungal growth in the samples. Species of 

Penicillium and Aspergillus, including potential toxigenic ones, were isolated in the three 

sampling time points. The most abundant strains were P. brevicompactum and P. 

crustosum. Among Aspergillus species, A. niger and A. flavus were dominant. 

Isolated Penicillium and Aspergillus species did not produced OTA above the 

detection limits considering the used in vitro conditions. Nevertheless, several of the 

isolated fungal species can decay Capsicum pods and have the potential to produce other 

mycotoxins. Therefore, the mycobiota present in C. annuum L. cv. “Cacho de Cabra” 

poses both a quality risk with the potential to originate economic losses but also a health 

risk due to the possible mycotoxin contamination of the fresh pods or derived products. 

Thus, it is highly advisable to improve control measures during C. annuum production 

and storage chain in order to reduce the presence of mycological contamination. 

Considering food security, further studies are needed to clarify whether the mycobiota 
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isolated from the C. annuum cv. “Cacho de Cabra” berry fruits is able of producing other 

mycotoxins. 
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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, which is a Chilean spice widely 

consumed at national level and also exported to different countries. Merkén 

contamination with Aflatoxins (AFs) and Ochratoxin A (OTA) is a main concern for local 

producers, and national and worldwide consumers. In the present study, AFs and OTA 

contamination in berry fruits of C. annuum L. cv. "Cacho de Cabra” was determined at 

harvest, during 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. In addition, Merkén samples from local markets in the Region of La Araucanía 

(Chile) were obtained and evaluated. Aflatoxigenic and ochratoxigenic potential of fungal 

strains isolated from the above-mentioned substrates were also assessed. There was no 

detection of AFs nor OTA on pepper pods and seeds used as Merkén ingredients. In 

contrast, co-occurrence of aflatoxin B1 (AFB1) and OTA was detected in c.a. 57% of the 

final packaged Merkén samples (12 out of 21 samples). Regarding AFB1, Merkén samples 

produced by local farmers presented contamination levels from 0.19±0.26 to 1.44±0.10 

µg/kg; while Merkén samples purchased from local markets presented contamination 

levels from 0.29±0.37 to 1.67±0.32 µg/kg. For these samples, no AFB2, AFG1, and AFG2 

were detected. Ochratoxin A contamination was detected for 100% of Merkén samples 

from both local producers (0.79±0.05 to 5.99±0.68 µg/kg) and local markets (0.83±0.83 

to 19.81±0.70 µg/kg). 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 the Merkén production chain, 

the harvest and primary processing of post-harvest (drying and smoking of pepper pods) 

are key stages for fungal growth but not critical for AFs and OTA production. In contrast, 

commercialisation stage of Merkén is a critical point for AFs and OTA contamination. In 

addition, NaCl and capsaicinoids compounds present on pepper pods and Merkén can act 

as intrinsic factor for up-/down-regulation of AFs and OTA biosynthesis in this type of 

substrate. 

 

Keywords: Aflatoxin B1, Merkén, Ochratoxin A, Pepper powder, Post-harvest, Spoilage 

Fungi 
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5.1 Introduction 

Merkén is a ground-up pepper seasoning originally produced by Mapuche 

communities, an Amerindian community mainly living in south-central Chile (Costa et 

al., 2019a; Muñoz-Concha et al., 2020). Nowadays, due to its exotic flavour, Merkén is 

widely accepted in both Chilean and in overseas markets. 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., colour, flavour, and 

aroma) (Costa et al., 2019a; Oyarzún et al., 2013). 

Merkén production begins with the collection of C. annuum L. cv. “Cacho de Cabra”, 

a pepper ecotype of the Region of Araucanía, Chile. Thereafter, peppers pods are dried 

by sun exposure or inside “Rukas”, which are typical Mapuches’ houses made of wood 

and straw (Costa et al., 2019a; Muñoz-Concha et al., 2020). 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 (e.g., coriander and cumin seeds, and 

sodium chloride). The final Merkén composition has about 70% of pepper, 20% of both 

coriander and cumin seeds, and 10% of sodium chloride (FIA, 2010). 

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 (Ozturkoglu-Budak et al., 2017). In Chile, Merkén 

manufacture is predominantly done following traditional methods (Costa et al., 2019a). 

Overall, during post-harvest pepper pods are affected by changes in temperature, 

exposure to dust, wind, and insect infestation (Di Pillo and Martinez, 2018). Further 

processing, such as storage, packing, and transportation also affects the low-standard 
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control of the raw materials, which can lead to fungal growth (Casquete et al., 2017; Di 

Pillo and Martinez, 2018; FIA, 2010; Iqbal et al., 2011a). 

Several studies reported that pepper pods from different varieties of Capsicum are 

highly susceptible to proliferation of spoilage fungi such as Botrytis spp., Cladosporium 

spp., Harzia spp., and Rhizopus spp. including mycotoxigenic ones such as Aspergillus 

flavus, A. niger, A. ochraceus, Penicillium expansum and P. thomii (Casquete et al., 2017; 

Costa et al., 2020; Frimpong et al., 2019). Overall, pepper pods from field and post-

harvest are predominantly contaminated with fungal strains of Alternaria/Fusarium and 

Aspergillus/Penicillium, respectively (Costa et al., 2020; Santos et al., 2011).  

