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Abstract 

Mycotoxins are secondary toxic metabolites synthesized by several species of filamentous 

fungi. Occurrence of hazardous mycotoxins has been studied along the whole food production 

chain, i.e. in crops and in foods for consumption. In order to protect consumers against an 

exposure, strategies aimed to reduce and mitigate the occurrence of mycotoxins at pre- and 

post-harvest stages have been implemented. Furthermore, maximum limits for mycotoxins in 

major food/feed commodities are set in legislation, and health-based guidance values are 

derived by scientific advisory committees as basis for assessing risks. Although these 

strategies and regular monitoring allow for a significant reduction of risks from exposure to 

mycotoxins, humans continue to be exposed to mycotoxins, in some circumstances at levels 

exceeding the current health-based guidance values. Therefore, it can be hypothesized that 

stages in the production of crops and consumer choices of foods are contributors to mycotoxin 

exposure, but presently not considered. The work presented in this habilitation developed and 

evaluated new monitoring strategies to investigate this hypothesis.  

Soil is the basis for the cultivation and production of crops, but has not been evaluated as 

source of mycotoxins until now. This is relevant, considering that the soil is the habitat for the 

inoculum of several mycotoxigenic fungal species and that mycotoxins are ubiquitous in the 

environment including soil. Next, mycotoxins can be mobilized from soil to plant, which may 

increase the risk for a contamination of harvested commodities. Evaluation of the soil as a 

source of mycotoxins should also consider the role of managements and treatments in modern 

agriculture and how these affect soil physicochemical or biological properties as well as the 

occurrence and fate of mycotoxins in soils. In addition, some mycotoxins have antimicrobial 

properties and may thus influence the soil microbiome with the consequence of changes in 

soil biogeochemical processes and functions. 

Current strategies for mycotoxin exposure prevention are restricted to the food production 

chain, namely from cropping/harvest until retail level. But, food commodities are stored in the 

households with the possibility that mycotoxins can form by late fungal infection, with a risk for 

exposure. In this regard, human exposure to mycotoxins is determined by the individual food 

habits, preferences and lifestyle. Therefore, it is important to identify major sources of 

mycotoxin exposure in different population groups, and also how the exposure is driven by 

food preferences and lifestyle, in particular at the household level. 

The overall aim of this habilitation is to extend the knowledge on mycotoxins as environmental 

pollutants by evaluating steps beyond the food production chain that may contribute to 

mycotoxin-related risks for humans and for the environment. Concretely, this means to conduct 

monitoring of soils as a source of mycotoxins, and to assess also how alimentary habits and 

lifestyle may impact on exposure at the consumer level. This entails the design of an integrated 

monitoring strategy concept which includes unexplored sources and risks for mycotoxin 

exposure. This habilitation covers 23 published papers and is divided into three main chapters: 

(i) Plastic mulching and soil quality indices (chapter 2): In this chapter the impact of mulching 

systems, namely straw and plastic, on soil physical, chemical and biological properties as well 

as biogeochemical processes were analysed using the example of asparagus and strawberry 

crops. The starting point was a literature review on the benefits and potential risks related to 

the use of plastic mulching in agriculture [chapter 2.1]. This was followed up by field monitoring 

experiments with a focus on the effects of plastic mulching on soil (micro)organisms [chapter 
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2.2 and 2.3] and on modifications of soil biogeochemical processes in short- and long-term 

application [chapter 2.4 and 2.5]. Due to the increasing awareness of the use of plastics in the 

environment, plastic mulching was also investigated for its contribution to soil plastic pollution 

[chapter 2.6 - 2.8]. 

(ii) Occurrence and fate of mycotoxins in agricultural soils (chapter 3): Mycotoxins do occur in 

soil, but their biosynthesis in situ as well as their persistence are influenced by soil 

biogeochemical processes related to the structure and function of the soil microbiome. The 

occurrence and fate of mycotoxins was investigated starting with the development of sensitive 

methods for the analysis of mycotoxins in soils [chapter 3.1], considering that levels in soils 

may be of factor hundred lower than concentrations observed in food commodities. Then, 

suitable sampling strategies were developed to account for the heterogeneous distribution of 

mycotoxins in soils [chapter 3.2]. Sampling and analytical methods were applied to investigate 

the occurrence of mycotoxins in soils, exemplified by studies on the use of plastic mulching in 

agriculture [chapter 3.3 and 3.4]. Since mycotoxin levels in soils reflect only concentrations 

measured at the time of sampling, without considering spatio-temporal dynamics, a further 

focus of our studies was to evaluate the biosynthesis and stability (fate) of the mycotoxins in 

the soil matrix depending on the integrity of the soil microbiome [chapter 3.5 - 3.8].  

(iii) Human exposure and biomonitoring (chapter 4): Here, it was evaluated how alimentary 

habits and lifestyle may contribute to the risk of mycotoxin exposure. Firstly, (bio-) monitoring 

strategies which include the identification and characterization of suitable biomarkers in 

biological matrices that are representative of exposure were investigated [chapter 4.1 - 4.4], 

considering also food intake differences between infants and adults. In the context of sensitive 

population-groups also an in silico approach was used to model their mycotoxin exposure 

[chapter 4.5]. Finally, the risk of mycotoxin exposure was evaluated based on alimentary habits 

and contaminant levels in food commodities, and for lifestyle aspects and awareness on risks 

from mouldy food [chapter 4.6 and 4.7].   

The results of this habilitation provide new insights on so far unexplored sources for mycotoxins 

with relevance for humans and for the environment. This includes the development and 

application of suitable sampling and (bio-)monitoring strategies to assess (i) mycotoxin 

occurrence in agricultural soils and (ii) exposure at the consumer level. This work shows that 

soil is a source of mycotoxins and that agricultural practices influence the integrity of the soil 

and consequently in situ mycotoxin concentrations. Then alimentary habits, lifestyle and 

knowledge on mycotoxins are decisive factors for exposure at the household level. Both 

aspects are not yet considered in current risk assessment strategies. Therefore, an integrated 

interdisciplinary model for mycotoxin prevention strategies starting in soil and including also 

the consumer level is suggested. 
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Zusammenfassung 

Mykotoxine sind sekundäre toxische Metaboliten, die von verschiedenen Arten Schimmelpilze 

Mykotoxine sind von verschiedenen Schimmelpilz-Arten synthetisierte sekundäre 

Stoffwechselprodukte mit toxischen Wirkungen auf Menschen und Tiere.  Sie kommen entlang 

der gesamten Lebensmittelherstellungskette vor, also in Erntegut vom Feld und in 

verzehrsfähigen Lebensmitteln. Um Verbraucher vor einer Exposition zu schützen, sind daher 

Strategien eingeführt worden, die darauf abzielen, das Vorkommen von Mykotoxinen vor und 

nach der Ernte zu vermeiden oder zu minimieren. Zudem gibt es Regelungen zu Höchstwerten 

für Mykotoxine in wichtigen Lebens- und Futtermitteln, und wissenschaftliche Ausschüsse 

haben gesundheitsbezogene Richtwerte als Basis für Risikobewertungen abgeleitet. Obwohl 

diese Strategien und ein regelmäßiges Monitoring die Risiken durch Mykotoxin-Expositionen 

erheblich verringern, sind Menschen weiterhin Mykotoxinen ausgesetzt, wobei die Aufnahme 

in einigen Fällen gesundheitlich unbedenkliche Richtwerte überschreitet. Daher kann man 

annehmen, dass es bei der Gewinnung und dem Verzehr von Lebensmitteln Schritte gibt, die 

zur Exposition durch Mykotoxine beitragen können, aber bisher noch nicht berücksichtigt 

worden sind. Um diese Hypothese zu untersuchen, sind in der vorliegenden Habilitation neue 

Monitoring-Strategien entwickelt und eingesetzt worden. 

Der Boden ist die Grundlage für Anbau und Gewinnung landwirtschaftlicher Produkte, wurde 

aber bisher nicht als Quelle von Mykotoxinen untersucht. Dies ist relevant, wenn man bedenkt, 

dass der Boden ein Habitat für das Inokulum verschiedener mykotoxigener Pilzarten ist und 

dass Mykotoxine in der Umwelt auch im Boden ubiquitär vorhanden sind. Außerdem können 

Mykotoxine vom Boden auf die Pflanzen übertragen werden, was ein Risiko für eine 

Kontamination der geernteten Produkte darstellen kann. Bei der Bewertung des Bodens als 

Quelle von Mykotoxinen sollten die Rolle der Bewirtschaftungs- und Behandlungsmethoden in 

der modernen Landwirtschaft und deren Auswirkungen auf die physikochemischen oder 

biologischen Eigenschaften des Bodens sowie das Vorkommen und der Verbleib von 

Mykotoxinen im Boden berücksichtigt werden. Zudem haben einige Mykotoxine antimikrobielle 

Eigenschaften und könnten daher das Mikrobiom in Böden beeinflussen, was dann zu 

Veränderungen der biogeochemischen Prozesse und Funktionen des Bodens führen kann. 

Die derzeitigen Strategien zur Vermeidung von Mykotoxinbelastungen beschränken sich auf 

die Lebensmittelproduktionskette, d.h. vom Anbau/Ernte bis zum Einzelhandel. Aber auch bei 

der Lagerung von Lebensmitteln in den Haushalten besteht die Möglichkeit, dass sich infolge 

von Schimmelbefall noch Mykotoxine bilden, mit dem Risiko für eine Exposition. Die Aufnahme 

von Mykotoxinen wird durch die individuellen Ernährungsgewohnheiten und Präferenzen und 

den Lebensstil bestimmt. Daher ist es erforderlich, die wichtigsten Quellen der 

Mykotoxinexposition in verschiedenen Bevölkerungsgruppen zu ermitteln und auch zu 

untersuchen, wie die Exposition durch Nahrungsmittelpräferenzen und Lebensstil, 

insbesondere auf Haushaltsebene, beeinflusst wird. 

Übergreifendes Ziel dieser Habilitation ist es, das Wissen über Mykotoxine als Umwelt-

schadstoffe zu erweitern, indem Schritte jenseits der Lebensmittelproduktionskette evaluiert 

werden, die zu Mykotoxin-bezogenen Risiken für Mensch und Umwelt beitragen können. 

Konkret beinhaltet dies, zum einen Böden als Quelle von Mykotoxinen zu untersuchen, zum 

anderen die Frage, inwieweit Ernährungsgewohnheiten und Lebensstil auf Verbraucherebene 

zur Exposition beitragen können. Dies bedeutet, ein integriertes Überwachungskonzept zu 
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entwerfen, das auch unerforschte Quellen und Risiken für die Mykotoxinbelastung einschließt. 

Diese Habilitation umfasst 23 veröffentlichte Arbeiten und ist in drei Hauptkapitel unterteilt: 

(i) Plastikmulch und Bodenqualitätsindizes (Kapitel 2): In diesem Kapitel wurden die 

Auswirkungen von Mulchsystemen, nämlich Stroh und Plastik, auf die physikalischen, 

chemischen und biologischen Eigenschaften des Bodens sowie die biogeochemischen 

Prozesse am Beispiel von Spargel- und Erdbeerkulturen analysiert. Ausgangspunkt war eine 

Literaturrecherche zu den Vorteilen und potenziellen Risiken im Zusammenhang mit dem 

Einsatz von Kunststoffmulch in der Landwirtschaft [Kapitel 2.1]. Darauf folgten Feldstudien mit 

Schwerpunkt auf Auswirkungen von Kunststoffmulch auf Boden(mikro)organismen [Kapitel 2.2 

und 2.3] und auf Veränderungen der biogeochemischen Prozesse im Boden bei kurz- und 

langfristiger Anwendung [Kapitel 2.4 und 2.5]. Aufgrund des zunehmenden Bewusstseins für 

die Verwendung von Kunststoffen in der Umwelt wurde Kunststoffmulch auch auf seinen 

Beitrag zur Kunststoffverschmutzung des Bodens untersucht [Kapitel 2.6 - 2.8]. 

(ii) Vorkommen und Verbleib von Mykotoxinen in landwirtschaftlichen Böden (Kapitel 3): 

Mykotoxine kommen zwar im Boden vor, aber ihre Biosynthese in situ sowie ihre Persistenz 

werden durch biogeochemische Prozesse im Boden beeinflusst, die mit der Struktur und 

Funktion des Bodenmikrobioms zusammenhängen. Das Vorkommen und der Verbleib von 

Mykotoxinen wurden untersucht, beginnend mit der Entwicklung geeigneter Methoden für die 

Analyse von Mykotoxinen in Böden [Kapitel 3.1], wobei berücksichtigt wurde, dass die 

Konzentrationen in Böden um den Faktor hundert niedriger sein können als die in 

Lebensmitteln beobachteten Konzentrationen. Dann sind geeignete Probenahmestrategien 

entwickelt worden, die eine heterogene Verteilung von Mykotoxinen in Böden berücksichtigen 

[Kapitel 3.2].  Die neuen Probenahme- und Analysemethoden wurden anschließend 

eingesetzt, um das Vorkommen von Mykotoxinen in Böden zu untersuchen und zwar in 

Studien über die Verwendung von Kunststoffmulch in der Landwirtschaft [Kapitel 3.3 und 3.4]. 

Die Mykotoxingehalte in Böden spiegeln nur die zum Zeitpunkt der Probenahme gemessenen 

Konzentrationen wider, ohne die räumlich-zeitliche Dynamik zu berücksichtigen. Daher lag ein 

weiterer Schwerpunkt dieser Studien auf der Bewertung der Biosynthese und der Stabilität 

(Schicksal) der Mykotoxine in der Bodenmatrix [Kapitel 3.5 - 3.8].  

(iii) Exposition des Menschen und (Bio)monitoring (Kapitel 4): Hier wurde bewertet, inwieweit 

die Ernährungsgewohnheiten und der Lebensstil zum Risiko einer Mykotoxinbelastung 

beitragen. Dabei wurden zunächst (Bio-)Monitoringstrategien eingesetzt: sie beinhalten die 

Identifizierung und Charakterisierung geeigneter Biomarker in biologischen Matrices, die für 

eine Exposition repräsentativ sind [Kapitel 4.1 - 4.4] und auch Unterschiede in der 

Nahrungsaufnahme von Säuglingen und Erwachsenen berücksichtigen. Im Zusammenhang 

mit der Exposition empfindlicher Bevölkerungsgruppen wurde auch ein in-silico-Ansatz zur 

Modellierung von Mykotoxin-Expositionen genutzt [Kapitel 4.5]. Schließlich wurde das 

Expositionsrisiko im Hinblick auf die Ernährungsgewohnheiten bewertet, wobei der Gehalt in 

Nahrungsmitteln und als weitere Aspekte Lebensstil und Kenntnis über verschimmelte 

Lebensmittel einbezogen wurden [Kapitel 4.6 und 4.7]. 

Die Ergebnisse dieser Habilitation liefern neue Erkenntnisse über bislang unerforschte Quellen 

für Mykotoxine mit Relevanz für Mensch und Umwelt. Dazu gehört die Entwicklung und 

Anwendung geeigneter Probenahme- und (Bio-) Monitoringstrategien zur Untersuchung (i) 

des Vorkommens von Mykotoxinen im Boden und (ii) zur Exposition der Verbraucher.  Diese 
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Arbeit zeigt, dass der Boden eine Quelle für Mykotoxine ist und dass landwirtschaftliche 

Praktiken die Integrität des Bodens und auch die Mykotoxin-Konzentrationen in situ 

beeinflussen. Die Ernährungsgewohnheiten, der Lebensstil und das Wissen über Mykotoxine 

sind wesentliche Faktoren für eine Exposition auf Haushaltsebene. Beide Aspekte sind in den 

derzeitigen Risikobewertungsstrategien nicht berücksichtigt. Daher wird ein interdisziplinäres 

integriertes Modell für Mykotoxin-Präventionsstrategien vorgeschlagen, dass beim Boden 

beginnt und auch die Ebene der Verbraucher beinhaltet. 
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1. Introduction 

1.1 Mycotoxins: Toxicity and regulation 

Mycotoxins are secondary metabolites synthesized by filamentous fungi. They are chemical 

and structurally diverse and exert a wide range of toxic effects to human and animals (Degen, 

2017). The toxic effects reported for mycotoxins range from nonspecific symptoms such as 

vomiting in case of the mycotoxin deoxynivalenol to liver tumours in the case of the mycotoxin 

aflatoxin B1 or endocrine effects as described for the mycotoxin zearalenone. The magnitude 

of the toxic effects depends however on the doses, the simultaneous co-exposure with other 

toxicants, the duration and the route of the exposure and on the healthy status of the 

population. Mycotoxin exposure pose a serios threat for health in particular in developing 

countries with high environmental levels for mycotoxins in food and feed and at the same time 

with instable health systems (Shephard, 2008). For that reason, most countries have issued 

regulations on mycotoxins in food to protect consumers against adverse health effects, with 

the European Union setting the strictest regulatory limits for the different mycotoxins (Table 1). 

In the scientific community, research on mycotoxins dates from the 50ôs. However, the 

mycotoxin problematic dates back thousands of years, since food began to be stored from one 

season to the next (Pitt and Miller, 2017). Thus, the main focus of mycotoxin research has 

been the occurrence of mycotoxins in food and feed commodities, associated exposure and 

elucidation of toxic effects and mode of actions. 

Table 1: Overview of EU regulated mycotoxins, maximum limits and their adverse effects, adapted from 

Degen (2017), (EC) No 1881/20061, (EU) No 165/20132, (EU)  No  212/20143, (EU) 1901/20194. 