Mycotoxins such as Aflatoxins (AFs) and Ochratoxin A (OTA) are among the most 

important contaminants in Capsicum from a consumer point of view (Santos et al., 2010; 

Santos et al., 2011). Moreover, Zearalenone (ZEN), Fumonisins (FB), Trichothecenes 

and Alternaria toxins were also widely found in Capsicum (Gambacorta et al. 2018; 

Santos et al., 2011). 

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, 2021). 

From 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 < LOD to 14.12 μg/kg) and OTA (range from < LOD to 

416.3 μg/kg) were detected in samples of pepper pods and Merkén (Chilean Ministry of 

Health, 2021a). 

The protracted consumption of foods contaminated with Aflatoxins (B1, B2, G1 and 

G2) and OTA is a serious risk for human health. AFB1, AFB2, AFG1, and AFG2 are 

carcinogenic compounds to humans, while OTA is potentially carcinogenic (Ostry et al., 
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2017). These mycotoxins can affect the immune system and injure different target organs 

(e.g., kidneys, liver, gallbladder) (Benkerroum et al., 2020; Costa et al., 2021; Imaoka et 

al., 2020). In Chile, the regulation for mycotoxin in spices, including Capsicum, 

establishes the maximum tolerance levels (MTL) for total AFs at 10 µg/kg. However, the 

same legislation does not regulate the MTL for OTA in spices (Chilean Ministry of 

Health, 2021b). 

AFs and OTA contaminations have been widely reported in different points of the 

pepper production chain (e.g., harvest, dried, smoking, sale, etc.) (Gambacorta et al., 

2018; Ham et al., 2016; Rotsisen et al., 2016). 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" (Kiseleva et al., 2020). Despite the 

best effort to guarantee food safety of Chilean pepper products, mycotoxin analysis in 

Chile has been mainly carried out in samples obtained from supermarkets (Chilean 

Ministry of Health, 2021b). Up to now, there is no information available about critical 

points of mycotoxin contamination over different stages of the Merkén production chain 

(Di Pillo and Martinez, 2018). In addition, to the best of our knowledge, no information 

about mycotoxin contamination in Merkén commercialised in local Chilean markets is 

available in the literature. 

The aim of this study was to determine Aflatoxins (B1, B2, G1 and G2) 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 commercialised 

in local markets of the Region of La Araucanía, Chile. Furthermore, the aflatoxigenic and 

ochratoxigenic potential of fungal strains isolated from each substrate was also assessed. 
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5.2 Materials and Methods 

5.2.1 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 Araucanía, 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 in Costa et al. 

(2020). Briefly, samples of pepper pods were collected at 3 different sampling points: 1) 

at 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, totalling 240 samples collected and analysed (SP 

I, n = 80; SP II, n = 80; SP III, n = 80). The samples of seeds of coriander (SP IV, 25 g) 

and cumin (SP IV, 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 local market (n=13, 100 g).  

5.2.2 Mycotoxins extraction from substrates 

For mycotoxin analysis, the 10 pods obtained from each SP I to SP III producer, 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, crushed samples of C. annuum pods (5g), seeds of 

coriander and cumin (5g) and Merkén (2g) were 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 

and shacked on a mechanical shaker at 150 rpm for 1 hour at room temperature. Each 

solution was filtered through WhatmanTM No: 4 filter paper and separated using a funnel. 
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After phase separation, 5 mL of the aqueous layer was diluted with 30.7 mL of PBS buffer 

and filtered using glass microfibre filters WhatmanTM. 

For extract clean-up, 10 mL of each solution was added to an AflaOchra HPLC 

immunoaffinity column (VICAM column) at flow rate of 2 mL/min. The column was 

washed with 10 mL of PBS buffer at flow rate of 2mL/min and the mycotoxins were 

eluted with 1.5 mL of methanol. To evaluate recovery rates, standard solutions of 50 

µg/kg for AFs (AFB1, AFG1, AFB2, AFG2) and OTA were added to crushed samples of 

C. annuum pods, and seeds of coriander and cumin. For Merkén, samples were spiked 

with 50 and 100 µg/kg of each AFB1, AFB2, AFG1, AFG2 and OTA. The eluted samples 

were quantified by HPLC as described in section 5.2.5. 

 

 

Figure 1. Sampling points throughout the Merkén production chain (a) and 

mycotoxigenic analysis carried out in samples from each stage (b).  
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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 III was previously reported in Costa et al. 2020. 

For Merkén samples, fungal strain isolation was performed following the dilution 

method described by Samson et al. (1992). Ten grams of each sample were 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−1, mycological 

peptone 1 g L−1, agar 20 g L−1, glucose 20 g L−1), Dichloran Rose Bengal 

Chloramphenicol agar (DRBC, KH2PO4 1 g L−1, MgSO4·7H2O 0.5 g L−1, peptone 5 g 

L−1, dichloran 0.002 g L−1, chloramphenicol 0.1 g L−1, agar 15 g L−1, glucose 10 g L−1, 

rose bengal 0.025 g L−1) and Dichloran 18% Glycerol Agar (DG18, mycological peptone 

5 g L−1, glucose 10 g L−1; KH2PO4 1 g L−1, MgSO4·7H2O 0.5 g L−1, glycerol 220 g L−1, 

dichloran 0.002 g L−1, chloramphenicol 0.1 g L−1, agar 15 g L−1) media.  

Fungal isolation from coriander and cumin seeds was carried out based on the agar 

plate method (ISTA, 1966). 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−1 of infusion from 

potatoes, glucose 20 g L−1, agar 15 g L−1). Taxonomic identification of fungal strains at 

genus level was made according to macro- and micro-morphological traits with 

appropriate keys (Klich, 2002; Nelson et al., 1983; Samson et al., 2000). All the 31 fungal 

strains isolated in the present study were deposited at the Chilean Culture Collection of 
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Type Strains (CCCT/UFRO, Núcleo Científico y Tecnológico en Biorecursos-BIOREN, 

Universidad de la Frontera, Temuco, Chile), at the Micoteca da Universidade do Minho 

(MUM, University of Minho, Braga Portugal) and at the Banco de Recursos 

Microbiológicos BRmB, Faculty of Engineering and Science, Universidad de la Frontera, 

Temuco, Chile). 

5.2.3.1 Genomic DNA extraction 

Genomic DNA of each isolate was extracted using a modified protocol described by 

Rodrigues et al. (2009) and detailed in Costa et al. (2020). 

5.2.3.2 PCR amplification 

In order to identify the fungal strains, partial amplification of internal transcribed 

spacer of ribosomal DNA (ITS) region or β-tubulin gene (benA) were performed. ITS is 

regarded as the universal barcode for fungal identification (Schoch et al., 2012). 

Nevertheless, for specific genera such as Penicillium and Aspergillus benA is a more 

informative primary barcode when trying to achieve species-level identification (Samson 

et al., 2014; Visagie et al., 2014). 

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. (1990). 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 (1995). For both regions, PCR reactions included 25 μL Taq DNA polymerase 

Master Mix 2× (VWR Life Science, Leuven, Belgium), 1 μL of each primer at 10 mM 

and 2 μL of genomic DNA in a final volume of 50 μL. 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. 

https://www.micoteca.deb.uminho.pt/
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Amplification success was verified on 1% (w/v) agarose gels and PCR products purified 

using NZYGelpure kit (NZYTech Lda, Lisbon, Portugal) according to the manufacturer's 

instructions and sent to Sanger sequencing to StabVida (Madan Parque, Caparica, 

Portugal). To provide species identification, phylogenetic analyses were performed as 

described in Costa et al. (2020) against sequences of reference species retrieved from the 

NCBI database (Supplementary Material 1). 

5.2.4 Toxigenic capacity of fungal isolates 

Potential mycotoxigenic fungi strains were tested for production of AFs and OTA. 

All Aspergillus and Penicillium strains isolated from SP I, SP II and SP III C. annuum 

pods were tested for AFs production. These strains were previously assessed for OTA 

production on culture medium (Costa et al., 2020). Aspergillus and Penicillium strain 

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 L-1, K2HPO4 1 g L-1, sucrose 30 g L-1, 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 μm syringe filters (Filter-Bio, Nantong, P.R China) and 

analysed by HPLC (Bragulat et al., 2001). 

5.2.5 Mycotoxin detection by HPLC 

For AFs detection, samples were analysed using a High-Performance Liquid 

Chromatography (HPLC Waters, Milford, MA, USA) equipped with a Jasco FP-920 

fluorescence detector (365 nm excitation wavelength; 435 nm emission wavelength), 

using a photochemical post-column derivatisation reactor (PHRED unit — Aura 
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Industries, USA). Chromatographic separation was performed on a reverse phase C18 

column (Waters Spherisorb ODS2, 4.6 mm×250 mm, 5 µm), fitted with a precolumn 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 AFG2, 12.90 min for AFG1, 14.39 min 

for AFB2 and 17.18 min for AFB1. AFs determination in samples was based on the 

external standard calibration method, using a total AFs concentration range of 0.05-50 

ppb (AFG2: y = 7742,1x + 8179,4; AFG1: y = 1055,7x + 774, 62; AFB2: y = 3800,1x + 

2473,1; AFB1: y = 747,86x - 303,93). For each case, the limit of detection (LOD) and 

limit of quantification (LOQ) were calculated according to the following equations 

(Taverniers et al., 2004): LOD = 3.3 × (sd/b) and LOQ = 10 × (sd/b), where sd is the 

standard deviation of the intercept of the regression line obtained from the calibration 

curve, and b is the slope of the line. LOD and LOQ were respectively calculated as follow: 

AFG2: 5 and 15.1 ppb; AFG1: 5.1 and 15.3 ppb; AFB2: 4.5 and 13.5 ppb; AFB1: 2.3 and 

7 ppb. 

OTA analysis was performed according to Abrunhosa et al. (2014) using HPLC 

Waters (Milford, MA, USA) with a reverse-phase C18 silica gel column (250 x 4.6 mm, 

5 μm), equipped with a Varian 9002 pump (Agilent, Palo Alto, CA, USA), a Varian 

Prostar 410 autosampler and Jasco FP-920 fluorescence detector (Jasco Europe, 

Cremella, Italy). Excitation and emission wavelengths were set at 333 and 460 nm, 

respectively. An isocratic mobile phase of acetonitrile/water/acetic acid (99:99:2, v/v/v) 

was used with a flow rate of 1.0 mL min-1. 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 μg/mL). OTA determination in samples was 
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based on the external standard calibration method, using an OTA concentration range of 

0.05-50 ppb. The calibration curve was y = 1075.8x + 736.3 and R2 = 0.9972. LOD and 

LOQ were calculated as 7.6 and 23 ppb, respectively. 

5.3 Results and Discussion 

5.3.1 Fungal contamination 

Merkén is a substrate with a low water activity (aw) and high NaCl concentrations. 