Mycotoxin Regulated foodstuffs  Maximum levels 

(ɛg kg-1) 

Reported toxicities 

Aflatoxins B1, 

B2, G1, G2  

Cereals grains and derived-

products, nuts, dried fruit, 

certain spices 

0.10-15  

 

Hepatotoxic and carcinogenic 

in all species tested 

AFM1 

 

Milk and derived products, 

including infant formula 

(AFM1) 

0.025-0.050  

 

Mutagenicity and adduct 

formation in humans and 

animals 

Ochratoxin A 

 

Cereals grains, dried vine 

fruit, Roasted coffee beans, 

ground roasted coffee, 

soluble coffee, wine, grape 

juice, certain spices 

0.5-10  

 

Nephrotoxic, teratogenic, 

immunosuppressive; rodent 

carcinogen 

Patulin 

 

Fruit juices, spirit drinks, solid 

apple products and apple 

juice, baby food 

10-50  

 

Causes damage in intestinal 

tissues, alterations in renal 

function  

Deoxynivalenol 

 

Cereals grains and derived 

products such as pasta, 

200-1,750  

 

Feed refusal and vomiting in 

domestic pigs 

                                                           
1 https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32006R1881&from=de 
2 https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex%3A32013H0165 
3 https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32014R0212&from=DE 
4 https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32019R1901 
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bread, processed cereal-

based foods and baby foods 

for infants and young children 

Immunosuppression in mice 

Zearalenone 

 

Cereals grains and derived 

products such as pasta, 

bread, processed cereal-

based foods and baby foods 

for infants and young children 

20-200  Estrogenic effects in pigs and 

experimental animals 

Fumonisins B1 

and B2 

 

Maize and derived products 200-2,000  Leukoencephalomalacia in 

horses, pulmonary edema in 

pigs, neural tube defects in 

mouse embryos; rodent 

carcinogen 

T-2 and HT-2 

 

Unprocessed cereals and 

cereal products 

15-2,000 

 

Alimentary toxic aleukia, 

hemorrhage and vomiting 

Citrinin 

 

Food supplements based on 

rice fermented with red yeast 

Monascus purpureus 

100 Nephrotoxic in pigs and 

rodents  

 

Mycotoxins are unavoidable contaminants along the whole food chain. They occur at pre-

harvest stages, for example at field level from sowing until harvest, and also at post-harvest, 

namely during processing, storage, transport and distribution. Therefore, the probability of 

mycotoxins being present in the daily diet is high. The main source of human exposure to 

mycotoxins is the ingestion of contaminated food (Pestka, 2010), confirmed by data reported 

for total diet studies conducted in different countries, e.g. Carballo et al. (2019). Cereals and 

by products are suggested as the items with the main contribution to the overall dietary 

exposure (Leblanc et al., 2005). Lee and Ryu (2017) summarized the reports on mycotoxins 

levels in food commodities published worldwide between 2007 and 2016: the incidences of 

mycotoxin contamination and maximum reported levels in raw cereal grains were in decreasing 

order: 61% and 71.1 ɛg kg-1 for fumonisins, 58% and 41.2 ɛg kg-1, for deoxynivalenol, 55% 

and 1.6 ɛg kg-1 for aflatoxins, 46% and 3.0 ɛg kg-1 for zearalenone and 29% and 1.2 ɛg kg-1 

for ochratoxin A. Consequently, the above mentioned mycotoxins are considered of concern 

in human diets because of their widespread occurrence, high environmental levels and toxic 

effects. 

In order to reduce the occurrence of mycotoxins, strategies at pre- and post-harvest stages  

have been implemented in the food chain (Shanakhat et al., 2018) and adopted by different 

countries (Cleveland et al., 2003; Magan, 2006). These include good agricultural, suitable 

storage and processing practices, as exemplified in the strategies suggested by the ñFood and 

Agriculture Organization of the United Nationsò FAO5, aimed to reduce fungal infestation and 

mycotoxin synthesis. The use of decontaminated seeds and sorting, fungicide application 

during the whole cultivation period, and selection of fungi-resistant cereals, have been reported 

as agricultural measures adopted at pre-harvest stages (Janssen et al., 2019). At post-harvest 

                                                           
5 https://www.fao.org/3/x5036e/x5036E0q.htm 
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level, strategies aim mostly to modify environmental factors, namely water (humidity) and 

temperature, in order to restrict fungal growth and mycotoxin biosynthesis. To avoid the risk of 

mycotoxin contamination in the food chain, the HACCP (Hazard Analysis Critical Control Point) 

concept has been adopted (Aldred et al., 2004), as an effective tool for prevention, control, 

and periodic monitoring of mycotoxin in all stages of food production.  

According to recent estimates, far more than 25% of the global food crop production is 

contaminated with mycotoxins (Eskola et al., 2020). In order to reduce dietary exposure and 

for a safe commercialization of food, harmonized regulatory limits exist for different group of 

mycotoxins in food and feed commodities (Van Egmond, 2007). Mycotoxins under regulation 

are aflatoxins, ochratoxin A, patulin, deoxynivalenol, zearalenone, fumonisins and citrinin, for 

example in the Legislation (EC) No 1881/2006 of 19 December 2006 ñsetting maximum levels 

for certain contaminants in foodstuffs6ò by the European Union (Table 1). Similar regulations 

have been adopted an implemented by different countries and economic communities, for 

example Canada and USA or MERCOSUR, that are based on the FAO recommendation as 

described in the Food and Nutrition Paper 64 from 1997/20037. The document also describes 

that until 2003 more than 86% of the global population was covered by mycotoxin regulations. 

Major regulation gaps exist in African countries with only 59% of the population under current 

mycotoxin regulations. Mycotoxin contamination in food and feeds in Africa pose a socio-

economic issue since most Africans are forced to consume contaminated products with 

subsequent health complications (Kebede et al., 2020). In developed countries or in countries 

with active export-import economies, food and feed commodities contaminated with 

mycotoxins exceeding the regulatory limits cannot be further commercialized, resulting in 

significant economic loses for farmers and producers (Robens and Cardwell, 2003; Matny, 

2015; Wilson et al., 2018). Mitchell et al. (2016) estimated that the economic losses associated 

with aflatoxin contamination in the corn industry can range from US$ 52.1 million to US$ 1.68 

billion annually in the United States, considering that climate change will cause more regular 

aflatoxin contamination.  

 

 

 

 

 

 

 

 

 

 

 

                                                           
6 https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:02006R1881-20140701&from=EN 
7 https://www.fao.org/3/y5499e/y5499e.pdf 
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1.2  Fungi and mycotoxin occurrence in food commodities  

 

Several species of the group of filamentous fungi are responsible for the synthesis of 

mycotoxins. Thus, agricultural products are susceptible to mycotoxin contamination at both 

pre- and post-harvest stages. Species of the genera Aspergillus, Penicillium and Fusarium are 

considered as the main producers of mycotoxins (Bräse et al., 2009). These species infest raw 

materials and food/feed commodities with the consequently production of mycotoxin under 

specific conditions. Aspergillus spp. are well known plant pathogens at pre-harvest stages. In 

particular, Aspergillus flavus is a plant parasitic pathogen, and it represents one of the major 

issues in agriculture because of the production of the highly toxic mycotoxin aflatoxin B1. The 

virulence of A. flavus lies on the excretion of proteins, most of which being hydrolytic enzymes 

such as amylases, cellulases, chitinases, cutinases, lipases, pectinases and proteases e.g. 

Fountain et al. (2014). The authors indicate that aflatoxin production is related to oxidative 

stress, an abiotic stress-induced response. Plants under environmental stress are more 

susceptible for mechanical damage i.e. via insects that generate wounds in the plant tissue 

and these can be used as front door for the colonization of the plant with Aspergillus (Cole et 

al., 1985; Windham et al., 2018). For example, there is a strong association between A. flavus 

occurrence and aflatoxin concentration in drought-stressed peanuts crops (Blankenship et al., 

1984; Craufurd et al., 2006). Abiotic interactions i.e. temperature and humidity are the main 

factors regulating fungal growth and aflatoxin production in crops at pre-harvest (Fountain et 

al., 2014). At post-harvest stages Aspergillus and Penicillium spores from indoor air (Li and 

Kendrick, 1995) or from insects as vectors (Fennell, 1975) colonize food matrices mainly during 

storage under environmental and substrate conditions favouring the fungal growth.  