Both intrinsic factors narrow growth conditions, favouring a specific fungi subset. Our 

results show that Aspergillus and Penicillium were the dominant genera isolated from 

Merkén samples (Table 1). Our findings are in line with those reported by Chuaysrinule 

et al. (2020), Costa et al. (2020), and Santos et al. (2011) 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). 

Penicillium brevicompactum was the only species isolated from all sampling points 

of the Merkén production chain, which means from 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 been found in other pepper derivative products 

(Casquete et al., 2017; Frimpong et al., 2019; Hashem et al., 2010; Santos et al., 2011). 

These isolates encompass xerophilic/xerotolerant and osmotolerant species, which can 

survive repeated desiccation–rehydration cycles (Araújo et al., 2020; Butinar et al., 2005; 

Dagnas et al., 2017). Besides, cumin and coriander seeds that are added to Merkén 

mixture can be a supplementary entry point of fungi. This mycobiota profile fits the 

requirements needed to overcome suboptimal conditions found in Merkén.  
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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 (Adebanjo and Shopeju, 1983; Almela et al., 2007; Iqbal et al., 2011; 

Mandeel et al., 2005; Ozturkoglu-Budak, 2016).  

 

 

 

 

 

5.3.2 Occurrence of AFs and OTA  

In our study, under the analysed conditions, AFs and OTA were not detected in 

samples of berry fruits of C. annuum L. cv. "Cacho de Cabra” from harvest (SP I), drying 

(SP II), and smoking stage (SP III). 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. 

Spices 
Fungal species 

Aspergillus spp. Penicillium spp. Other genera 

Merkén A. tubingensis (5) P. brevicompactum (2)  

 A. candidus (1) P. corylophilum (6)  

 A. chevalieri (2) P. polonicum (1)  

 A. pseudoglaucus (1)   

 A. montevidensis (3)   

Coriander A. niger (2) P. kongii (1) Alternaria sect. Alternata (2) 

 A. tubingensis (1) P. melanoconidium (1)  

Cumin A. fumigatus (1)  Talaromyces islandicus (1) 

 A. sydowii (1)   

Table 1. Mycobiota isolated from Merkén pepper samples and coriander and cumin seeds after 

7 days incubation on DRBC, DG18 and MEA at 25 ºC. The number of isolates of each species 

is indicated in parenthesis. Detailed phylogenetic analyses can be found in Supplementary 

Material 1. 
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Conversely to our results, several studies widely reported mycotoxin contamination 

in Capsicum pods (Ham et al., 2016; Yogendrarajah et al., 2014), pepper powder (Ozbey 

and Kabak, 2012; Rotsisen et al., 2016) and pepper-based products (Gambacorta et al., 

2018; Tosun and Ozden, 2015). Ikoma et al. (2015) analysed dried peppers from Chile, 

showing a contamination range from 163.4 to 1059.2 μg/kg with an average OTA amount 

of 355.6 μg/kg. Similarly, the Chilean Mycotoxin Surveillance Program analysed 

mycotoxin contamination on Chilean food samples between 2013 and 2017. The author 

reported that OTA was detected in 81 samples of Merkén and Capsicum pods range of < 

LOD to 416.3 μg/kg. Total AFs were detected in 45 samples of Merkén and Capsicum 

range of < LOD to 14.12 μg/kg (Chilean Ministry of Health, 2021a). 

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 

contamination to Merkén. However, in the present study, analysed seed samples were 

free of AFs and OTA. For OTA, pepper pods (62.3%), and cumin (56%) and coriander 

(54%) seeds provided low recovery rate percentage, which reveals a need of improving 

the extraction methodology for this mycotoxin in particular. 

The occurrence of AFs and OTA was also analysed in Merkén samples provided by 

farmers (SP V; n=8) and purchased from local markets (SP V; n=13) of the Region of La 

Araucanía (Chile). In Merkén obtained from farmers, 6 out of 8 samples showed AFB1 

contamination with concentrations ranging from 0.19±0.26 to 1.44±0.10 µg/kg; while 

OTA was detected in 100% of Merkén samples with concentrations ranging from 

0.79±0.05 to 5.99±0.68 µg/kg (Table 2). Regarding Merkén samples purchased from local 

markets, 6 out of 13 samples presented AFB1 contamination with concentrations ranging 

from 0.29±0.37 to 1.67±0.32 µg/kg; while all samples (100%) were contaminated with 

OTA presenting concentrations ranging from 0.83±0.83 to 19.81±0.70 µg/kg (Table 2). 
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Overall, only one sample from a local market presented an OTA concentration 

(19.8±0.70 μg/kg) higher than the limits established by the European Commission (EC) 

(Commission Regulation EU No 2015/1137). AFB1 concentration in all Merkén samples 

was lower than the MTL defined by the EC. AFB2, AFG1 and AFG2 were not detected in 

any sample evaluated in the present study. 

Regarding the recovery rate percentages, AFB1, AFB2, AFG1 and AFG2 presented 

48.91±3.61%, 66.58±0.97%, 46.16±0.65% and 70.47±0.57% respectively, while for 

OTA the recovery rate was 97.57±19.91%. Considering extraction efficiency, good 

recovery rates were obtained for OTA. Conversely, recoveries of AFs are below the 

recommended values (< 75%), which suggests that the quantification of these toxins may 

be underestimated in this substrate (Commission Regulation No. 401/2006). 