Fusarium is a well investigated plant pathogen that infects host plants at pre-harvest stages 

using diverse strategies for plant colonization, for example by penetrating roots and colonizing 

the vascular tissue (Inoue et al., 2002). Fusarium head blight (FHB) is one of the most serious 

diseases affecting wheat and barley worldwide, caused by F. graminearum, F. culmorum, F. 

avenaceum and other related fungi (Osborne and Stein, 2007). The authors of this review state 

that warm temperatures, a moist environment characterized by frequent precipitation or heavy 

dew, will highly favour fungal growth with infection and development of disease in the plant 

tissues. Population changes in crops are driven by environmental changes and agricultural 

management: In Europe, a replacement of F. culmorum by F. graminearum associated with 

climate change and increased maize production has been observed in the last year (Valverde-

Bogantes et al., 2020). The association with maize lies in the higher detection incidences of F. 

graminearum in wheat crops with a history of previous maize cultivation (Xu et al., 2005; 

Isebaert et al., 2009; Crippin et al., 2020). Plant diseases by Fusarium have been observed 

also in other plant products such as lettuce grown in plastic greenhouses (Garibaldi et al., 

2002), indicative of the cosmopolite character of this fungal genus. 

Cereals and cereal based product are the major contributors to the mycotoxin exposure 

through the diet (Reddy et al., 2010). Levels and diversity of mycotoxins in cereals depend on 

the fungal species, crop type and also on abiotic/biotic parameters. Thus, levels and 

distribution of mycotoxins worldwide follows a climatic/geographic pattern (Figure 1). South 

Asia (Asghar et al., 2014) and African countries south of the Sahara (Meijer et al., 2021) 

reported the highest incidence for the mycotoxin aflatoxin B1. By contrast, the incidence of 

aflatoxins in Europe is about 20%, whilst the incidence of deoxynivalenol reaches over 90% 
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(Mishra et al., 2022). Deoxynivalenol had the most serious contamination and the widest 

distribution in Europe, other mycotoxins such as T-2 toxin/HT-2 toxin, fumonisins, zearalenone 

and ochratoxins were basically below the EU limit (Carballo et al., 2019). Worldwide the rank 

order of the occurrence of major mycotoxins in cereal-based products was deoxynivalenol 

(global incidence >50%), followed by zearalenone, ochratoxin A and aflatoxins(Lee and Ryu, 

2017; Mousavi Khaneghah et al., 2019). This suggests that contamination does mainly occur 

at pre-harvest stages and principally by Fusaria, since deoxynivalenol and zearalenone are 

mycotoxins produced by these species. 

 

Figure 1: 2021 report on incidence, concentrations and distribution of mycotoxins in food commodities 

worldwide8 

 

Table 2: Levels of the mycotoxin deoxynivalenol in wheat products reported by European countries. 

Modified from Mishra et al. (2022) 

Country Samples (n) Positive % Range (ɛg kg-1) 

Netherlands 71 100 100ð11,000 

Serbia 59 50 630ð1,840 

Romania 35 79 n.d.ð3,600 

Sweden 125 24-93 n.d. ð6,460 

Slovakia 299 100 n.d. ð788 

Spain 37 62 n.d. ð6,178 

Italy 293 97 56ð27,088 

Finland 30 n.i. n.d. ð5,510 

                                                           
8 https://ew-nutrition.com/mycotoxin-report-2021/ 
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Switzerland 686 80 n.d. ð10,600 

Poland 92 83 10ð1,265 

Germany (noodles and 

pasta) 

40 98 60ð1,609 

n.i.: No information 
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1.3  Mycotoxins and human exposure 

 

Mycotoxins are ubiquitous contaminants in the environment; for that reason, mycotoxin 

exposure of humans can have more than one single cause. The main source by which humans 

are exposed is via the intake of mycotoxin contaminated food. But, mycotoxins are also present 

in indoor air with a possible exposure through inhalation or dermal absorption. Hyvonen et al. 

(2020) conducted a study in water-damaged and intact schools to assess the associations of 

toxic indoor air with multi-organ symptoms in pupils in Finland. The authors concluded that 

Indoor air toxicity and dampness-related microbiota recovered from the classrooms were 

associated with multi-organ morbidity of the school occupants. The risk of exposure to 

mycotoxins in indoor air opened a new field of research, in particular in occupational settings 

(Degen, 2011; Viegas et al., 2018). Workplaces that can present a higher risk for mycotoxin 

exposure are swine production (Schlosser et al., 2020), waste recycling and sorting (Viegas et 

al., 2017), grain industry (Föllmann et al., 2016; Niculita-Hirzel et al., 2016) and bakeries 

(Viegas et al., 2019), among others.  

Levels of mycotoxin exposure through cereal consumption depend on different factors. One 

factor is the consumption rate, derived by the alimentary habits and life style, and by a different 

food intake of infants and adults. Chen et al. (2019) evaluated the consumption rates for 

cereals in different countries in the adult and infant population. The cereal consumption rates 

(adults) in Europe ranged from 4.3 (g/kg bw/d) in the case of Belgium to 0.4 (g/kg bw/d) in the 

case of Sweden. In infants, consumption rates were higher compared to adults, ranging from 

7.6 (g/kg bw/d) in Italy to 1.4 (g/kg bw/d) in the Czech Republic. The sum of daily intake through 

consumption of cereal-based products presented the highest value for deoxynivalenol (57.2 

ng/kg bw/day), followed by fumonisin B1 (6.4 ng/kg bw/day), nivalenol (2.7 ng/kg bw/day), 

fumonisin B2 (1.0 ng/kg bw/day), zearalenone (1.0 ng/kg bw/day), ochratoxin A (0.1 ng/kg 

bw/day) and aflatoxin M1 (0.07 ng/kg bw/day). In France, the dietary exposure in adults 

through cereal consumption was as follows, e.g. Sirot et al. (2013): Deoxynivalenol (373 ng/kg 

bw/day), followed by nivalenol (20.3 ng/kg bw/day), fumonisin B1 (7.5 ng/kg bw/day), 

ochratoxin A (0.28 ng/kg bw/day) and aflatoxin M1 (0.03 ng/kg bw/day). Dietary exposure for 

infants was even higher i.e. 544 ng/kg bw/day for deoxynivalenol and 15.4 and 11.5 ng/kg 

bw/day respectively for fumonisin B1 and zearalenone. Differences in dietary intake, 

occurrence and concentrations support also the differentiated legislation for mycotoxins in food 

commodities with more strict levels set for infant food (EC-1881, 2006).  

Health-based guidance values present a science-based recommendation for safe 

consumption of substances by taking into account current ósafetyô data, uncertainties in these 

data, and the likely duration of consumption (WHO, 1994). Health based guidance values are 

not derived for mycotoxins with carcinogenic and mutagenic properties, namely aflatoxin B1 

and aflatoxin M1; instead  the margin of exposure (MOE) approach is applied to assess risks 

from exposure (EFSA, 2020b). For ochratoxin A, a previously derived guidance value has been 

suspended in light of some uncertainties regarding its genotoxic potential (EFSA, 2020c). Yet, 

for several non-carcinogenic mycotoxins, for instance deoxynivalenol or zearalenone, health-

based guidance values, expressed as tolerable daily intake (TDI), have been derived by expert 

scientific committees (Table 3). In studies that investigate dietary mycotoxin exposure, a 

comparison of the outcome with health-based guidance values can serve to assess the risk of 

consumer groups. Dietary exposure is calculated by the probable daily intake (PDI) for the 
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occurring mycotoxin. This value can be obtained by measuring the concentration of mycotoxin 

in the food commodity (Foerster et al., 2022) or indirectly, via analysis of the concentration of 

metabolite in urine and conversion of this value into the respective intake in mass (ng, µg or 

mg) of mycotoxin per body weight (Kyei et al., 2022). Finally, the health risk can be 

characterized by determining the hazard quotient (HQ), i.e. the ratio between the probable 

exposure to a substance (PDI) and the level at which no adverse effects are expected, namely 

the TDI (Goumenou and Tsatsakis, 2019). In biomonitoring studies, this value allows to define 

the proportion of the population who consume mycotoxins above the established health-based 

guidance values (Kyei et al., 2022). Results from recent studies indicate that critical mycotoxin 

exposures can occur and that individuals exceeding the guidance values (Table 3) may be at 

risk. Pickova et al. (2020) observed that dietary exposure to Fusarial toxins based on some 

retail foods in the Czech Republic did not exceed the respective health-based guidance value, 

concluding that there is no potential dietary risk of Fusarium mycotoxins for Czech children 4ï

6 years and Czech men and women 18ï59 years. On the other hand, Narváez et al. (2022) 

reported that bread and derived products were the main contributors to deoxynivalenol 

exposure, with children below 3 years old exceeding the TDI. In a study conducted in Portugal, 

94% of cereal-based products for children were contaminated with at least one mycotoxin 

(Assunção et al., 2018). In Spain, the dietary exposure to HT-2 and T-2 toxins was estimated 

as 0.010 and 0.086 ng/kg bw/day, amounting to 10% and 86% of the TDI, for adults and infants, 

respectively. Modelling estimates for the European population indicate that nivalenol presents 

the most critical situation regarding exposure, with a calculated PDI (probable daily intake) 30 

times higher than the reference TDI (De Santis et al., 2021). In countries with very high 

mycotoxin levels in food commodities, a high risk is expected: For example in Uganda, the 

exposure to fumonisins with sorghum among infants was 46-fold higher than the TDI for this 

mycotoxin (Wokorach et al., 2021).  

 

Table 3: Health-based guidance values for certain mycotoxins as derived by scientific 

committee based on daily or weekly consumption. 

Mycotoxin Health-based guidance value Approach Reference 

Aflatoxin B1 not applicable MOE EFSA (2020b) 

Aflatoxin M1 not applicable MOE EFSA (2020b) 

Ochratoxin A not applicable  MOE EFSA (2020a) 

 120 ɛg/kg bw/week TWI EFSA (2010) 

Patulin 0.4 µg/kg bw/day  TDI SCF (2000) 

Deoxynivalenol* 1.0 µg/kg bw/day TDI EFSA (2014) 

T-2 toxin 0.02 µg/kg bw/day TDI EFSA (2017) 

HT-toxin 0.02 µg/kg bw/day TDI EFSA (2017) 

Zearalenone* 0.25 µg/kg bw/day TDI EFSA (2014) 

Fumonisin B1 2 µg/kg bw/day TDI EFSA (2018) 

*for deoxynivalenol and zearalenone, the TDIs now include all modified forms of these mycotoxins  
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The widespread occurrence of the mycotoxin deoxynivalenol in cereals and also the risk 

associated with dietary deoxynivalenol exposure have driven investigations on internal 

exposure. This means the implementation of biomonitoring studies to assess mycotoxin levels 

in biological samples, such as blood, urine and human milk. The selection of the matrix 

depends on the toxicokinetics and the chemistry of the mycotoxins. Several studies opt for 

urine as matrix since this does not require an invasive sampling, in contrast to blood. Results 

of the European Food Consumption Validation (EFCOVAL) project, which includes 600 men 

and women from Belgium, the Czech Republic, France, The Netherlands, and Norway, 

showed that 100% of the participants were simultaneously exposed to 4 and up to 34 

mycotoxins (De Ruyck et al., 2020). In the case of deoxynivalenol, urinary biomarker excretion 

accounts for more than 70% of the mycotoxin within 24 hours (Fæste et al., 2018), and with 

good correlations between dietary and internal exposure (Rodríguez-Carrasco et al., 2015). 

Biomonitoring studies using multi-mycotoxin analysis in urine samples have revealed that the 

mycotoxins deoxynivalenol, nivalenol, ochratoxin A and zearalenone were the most frequently 

detected mycotoxins in infantôs urine in the UK population. Mitropoulou et al. (2018) evaluated 

six mycotoxins and selected metabolites in urines from adults and children: Ochratoxin A and 

deoxynivalenol were detected in 96 and 94%, respectively, of the samples analysed.  
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1.4  Chemistry and analysis of mycotoxins  

 

Mycotoxins constitute a chemically heterogeneous group of natural contaminants grouped 

together because of their origin and the toxicity that they exert (Bennett and Klich, 2003). So 

far more than three hundred mycotoxins - attributed to different fungal species - have been 

described (Bräse et al., 2009). However, only some major mycotoxins are systematically 

investigated and are under current regulation (Table 1). The wide range of known toxic effects 

can be in part explained by the chemical diversity of the mycotoxins. Mycotoxin are chemically 

characterized by cyclic structures with conjugated double bonds or aromatic systems. The 

atomic constitution of mycotoxins corresponds to carbon-hydrogen covalent bonding with the 

heteroatoms N and O, in form of heterocycles or as functional groups i.e. carboxylic acid, ester, 

ether functions as well as amino and amide groups. Halogens are rarely present; an exception 

is ochratoxin A with a Cl-atom in the aromatic ring. The functional groups present in the 

structure of mycotoxins provide them with specific physical and chemical properties (Table 4). 

The molecular weight of the mycotoxins ranges from approximately 150 Da (Patulin) beyond 

700 Da as in the case of the fumonisins. Likewise, their solubility in water varies from very well 

water-soluble substances such as patulin and deoxynivalenol to highly lipophilic compounds, 

e.g. enniatins. Most of the mycotoxins have chiral C-atoms, resulting in different stereoisomers 

with identical physicochemical properties, but different biological effects. An example is the 

mycotoxin ochratoxin A and its stereoisomer 2Rô, which is formed after thermal treatment 

(Cramer et al., 2010), and has a more than seven-fold longer biological half-life in human blood 

compared to ochratoxin A (Sueck et al., 2019).  
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Table 4: Producing fungi and physical and chemical properties of selected mycotoxins  

Mycotoxin Fungal specie1 Chemical characteristics Chemical structure 
Chemical 

formula 

MW 

(Da) 
LogP2-6 

Aflatoxin B1 

Aspergillus flavus, 

Aspergillus parasiticus, 

Aspergillus versicolor, 

Aspergillus nidulans 

Macrocyclic lactones consisting of 

5 condensed rings, for example a 

six-membered lactone ring, 

pentanone ring and benzene ring 
 

C17H12O6 312.3 1.29  

Ochratoxin A 

Aspergillus ochraceus, 

Aspergillus niger, 

Penicillium verrucosum 

Dihydroisocoumarine condensed 

to an L-phenylalanine moiety 

Consist of a six-membered lactone 

ring condensed with a substituted 

benzene ring. The L-phenylalanine 

moiety contains a benzene ring 

linked to an amino acid function 

 

C20H18ClNO6 403.8 4.74  

Patulin 
Penicillium patulum, 

Aspergillus clavatus 

Small lactones condensed with 

non-aromatic heteroycles  
 

C7H6O4 154.1 -0.72 

Deoxynivalenol 

Fusarium 

graminearum, 

Fusarium verticillioide, 

Fusarium spp. 

Epoxytrichothecene 

 

C15H20O6 296.3 -0.93   

Zearalenone 
Fusarium roseum, 

Gibberella zeae 
Macrocyclic lactone 

 

C18H22O5 318.4 3.66  
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Fumonisin B1 

Fusarium moniliforme, 

Fusarium proliferatum, 

Fusarium spp. 

Disuccinic acid derivate 

 

C34H59NO15 721.8 1.84  

Citrinin Penicillium citrinum  Dihydrocoumarine 

 

C13H14O5 250.08 -0.32 

Enniatin B 
Fusarium aveanceum, 

Fusarium acuminatum 
Macrolide 

 

C33H57N3O9 681.9 7.6 

1 Bräse et al. (2009), 2 http://www.srcinc.com/what-we-do/databaseforms.aspx?id=386, 3 Dakovic et al. 2007, 4 IARC 1993, 5  ALOGPS v2 from 
Schenzel et al. 2012, 6 Toxin, Toxin-target database http://www.t3db.org/toxins/T3D3759 

http://www.srcinc.com/what-we-do/databaseforms.aspx?id=386
http://www.t3db.org/toxins/T3D3759
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Most of the mycotoxins are chemically stable under conditions common for food processing, a 

property that can attributed to the stability provided by conjugated double-bound and aromatic 

systems. However, chemical degradation is possible under specific conditions. Degradation of 

deoxynivalenol in aqueous solutions was observed at pH values between 1-2 (Mishra et al., 

2014), leading to the formation of the de-epoxy form of deoxynivalenol. This chemical 

conversion is also observed in vivo after transit in the gastrointestinal tract (Dänicke et al., 

2010). Deoxynivalenol and its structurally related forms are stable for several months in 

organic solvents at room temperature (Widestrand and Pettersson, 2001). Ochratoxin A is 

stable up to 180 °C; however aflatoxin B1 is almost completely degraded at temperatures of 

160 °C and above (Raters and Matissek, 2008), but the degradation kinetics for both 

mycotoxins are matrix dependent. Deoxynivalenol degrades at high temperatures and 

prolonged heating time, leading to less toxic compounds (Figure 3) which are also present in 

thermally treated commodities (Bretz et al., 2006). Similar results have been reported for the 

mycotoxin nivalenol (Bretz et al., 2005). Aflatoxin B1 reacts under UV light through a radical 

addition reaction forming the hydroxylated compound aflatoxin B2a (Liu et al., 2010), this 

property has been utilized to effectively degrade the mycotoxin in food matrices (Diao et al., 

2015) 

 

Figure 3: Deoxynivalenol (1) and its known thermal degradation products isoDON (2), norDON A (3), 

norDON B (4), norDON C (5), DON lactone (6), 9-hydroxymethyl DON lactone (7), norDON D (8), 

norDON E (9), and norDON F (10) (Bretz et al., 2006). DON = Deoxynivalenol. 