Despite the low concentrations of AFB1 and OTA in most of the Merkén samples, 

the protracted consumption of food contaminated with both toxins is a risk factor for 

human health. According to Foerster et al. (2019), 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 significant 

correlation between AFB1 and Capsicum powder consumption (R2: 0.18, p = 0.03) 

(Foerster et al., 2021). AFB1 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 (Asai et al., 2012; Costa et al., 2021; Ikoma et al., 2015; Nogueira et al., 

2015; Serra et al., 2002; Tsuchiya et al., 2011). 

In the present study, the co-occurrence of AFB1 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 (Cabral et al., 2016; Gambacorta et al., 2017; Yogendrarajah et al., 

2014). Santos et al. (2010) evaluated the co-occurrence of AFs, OTA and ZEN in pepper 
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samples commercialised in Spain. According to the authors, 65% of pepper samples 

contained more than one mycotoxin. Similarly, Ozbey and Kabak (2012) reported the co-

occurrence of AFs and OTA in c.a. 41% of red pepper powder. Combined intake of 

different types of mycotoxins may lead to a synergistic or at least additive effect (Costa 

et al., 2019b; Costa et al., 2021; Smith et al., 2018). Currently, there is no regulation for 

combined contamination of mycotoxins in different foods, except for the control of the 

four AFB1, AFB2, AFG1 and AFG2 together (FAO, 2021). 

The ability of the Penicillium (n=113) and Aspergillus(n=35) isolates to produce 

mycotoxins was also evaluated in the present study. Under the used growth conditions 

none of the strains isolated from Capsicum pods produced AFs above the detection limits. 

These strains were also reported as no OTA-producers (Costa et al., 2020). The lack of 

high 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, neither AF nor OTA production was detected. Although, 

OTA (100% of samples) and AFB1 (57% of samples) were present in Merkén samples. 

Once Merkén samples from local markets came from different producers, it is not 

possible to ensure that Capsicum pods used in their production were free of spoilage fungi 

and mycotoxins. Then, it is possible to suggest the mycotoxin bioaccumulation in the end 

point, where only the toxin is detected and not the mycotoxigenic fungal strain. Also, 

according to our data, it was not possible to establish a direct relationship between the 

isolated mycobiota and the mycotoxins contamination of Merkén. The mycotoxins 

accumulation throughout the production stages seems unlikely, since no contamination 

was detected in the used raw material and the isolated fungal strains have not produced 
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toxins. In this case, suitable conditions found in Merkén, and not in the other subtracts, 

may have triggered AF/OTA biosynthesis by an indigenous strain or also by an unknown 

producer of these mycotoxins. 

Besides strain's virulence, the substrate composition (NaCl, capsaicinoids) and 

ecophysiological factors (lower aw level, temperature) can play a key role in up/down- 

regulate mycotoxin biosynthesis (Mannaa, Mannaa and Kim 2018; Tewksbury et al., 

2008). With regard to Merkén, despite being a pepper-based product, the high NaCl 

concentration (10% w/w) makes this substrate an unlike ecological habitat of 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 (Coton et al., 2019; Delgado et al., 2018; Ferrara et al., 2016; 

Rodríguez et al., 2014; Schmidt-Heydt et al., 2012). 

 Ochratoxin A has been previously detected in food matrices 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 down-

regulating AF-biosynthesis (Buitimea-Cantua et al., 2020). The role of NaCl and 

capsaicinoids on fungal community dynamic 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 strains isolated from berry fruits of C. annuum L. cv. "Cacho de Cabra” 

(Costa et al., 2020) 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 (Chuaysrinule et al., 2020; Gambacorta et al., 2018). 
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*= Very close to LOD, ND= Not Detected. 

Source Samples  OTA (µg/kg) AFB1 (µg/kg) 

Farmer 

I 5.71±0.11 0.64±0.30* 

II 3.38±0.24 0.19±0.26* 

III 1.99±1.99 0.72±1.01* 

IV 2.46±0.29 0.45±0.63* 

V 2.39±0.31 0.50±0.11* 

VI 0.91±0.26 1.44±0.10* 

VII 5.99±0.68 ND 

VIII 0.79±0.05 ND 

Local markets 

1 2.89±0.39 ND 

2 2.8±0.32 ND 

3 13.56±1.56 ND 

4 6.49±2.05 0.95±0.23* 

5 3.23±0.60 1.62±0.23* 

6 3.50±0.12 0.29±0.41* 

7 10.36±0.69 ND 

8 1.37±0.13 0.29±0.37* 

9 1.43±0.08 ND 

10 1.70±0.17 0.33±0.47* 

11 5.99±2.73 ND 

12 19.81±0.70 1.67±0.32* 

13 0.83±0.83 ND 

Table 2. AFs and OTA results for Merkén from farmers (n=8) and markets (n=13) of 

the Region of La Araucanía, Chile. Values are the average of two independent replicates 

± standard deviation. 
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5.3.3 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 critical points 

for OTA and AFs contamination (Figure 2), even though all these stages are susceptible 

to fungal growth (Costa et al., 2020). However, it is worth pointing out that the mixture 

of unsorted pods, during the milling process, can lead to cross-contamination (Costa et 

al., 2019b). 

 

Figure 2. Overview of critical points for contamination with spoilage fungi and 

AFs/OTA, according to our results. The main factors affecting food safety in each point 

of the Merkén production chain are highlighted. 