 

Mycotoxins undergo chemical transformations i.e. conjugation by chemical or enzymatic 

reactions. These mycotoxin forms are termed ñmodified mycotoxinsò. The peculiarity of the 

modified mycotoxins is that this transformation is reversible, and the aglycone structure can 

be recovered during digestion via hydrolysis so that (aglycone) toxicity is restored (Berthiller 

et al., 2007; DallôErta et al., 2013). Modified mycotoxins are formed by phase-II metabolism in 

mammals. Well-known examples are the mycotoxins ochratoxin A and deoxynivalenol which 
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are excreted in urine as glucuronide conjugates (Warth et al., 2011; Vidal et al., 2018). Some 

mycotoxins such as deoxynivalenol and zearalenone are metabolized in plants and present as 

glucosides in plant-based food commodities (Berthiller et al., 2007; Rychlik et al., 2014). Figure 

4 shows a chemical modification of deoxynivalenol to its glucoside formed by plants (Berthiller 

et al., 2013) 

 

 

Figure 4: Conversion of the Fusarium mycotoxins deoxynivalenol into deoxynivalenol-3-glucoside by 

plants, modified from Berthiller et al. (2013). 

 

The problem behind the modified mycotoxins is that these chemical structures escape the 

commonly used methods for monitoring because the chemical transformation leads to a 

change in physicochemical properties, particularly to a higher water solubility. Thus, methods 

using organic solvents for extraction may not be adequate for extracting more polar 

compounds with high water solubility. Monitoring studies that do not include analysis of 

conjugated forms may underestimate the external or internal exposure (Stoev, 2015). In the 

last 10 years, awareness of the occurrence of modified mycotoxins in food and feed 

commodities, and also in human samples has increased, and analytical methods have been 

adapted in order to include such modified mycotoxins in an exposure assessment (Muñoz, 

2012; Vidal et al., 2018; Vidal et al., 2020).  

Analysis of mycotoxins includes the extraction, concentration and purification of target 

molecules from different matrices, namely food and feed commodities or from human matrices 

such as blood/plasma, urine or milk. Detection limits for analytes in food commodities have to 

meet the current regulatory limits for mycotoxins: for instance 0.10 ɛg kg-1 in the case of 

aflatoxin B1 in dietary foods for special medical purposes intended specifically for infants, or 

up to 1,750 ɛg kg-1 for deoxynivalenol in unprocessed maize (Table 1). In human monitoring 

studies, a higher analytical sensitivity is needed since mycotoxins are metbolized in vivo 

lowering the levels of the parent compound. Fan et al. (2019a) reported detection ranges of 

0.15ï0.56 ɛg L-1 for ochratoxin A in urine samples using liquid chromatography with tandem 

mass spectrometry (MS/MS). Meanwhile a range of 0.31ï9.2ɛg L-1 was reported for the same 

mycotoxin in human plasma. Another study by Schmidt et al. (2021) reported even lower 

ranges from 0.01 to 0.43 ɛg L-1, for dried urine spots and HPLC-MS/MS analysis. The wide 

range of values in several human matrices and in food commodities is indicative of the 

challenges in developing and applying suitable methods for analysis of mycotoxins, namely 

high sensitivity and excellent clean-up performance to counteract matrix effects. 

Generic extraction methods have been successfully established for the analysis of mycotoxins 

in food and feed such as the acetonitrile-water mixture (84:16, v/v) which is applicable for a 

wide range of mycotoxins and matrices (Walker and Meier, 1998). Modifications with organic 
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acids improve the recovery of an extraction (Mol et al., 2008), by displacing toxins from matrix 

fractions by disrupting non-covalent intermolecular interactions i.e. ionic binding, van der 

Waals interaction or H-bridges (Di Gregorio et al., 2014). Generic methods allow for a rapid 

screening of mycotoxins. However, they are not always suitable for target analysis at low 

concentration, because of non-selective extraction and associated matrix effects. Another 

approach based on solid-liquid / liquid-liquid extraction is the QuEChERS (quick, easy, cheap, 

effective, rugged, and safe) method, initially developed for pesticides (González-Curbelo et al., 

2015). The method consists of a liquid-liquid extraction with water and acetonitrile for the 

extraction of organic xenobiotics from different matrices. The addition of different salts in the 

water-acetonitrile mixture allows separation of the water phase from the acetonitrile layer due 

to an increase in the ionic strength of the water. The QuEChERS method has been 

successfully applied to a wide range of commodities and mycotoxins (Yogendrarajah et al., 

2013; Myresiotis et al., 2015; Miró-Abella et al., 2017), and it also is applicable for human 

samples i.e. maternal milk (Rubert et al., 2014; Braun et al., 2020). Another sample preparation 

method, the ñdilute and shootò approach consists of the dilution of the matrix (mostly urine) 

with miscible organic solvents or with water, centrifugation, filtration and direct analysis (by LC-

MS). The method has been widely used for multi-mycotoxin screening in human monitoring, in 

particular for urine samples (Shephard et al., 2013; Gerding et al., 2014). The drawback of this 

method is the absence of purification, increasing the matrix effect component and the 

comparatively low sensitivity because of the initial dilution. 

The above-mentioned methods are simple and easy to use, yet there are limitations in some 

cases because of an excessive matrix effect associated with the sample, or due to low 

sensitivity, as no sample clean-up or concentration of analytes is applied. Therefore ñdilute and 

shootò, QuEChERS, and also generic solvent extraction are usually combined with advanced 

analytical instrumentation such as mass spectrometry detection. In some cases, additional 

clean-up methods are imperative in order to reduce the matrix effect and to increase the 

sensitivity of detection. Solid-phase extraction is the method of choice used to overcome these 

analytical issues. Moreover, immunoaffinity-based extraction has been established for different 

matrices such as food commodities (Zhang et al., 2019), urine (Ahn et al., 2010), human milk 

(Muñoz, 2012) and human plasma (Muñoz et al., 2006). The advantage of this method is the 

selective clean-up and analyte concentration based on the principle of antigen-antibody 

recognition. But, a drawback of immunoaffinity chromatography is the cost of the single-use 

columns which may reach up to 40ú per unit. A more convenient alternative for the analysis of 

mycotoxins when SPE clean-up is required is the use of polymeric reversed-phase sorbent 

which consist of a functionalized reversed phase for a semi-selective analysis of 

physicochemically similar compounds (Turner et al., 2009; Appell and Mueller, 2016). 

Conventional SPE with silica gel has been also successfully used for pre-concentration of 

surface water samples, e.g. for an analysis of zearalenone and its metabolites (Hartmann et 

al., 2007).  

Independent of the matrix, liquid chromatography coupled to mass spectrometry detection is 

nowadays the method of choice for the analysis of mycotoxins, because of the sensitivity and 

selectivity compared to traditional ultraviolet and fluorescence detection. However, mass 

spectrometry, in particular electrospray ionisation, suffers from strong matrix effects which may 

enhance or suppress the signal of the target analytes in matrix compared to the signal of the 

same analytes in common solvent mixtures i.e. methanol/water (Taylor, 2005). Compensation 
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of matrix effects requires the use of matrix matched calibration curves (Stüber and Reemtsma, 

2004). But with the limitation that variability exists for a given matrix, in particular observed in 

environmental samples such as water and soil. Therefore, the authors suggest this approach 

to be used in moderately loaded environmental samples with more uniform matrices. It should 

be noted, that climate, cover crop, geography and land use influence the physicochemical and 

microbial properties of the ecosystems soils and surface water bodies (Boivin et al., 2004; 

Baghoth et al., 2011). In this case, matrix matched calibration curves need to be elaborated 

for each type of soil or type of water, which will increase the number of injections and thus 

costs for such monitoring studies. Sample dilution has been also investigated to compensate 

matrix effects in environmental samples, yet with limitations in sensitivity (Kruve et al., 2009). 

When it is not possible to apply extensive dilution, predictions of matrix effects via total ion 

chromatogram may be used successfully to correct for matrix effects (Tisler et al., 2021). A 

common approach in samples with high matrix variability is the use of isotopically labelled 

internal standards. Tittlemier et al. (2021) elaborate this aspect in a recent review on analysis 

of mycotoxins, and address also the limited commercial availability of isotope labelled 

mycotoxins. Furthermore, results achieved with a specific labelled mycotoxin cannot be simply 

extrapolated or generalized for other mycotoxins, because of differences in their 

physicochemical properties. This caveat applies also to an analysis of metabolites which are 

often more polar than the parent compound and elute early in the chromatogram, along with 

polar matrix components. This poses a challenge for suitable strategies in environmental 

monitoring in light of the heterogeneity of environmental samples, the high probability for 

chemical/biological transformation, and low concentrations at which mycotoxins do occur in 

the environment. 
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1.5  Fungi and mycotoxins in the environment 

 

1.5.1  Mycotoxigenic fungal species in soils 

 

Aspergillus, Penicillum and Fusarium are known to produce a wide spectrum of mycotoxins 

when colonizing environmental and food matrices under specific conditions (Bräse et al., 

2009). These fungal genera belong to the filamentous fungi, and they are an integral part of 

soil microbiota (Christensen et al., 2000; Klich, 2002; LeBlanc et al., 2017). The persistence of 

inoculum in soil is however driven by the soil type and composition and also by the environment 

and by the fungi. This determines the role of soil fungi as ecological and soil functioning role 

or the role as pathogen (FrŃc et al., 2018). Klein and Paschke (2004) summarized the major 

functions of filamentous fungi in ecosystems: organic matter decomposition and 

biogeochemical cycling, nutrient translocation and transport, release of chemicals influencing 

soil chemistry (oxalates) and soil biology (antibiotics, allelochemicals, etc.), humic acid 

precursor synthesis, soil aggregation, food source for soil animals and insects, breackdown of 

chemical, among others. Furthermore, enzymes from filamentous fungi are used for hydrolysis 

of plant biomass polysaccharides in biotechnological processes for the production of 

fermentable sugars (di Cologna et al., 2018). Filamentous fungi are also of interest in 

bioremediation of soils contaminated with crude oils (Potin et al., 2004; Ojewumi et al., 2018), 

heavy metals (Hassan et al., 2020) or for example to accelerate degradation processes of 

polyethylene (Spina et al., 2021).  

Aspergillus species are cosmopolite inhabitants of soils. Members of the section Aspergillus 

were found in desert soils, in geographical zones between 26 and 35 degrees, and also in 

latitudes greater than 35°C degrees (Klich, 2002), indicative of a high tolerance to extreme 

weather conditions. Jaime-Garcia and Cotty (2010) observed that soil surface temperature 

greatly influenced fungal communities, with A. flavus propagule density decreasing when daily 

average soil temperature was either below 18°C or above 30°C. A. flavus is a well-known 

aflatoxin producing fungus (Bräse et al., 2009), widely distributed in the Sub-Saharan region. 

In addition, drought conditions for corn periodically result in a build-up of A. flavus propagules 

in soil following harvest (Horn et al., 1995). In a review article, Horn (2003) indicated that 

conidia of A. flavus and A. parasiticus show extreme hydrophobic properties, avoiding vertical 

mobilization in the deeper soil fractions when applied to the soil surface, for example via spores 

mobilized with wind from adjacent fields. But Aspergillus species can be identified even at 30 

cm soil depth, which may be indicative of a native community. Further studies indicate that the 

type of soil (Wicklow et al., 1993) as well as the type of crop (Angle et al., 1982) have a 

significant impact on the quantity and quality of the aflatoxigenic Aspergillus species. Wicklow 

(1987) observed that A. flavus sclerotia survive poorly in soils saturated to field capacity 

(>60%), which may explain in part, the lower incidence of A. flavus infection and aflatoxin 

contamination of maize grown in more northerly latitudes.  

Similar to Aspergillus spp., Penicillium is widely distributed in soils. However, the occurrence 

of toxigenic species is determined by soil properties, latitude and crop type. Penicillium species 

seem to be more tolerant to acidic pH, salinity and temperatures (Dhakar et al., 2014), contrary 

to Aspergillus species which are favoured at alkaline pH (Wheeler et al., 1991). Also this genus 

is more susceptible to agricultural practices than other filamentous fungi: Nesci et al. (2006) 

showed that no tillage negatively impacted the abundance of Penicillium species over 
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Aspergillus and Fusarium when compared to conventional and reduced tillage. P. verrucosum, 

an ochratoxin A producer, was detected with a higher frequency in organic than in conventional 

cereal crops (Elmholt, 2003). P. verrucosum seems well adapted to survival in arable soil and 

little affected by indigenous fungi (Elmholt and Hestbjerg, 1999). The lower pathogenicity of 

Penicillium in soils resulted in the exploration of specific species i.e. Penicillium oxalicum Currie 

and Thom strain 212 (PO212) as a promising biocontrol agents (Vázquez et al., 2013). Further, 

P. oxalicum is xerotolerant, mesophillic and has a wide pH tolerance range (Pascual et al., 

1997). The toxigenic Penicillium species have been less investigated in soil compared to other 

toxigenic fungal species, since mycotoxin production (Ochratoxin A) is primarily observed in 

crops at post-harvest stages. In contrast, survival of Fusarium in agricultural soils has been 

widely investigated, since Fusarium inoculum is the major plant pathogen at field level. 

Fusarium sp. is a ubiquitous species of filamentous fungi: its conidia are water-borne, but in 

some instances air-borne and its chlamydospores are soil-borne (Smith, 2007). Fusarium 

represent an integral part of the soil microbiome. The diversity of Fusarium communities in soil 

are determined by the crop and by soil physicochemical properties (LeBlanc et al., 2017). In a 

review article, Smith (2007) mentioned the following factors necessary for the establishment 

of Fusaria in soils: suitable soil moisture and temperatures, a lack of antagonistic and 

competitive microflora, and above all, a conducive soil type (soils with a disease rate >60% 

over at least five consecutive production years). However these condition cannot be 

generalized for all Fusarium species (Sangalang et al., 1995).  Fusarium remains persistently 

in the soil independent of the host crop, posing a plant disease and economic issue in 

agriculture. The inoculum density in soil together with soil properties will determine the rate of 

plant disease in the crops (Smith and Snyder, 1971). Fusarium prevalence in soils is also 

determined by the composition of the microbiome. For example, Pseudomonas fluorescens 

suppressed considerably mycelium growth and the macroconidia formation of F. culmorum in 

agricultural soils, this effect was however influenced by the type of soil (Strunnikova et al., 

2015), showing a biocontrol effect in the light loamy soil. Plant exudation has also been 

investigated for its potential contribution in the persistence of Fusaria in soils. Liu et al. (2017) 

observed that raffinose and tryptophan positively affect the cucumber root colonization of F. 

oxysporum f. sp. cucumerinum. Toyota et al. (1996) investigated the biocontrol against Fusaria 

in an incubation experiment using soil aggregates. The authors concluded that fungal strains 

that showed the greatest resistance to the establishment of Fusarium oxysporum f. sp. raphani 

in soil aggregates were those closely related to it, namely F. oxysporum f. sp. raphani, F. 

nivale. Thus, the higher the diversity of Fusarium species in the soil, the lower is the probability 

that one single specie may overgrowth and act as plant pathogen in the below soil. This finding 

is indicative of the importance of an integral diversity of fungal strains in soils for the 

establishment of Fusaria. Thus, factors favouring disease suppressive soils are among others 

the integrity of the soil microbiome and a rich microbial diversity in the soil (Yuan et al., 2020), 

as well as  the dominance of specific bacterial and fungal species that may act as biocontrol 

agents (Cha et al., 2016; Siegel-Hertz et al., 2018).  

 

1.5.2  Mycotoxins in soils and adjacent ecosystems   

 

There are several sources for the occurrence of mycotoxins in soils. A main source of 

mycotoxins in soils are plant residues remaining on the field after harvest and/or ploughed in 
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the ground (Elmholt, 2008; Juraschek et al., 2022). Another (preharvest) source is leaching, 

runoff and wash-off from contaminated crops through mobilization of toxins with heavy rains 

(Schenzel et al., 2012a; Schenzel et al., 2012c; Kolpin et al., 2014). The introduction of 

contaminated food and feed in the soil for natural degradation is also a source leading to 

contamination of soil with mycotoxins (Winter and Pereg, 2019). Furthermore, mycotoxigenic 

fungi constitute an important part of the soil microbiota (Geiser et al., 2000; Horn, 2003; 

Elmholt, 2008; Aghamirian and Ghiasian, 2013), with the ability to proliferate in soil organic 

matter and to produce mycotoxins (Horn and Dorner, 1999; Hestbjerg et al., 2002; Barros et 

al., 2005; Amani et al., 2012). Besides the above-mentioned sources, biosolids such as 

sewage sludge (Martín-Pozo et al., 2019), contaminated seeds, and animal manure 

(KangôEthe et al., 2017) can also contribute to the occurrence of mycotoxins in soil.  

Levels of mycotoxins in environmental samples namely soil or surface water are between 

factor 100-1000 lower compared with maximum levels set for food commodities (Table 1, table 

4) and also far lower compared with mycotoxin levels in human samples (see chapters 1.3 - 

1.5 Mycotoxins in food commodities and human exposure). This is because the presence of 

mycotoxins in soil and surface water is mostly secondary, meaning that mycotoxins originate 

first in plants and then translocate into soil via mobilization with rain events as described above 

(Schenzel et al., 2012a; Schenzel et al., 2012c). Yet, soil contamination with mycotoxins only 

represent concentrations measured at the time of sampling, regardless of processes such as 

mobilization or degradation. Mycotoxins interact with soil fractions and particles in various 

processes. The postulated mechanisms of interaction that determine the sorption to soil 

fractions are van der Waals forces, H-H bridges or ionic interactions (Di Gregorio et al., 2014). 