 

For small farmers, the dynamic between milling and sale may be more 

straightforward. Overall, Merkén remains on-farm and in-store for a shorter period, either 

for 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 of time (Costa et al., 2019a). 
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Unlike to previous steps, the endpoint of the Merkén production chain, which 

corresponds to the commercialisation 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 this physical barrier makes this spice susceptible 

to surrounding dirtiness and also to airborne spores. In this study, some medically 

important fungal pathogens (e.g., A. chevalieri, A. fumigatus, A. tubingensis) were 

isolated from Merkén samples. Therefore, even mycotoxin-free samples can still be a risk 

due to their mycological bioburden (Masih et al., 2016; Sabz et al., 2019; Santos et al., 

2020). 

During storage (after milling) and commercialisation, conditions of humidity (< 

70%), temperature (> 5 ºC), and sanitation of warehouses must be strictly controlled and 

stabilised; otherwise, it can allow new fungal infections or suitable conditions for growth 

of indigenous mycobiota and also mycotoxin production (Ozturkoglu-Budak, 2016). 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 

coincides with autumn, a period in which the temperatures and hours of daylight decrease 

quickly (Meteochile, 2021). 

In the present work, the detection of AFB1 and OTA and the high mycological burden 

in Merkén samples and its raw materials emphasises the need for improvements over the 

production chain. Low-cost intervention measures may be successfully applied to reduce 

exposure to spoilage fungi and mycotoxins in local farming (Turner et al., 2005). For 

example, during the drying step, instead of being spread on the floor, Capsicum fruits 

should be spread onto a clean canvas to avoid soil contact and for easy displacement in 

case of rain conditions. 
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The fruits should be well spread over the tarpaulins, without layers, for an even 

drying. The tarpaulins should be washed, if possible, with bleach. Then dried in the sun 

and stored in a clean place, with no access to animals. In addition, 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 several wood stories high where the 

Capsicum pods are placed. The warehouse floor can be concreted to minimise dust 

contamination. The wooden shelves can be covered with natural-fibber 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 polyethylene bags, which can be 

cleaned regularly. Capsicum pods and additional ingredients (seeds) must undergo a 

visual inspection, and any food with lesions or microbiological contamination should be 

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. Besides, it 

can affect Merkén's organoleptic properties.  

Finally, regular Training Programs of Good Agricultural Practices (GAP) and Good 

Manufacturing Practices (GMP) should be available to rural farmers and stakeholders of 

Capsicum pepper. 
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6. General discussion and conclusions 

Capsicum annuum is an important commodity to the agribusiness sector, once is 

a fairly easily field crop, able to growth in wide range of climatic and environmental 

conditions as well as adapted to greenhouse cultivation (Tripodi and Kumar, 2019). 

Besides its agricultural and economic importance, C. annuum is a deep-rooted spice in 

gastronomic and cultural traditions from different communities in America continent 

(FIA, 2010; Costa 2019a). The exotic organoleptic properties (e.g., flavour, aroma, colour 

and pungency) combined with the varieties of consumption way (e.g., fresh, dried and as 

a processing product) have made of C. annuum pepper a highly appreciated spice (FIA, 

2010).  

Overall, large pepper producers seek to standardize their production chain to 

obtain a high-quality end product to be trading on the international market (FIA, 2010). 

For this, the seed selection process is judicious. The harvesting stage is mechanised to 

ward off pod injuries and over-ripe peppers fruits. The drying step is also automated, with 

controlled conditions of temperature, air velocity, and humidity (Oberoi et al., 2005; Iqbal 

et al., 2011a). Throughout the storage and packing, different approaches (e.g., 

polyethylene bags and vacuum-packaging) have been applied to avoiding water 

reabsorption and diminished aeration. All these control points are important for limiting 

the overgrowth of spoilage fungi (Magan and Aldred, 2005; Magan and Aldred, 2007).  

In Chile, Capsicum annuum L. cv. “Cacho de Cabra” production are primarily 

carried out by small farmers of the Region of Araucanía. This local ecotype, is a red 

pungent pepper, chiefly intended to Merkén manufactured. The production is 

predominantly artisanal, with harvesting by hand (FIA, 2010; Costa 2019a).  Unlike the 

industrial production, the drying and smoking processes are also non-mechanised, 
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pursuant to traditional methods. The last stages are characterised by low control of aw, 

temperature and moisture content favouring the growth of potential mycotoxigenic 

spoilage fungi (Yogendrarajah et al., 2014; Khadka et al., 2017).  

Several studies reported a heavily mycological burden of fresh, smoked, ground 

pepper and pepper base products (Ham et al., 2016; Tancinová, et al., 2014; Garcia et al., 

2018; Frimpong et al., 2019). Highlighted that this substrate is prone to fungi 

colonisation. Soil-born fungi as Mucor, Cladosporium, Harzia and Rhizopus genera have 

also been frequently isolated from fresh Capsicum pods (Santos et al., 2008; Santos et al., 

2011). Alternaria and Fusarium are also considered field pathogens and frequently 

isolated from recently harvest Capsicum pods (Erdogan 2004; Santos et al., 2008; 

Gambacorta et a., 2018). Over the post-harvest, under relatively low moisture conditions, 

storage fungi as Aspergillus and Penicillium were predominant (Santos et al., 2008; 

Frimpong et al., 2019). 

In this Doctoral Thesis, we provide the first study on the cultivable mycobiota of 

Chilean pepper C. annuum L. cv. “Cacho de Cabra” during the harvesting and post-

harvest phases. In our study, a total of 192 filamentous fungi strains were isolated from 

C. annuum berry fruits. Our data of mycobiota showed that Penicillium (58.9%), 

Aspergillus (18.2%), Alternaria (8.9%) and Fusarium (7.3%) were predominant genus, 

this result is consistent with reports about isolated fungi from Capsicum pepper (Erdogan 

2004; Bokhari et al., 2007; Santos et al., 2011; Jeswal and Kumar, 2015).  

A comprehensive understanding of mycobiota distribution allow identify 

dominant species (P. brevicompactum, P. crustosum, A. niger and A. flavus), widespread 

postharvest pathogens (P. expansum and P. citrinum), rarer isolated species (P. cyclopium 
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and P. polonicum) and species reported for first time in C. annuum L. cv. “Cacho de 

Cabra” berry fruits (A. luchuensis and P. melanoconidium).  

Fungal isolates were distributed per sampling point as follows: 31% from fresh 

(SP I; 60 isolates), 24% from dried (SP II; 46), and 45% from smoked (SP III; 86) C. 

annuum samples. The high frequency of spoilage fungi isolated in all stages of production 

of C. annuum directly affects the quality of these pods that are consumed fresh and may 

also, compromise the quality of derived products. From this general framework it could 

be possible to identify emerging spoilage fungi, potentially mycotoxigenic strains and 

also the critical steps over all C. annuum L. cv. “Cacho de Cabra” production chain. 

The mycobiota isolation was also carried out in samples from the post-harvest, for 

this purpose samples of cumin and coriander seeds and Merkén were analysed. From 

these samples, the isolates encompass predominantly xerophilic/xerotolerant and 

osmotolerant species of Aspergillus (A. candidus, A. chevalieri, A. fumigatus, A. 

pseudoglaucus, A. tubingensis) and Penicillium (P. corylophilum and P. polonicum).  

As reported previously, fungi can fall into two possible ecological broad 

categories: i) field, such as Alternaria, Fusarium and Cladosporium; and ii) storage, such 

as Aspergillus, Penicillium and Eurotium. Our data are in agreement with this distribution 

profile. Fusarium spp. were isolated only from fresh C. annuum samples, while 

Alternaria spp. were isolated in all sampling points being predominant in fresh samples. 

Conversely, in stored samples the predominance of field fungi is switched to 

xerophilic/xerotolerant fungi such as Aspergillus and Penicillium. The difference in 

abiotic factors (water activity, temperature) between sampling points showed a key role 

in fungal colonisation. 
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Subsequently, samples of berry fruits of C. annuum L. cv. "Cacho de Cabra” from 

harvest (SP I), drying (SP II), and smoking stage (SP III) coriander and cumin seeds 

samples, and Merkén samples (from local markets and farmers) were analysed to AFs 

and OTA contaminations. In our study, under the analysed conditions, AFs and OTA 

were not detected in samples C. annuum pods and coriander and cumin seeds. In contrast, 

the occurrence of AFs and OTA was detected in Merkén samples provided by farmers 

and local markets.  

OTA was detected in 100% of Merkén samples (n= 21) with concentrations 

ranging from 0.79±0.05 to 19.81±0.70 µg/kg. The AFB1 was detected in 12 samples of 

Merkén (n= 21) with concentrations ranging from 0.19±0.26 to 1.67±0.32 µg/kg. Besides 

that, the co-occurrence of AFB1 and OTA was detected for c.a. 57% of Merkén samples 

(12 out of 21 samples). 

The mycotoxigenic ability of the Penicillium (n=124) and Aspergillus (n=52) 

strains isolated from all sampling points were also evaluated. Obtained data showed that, 

under the growth conditions used none of the strains was able to produce AFs and OTA 

above the detection limits. The lack of high 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” and seeds of coriander and cumin.  

For Merkén samples, it was not possible to establish a direct relationship between the 

isolated mycobiota and the mycotoxins contamination. It is important to point out that 

Merkén samples from local markets came from different producers. For this reason, it is 

not possible to ensure that Capsicum pods used in their production were free of spoilage 

fungi and mycotoxins. In this case, it is possible to suggest the mycotoxin 

bioaccumulation in the end point, where only the toxin is detected and not the 
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mycotoxigenic fungal strain. For Merkén samples obtained from agricultural producers, 

the accumulation of mycotoxins throughout the production stages seems unlikely, since 

no contamination was detected in the used raw material (C. annuum pods) and the isolated 

fungal strains have not produced toxins. In this case, suitable conditions found in Merkén, 

and not in the other subtracts, may have triggered AF/OTA biosynthesis by an indigenous 

strain or also by a new fungal contaminant. 

Besides strain's virulence, the substrate composition (NaCl, capsaicinoid) and 

ecophysiological factors (lower aw level, temperature) can play a key role in up/down- 

regulate mycotoxin biosynthesis (Mannaa, Mannaa and Kim 2018; Tewksbury et al., 

2008). Although Merkén is a pepper-based product, the high NaCl concentration (10% 

w/w) makes this substrate an unlike ecological habitat of the berry fruits of C. annuum L. 

cv. "Cacho de Cabra”. The NaCl-rich environment can promote the OTA biosynthesis by 

fungi as an adaptive strategy to osmotic stressful conditions (Coton et al., 2019; Delgado 

et al., 2018; Ferrara et al., 2016) 

Considering aforementioned data about all points in Merkén chain production, it is 

possible to infer that harvest (field) and initial processing of post-harvest (dried, smoking 

and milling) are not critical points for OTA and AFs contamination, although all these 

stages are a hotspot for fungal growth. Some medically important fungal pathogens (e.g., 

A. chevalieri, A. fumigatus, A. tubingensis) were isolated from Capsicum pods and 

Merkén samples. Therefore, even mycotoxin-free samples can still be a risk to human 

health due to their mycological bioburden (Masih et al., 2016; Sabz et al., 2019; Santos 

et al., 2020). 

The Merkén commercialisation, last stage of the production chain, is highly 

susceptible to AFs and OTA contamination. In this step, extrinsic factors (fungi 

contamination by unsorted pods/seeds, fungal contamination from substandard facilities) 
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and intrinsic factors (NaCl, capsaicinoid and ecophysiology factor) may play key role to 

mycotoxin biosynthesis.  

From the food safety point of view, the detection of AFB1 and OTA and the high 

mycological burden in Merkén samples and its raw materials emphasises the need for 

improvements over the production chain. The application of low-cost corrective actions 

based on Good Agricultural Practises (GAP), Good Manufacturing Practises (GMP), 

Good Hygienic Practises (GHP), and Good Storage Practises (GSP) can be successfully 

applied along the Merkén supply chain. For example, after harvest Capsicum pods should 

be washed and selected. The sun-drying of Capsicum pods must be carried out under 

clean tarpaulins in an environment protected from insects and rodents. The Capsicum pod 

smoking-room facilities should be hygienic, after this process, the pepper pods should be 

packed with proper material. The Capsicum pods and cumin/coriander seeds used for 

Merkén production should undergo a selection to discard any material with fungi, stains, 

or injuries. After production, the Merkén should be stored in clean burlap or 

polypropylene bags. The bags should be stored off the ground, preferably on pallets in a 

clean and airy environment. During the Merkén commercialisation on street markets, this 

product should ideally be stored in airtight containers. 
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6.1 Future perspectives  

Finally, from the result obtained in this Doctoral Thesis, it could be interesting to 

extend this study in the following directions: 

• There is a need to characterise the phytochemical composition (e.g., as 

capsaicinoids, carotenoids, flavonoids, and so forth) of C. annuum L. cv. "Cacho 

de Cabra” and also Merkén. These food matrices are intrinsically Chilean, then the 

phytochemical profile may diverge from varieties from other localities. In addition, 

this characterisation can contribute to understanding fungal-host relationship. 

• The role of capsaicinoids and NaCl in activating and/or inhibiting fungal growth 

and mycotoxin biosynthesis in C. annuum L. cv. "Cacho de Cabra" and Merkén 

should be enlightening. 

• Apart from AFs and OTA, mycotoxins as ZEA, DON, T2, and HT2 were reported 

in Capsicum substrate. Further research is required to assess the potential risk of 

such mycotoxins in Capsicum products. 

• There is a need to establish regular Training Programs of Good Agricultural 

Practices (GAP) and Good Manufacturing Practices (GMP) among rural farmers 

and traders of Capsicum pepper.  

• In order to establish a Probably Daily Intake (PDI) of AFs/OTA among Chilean 

population, developing a database with the characterisation of frequency 

consumption of C. annuum L. cv. "Cacho de Cabra" and Merkén in Region of 

Araucanía is required. 
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Chapter IV 

 

Supplementary Figure 1. Phylogeny for ITS sequence data of the 43 isolates from Chilean 

C. annuum L. cv. "Cacho de Cabra” with other reference species detailed in Table 1. 

Trichocoma paradoxa CBS 788.83 was used as outgroup. Selected model: K2+G. The 

percentage of trees in which the associated taxa clustered together in the bootstrap test (1,000 

replicates) is shown on the branches. The tree is drawn to scale with branch lengths measured 

in the number of substitutions per site. T – ex-type strain. 
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Supplementary Figure 2. Phylogeny for benA sequence data of the 35 Aspergillus isolates 

from Chilean C. annuum L. cv. "Cacho de Cabra” with other reference species detailed in 

Table 1. Trichocoma paradoxa CBS 788.83 was used as outgroup. Selected model: K2+G. 

The percentage of trees in which the associated taxa clustered together in the bootstrap test 

(1,000 replicates) is shown on the branches. The tree is drawn to scale with branch lengths 

measured in the number of substitutions per site. T – ex-type strain. 
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Supplementary Figure 3. Phylogeny for benA sequence data of the 113 Penicillium and 1 

Talaromyces isolates from Chilean C. annuum L. cv. "Cacho de Cabra” with other reference 

species detailed in Table 1. Trichocoma paradoxa CBS 788.83 was used as outgroup. 

Selected model: K2+G. The percentage of trees in which the associated taxa clustered 

together in the bootstrap test (1,000 replicates) is shown on the branches. The tree is drawn 

to scale with branch lengths measured in the number of substitutions per site. T – ex-type 

strain. 
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Supplementary Figure 4. Chao1 richness (A) and observed (B) OTU rarefaction curves and 

lineage-through-time (C) plots from DOTUR analysis using furthest neighbour clustering 

method for benA and ITS sequence data of 192 strains isolated from Chilean C. annuum L. 

cv. "Cacho de Cabra”. 
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Supplementary Figure 5. Phylogenetic placement of benA and ITS based OTU consensus sequences and singletons in comparison to 

reference strain sequences retrieved from GenBank (see Table 1). All phylogenetic trees are based on K2+G with the exception of the one 

for benA at 0% genetic distance levels, which was constructed using TN93+G. For each OTU, the number of constituent sequences is 

given in brackets. 
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