Soil fractions have been evaluated as promising adsorbents for mycotoxins, for example humic 

acid (Haus et al., 2021)au, natural polymers such as chitosan and cellulose (Solís-Cruz et al., 

2017), or clay mixtures (Holanda and Kim, 2020). Furthermore, mycotoxin-soil interactions and 

relevant processes in soil such as leaching or chemical transformation or biological 

degradation/mineralization, have not been systematically investigated. 

 

Table 5: Levels of mycotoxins reported in soil and water samples    

Matrix Mycotoxin Levels (ɛg kg-1/ ng Lī1) Reference 

Soil Aflatoxin B1 0.6 - 5.5  Accinelli et al. (2008) 

 Aflatoxin B1 n.d. - 22  Hariprasad et al. (2015) 

 Ochratoxin A 

Zearalenone 

23.7  

72.1  

Mortensen et al. (2003) 

 Zearalenone 3.8  Hartmann et al. (2008) 

 Zearalenone Average 2.0±0.7 to 

25.5±9.7  

Gromadzka et al. (2009) 

Surface water Deoxynivalenol 0.02 - 4,900 Bucheli et al. (2008) 

 Zearalenone  35 ng L-1 

 Deoxynivalenol 59 - 642  Ribeiro et al. (2016) 
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 Deoxynivalenol n.d. - 1662  Kolpin et al. (2014) 

 Zearalenone n.d. - 43.7  Gromadzka et al. (2009) 

 Fumonisins B1 n.d.- 48.2  WaŜkiewicz et al. (2015) 

 

 

Mycotoxins may dissipate from soil due to mobilization or transformation. Plant uptake is 

considered as an underexplored pathway for translocation of mycotoxins from soils to plants. 

An active mobilization of mycotoxins via plant uptake has been reported for ochratoxin A in 

coffee plants (Mantle, 2000), aflatoxin B1 in soybean roots (Walker et al., 1984) and in sugar 

cane (Hariprasad et al., 2015), for citrinin, patulin and terreic acid in rice seedling roots (Rao 

et al., 1982), and for fumonisin B1 in asparagus (Waskiewicz et al., 2013). Translocation of 

mycotoxins in the plant is favoured by the physicochemical properties of the mycotoxin: polar 

mycotoxins are easily mobilized with water, therefore translocation in plant has been 

evidenced for deoxynivalenol and its derivatives (Rao et al., 1982; Fan et al., 2021). Although 

plant uptake of mycotoxins might contribute to contaminant levels in food/feed, this aspect has 

not been sufficiently investigated, and data from studies exploring soil-plant systems remain 

scarce. O 

ne major source of mycotoxins in soils is leaching or run-off, comparable to the mobilization of 

fungicides from crops (Battaglin et al., 2011; Lefrancq et al., 2014), and subsequent 

contamination of surface water (Ġkulcov§ et al., 2020). The currently available evidence 

indicates that polar mycotoxins are more likely to migrate from fields than non-polar mycotoxins 

(Schenzel et al., 2012b), perhaps through the soil column. This has been confirmed in 

investigations of Fusarium toxins by Schenzel et al. (2012a). The authors quantified levels in 

drainage water samples from contaminated field with concentrations ranging from 0.8 to 1,140 

ng L-1 for deoxynivalenol. Similar results were reported by Gautam and DillȤMacky (2012). 

Major determinants in such processes are physicochemical properties of the mycotoxins, as 

well as the physicochemical and microbial properties of the soil (sorbent). In an experiment 

using a HPLC column filled with a dry mixture of micronized Pahokee Peat and packing 

material silicon carbide, Schenzel et al. (2012b) observed that sorption coefficients (Koc) for 

deoxynivalenol and nivalenol were below the dynamic C range LogKoc <0.7, indicative of a 

very weak sorption affinity to natural organic matter. Other mycotoxins with higher Koc values 

showed a better retention. The observed trend was that polar mycotoxins (e.g. deoxynivalenol) 

are more likely mobilized in soil than non-polar mycotoxins (e.g. zearalenone). However, 

calculated LogKoc values, were not necessarily reflected by the LogKow values of the 

mycotoxins. Furthermore, an estimation cannot be generalized for the different soil types and 

for all mycotoxins, since dissimilar mycotoxin-soil interactions are likely to occur. For example, 

aflatoxin B1 (LogKow 1.23) was detected in water samples from columns containing 10 and 

20% silty clay loam soil. But, fumonisin B1 (LogKow -0.77) could not be quantified despite of its 

higher water solubility compared to aflatoxin B1 (Madden and Stahr, 1993). Mata et al. (2015) 

detected mycotoxins at trace levels in bottled water in Portugal, the ones detected were 

aflatoxin B2, aflatoxin G1 and ochratoxin A. In the case of aflatoxins (LogP= 1.9), a percolation 

from the soil column to groundwater can be a plausible way of contamination, but not for 

ochratoxin A (LogP = 4.74) because of the high lipophilic character. 
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The mobility of mycotoxins into the soil and from the soil column to adjacent ecosystems may 

lead to ecotoxicological issues. Mycotoxins have in general antimicrobial properties, affecting 

the ecological balance of the host systems. Phytotoxic effects were attributed to the mycotoxin 

patulin (Norstadt and McCalla, 1968). T-2 toxin, moniliformin, verrucarin A, enniatin B and 

cytochalasin B significantly reduced the viability of Meloidogyne javanica juveniles (Ciancio, 

1995); aflatoxins (B1 and G1) delayed the larval and pupal development and reduced the 

fecundity of Spodoptera littoralis (Sadek et al., 1996), and also the population of fungi and 

bacteria (Angle and Wagner, 1981). Several adverse effects have been reported for the 

species Caenorhabditis elegans exposed to different mycotoxins (Yang et al., 2015). In aquatic 

organisms, a reduced disease resistance was observed upon exposure of catfish to T-2 toxin 

and ochratoxin A (Manning et al., 2005). Zearalenone was shown to induce estrogenic effects, 

namely on development and reproduction of Zebrafish (Schwartz et al., 2010; Schwartz et al., 

2013).  Deoxynivalenol and zearalenone impaired the functioning of hepatopancreatic cells in 

Black tiger shrimp (Supamattaya et al., 2005). Thus, mycotoxins, in particular Fusarium toxins, 

are catalogued as overlooked environmental pollutants (Bucheli et al., 2008).  

 

1.5.3  Factors affecting the biosynthesis of mycotoxins  

 

The question ñwhy do fungi produce mycotoxins?ò has been addressed by different research 

groups in the last decades. There are several reasons why fungi biosynthesize mycotoxins: to 

increase the virulence of fungi (López-Berges et al., 2013), to provide a competitive advantage 

over other organisms as a chemical shield (Boellmann et al., 2010; Trienens et al., 2010) or to 

enhance the survivability of spores under environmental stress conditions (Calvo et al., 2002), 

simply to act as allelochemicals with herbicidal activity, in example of -hydroxycyclobut-3-ene-

1,2-dione derived from the moniliformin molecule synthesized by Fusarium moniliforme 

(Cutler, 1986). Allelophatic activity for mycotoxins with fungicidal, bactericidal, and phytotoxic 

properties were summarized by Polyak and Sukcharevich (2019) for the mycotoxins 

rubratoxin, sterigmatocystin, patulin, citrinin, Ochratoxin, among others. Recent evidence 

suggests that mycotoxins have a role in the integrity of the microbiome serving as chemical 

signals between organisms (Venkatesh and Keller, 2019). Similarly, Pfliegler et al. (2019) 

described that interactions with the soil microbiota and soil macro-organisms determine the 

fungal secondary metabolite production to a great extent. Also abiotic factors are known to 

shape the mycotoxin production by filamentous fungi, e.g. high temperatures (Selouane et al., 

2009), osmolarity (Stoll et al., 2013), and CO2 concentrations (Magan and Medina, 2016), 

unusual light fluxes (Fanelli et al., 2012), or the use of fungicides (Simpson et al., 2001; Da 

Luz et al., 2004; Schmidt-Heydt et al., 2013). However, these factors have to be considered 

as a multi-facetted interaction which is particular for each fungal species, in a given matrix and 

in a certain system.  

Fusarium is recognized as a fungal species of major concern in soils, because of its pathogenic 

and mycotoxin biosynthesis potential. The trichothecene production by fusaria is genetically 

determined e.g. McCormick et al. (2011), but the gene expression (Bolanos-Carriel et al., 

2019) and chemodiversity of mycotoxins synthesized (Pasquali et al., 2016) is influenced by 

the environment. Deoxynivalenol is a virulence factor for fusaria prior to plant disease and a 

central molecule through the fungal life cycle (Audenaert et al., 2014). The postulated 

mechanism for deoxynivalenol biosynthesis is a stress mediated response (Calvo et al., 2002; 
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Ponts, 2015). Mycotoxin accumulation during oxidative stress has been confirmed in plate 

based experiments (Ponts et al., 2006) and also at plant level (WaŜkiewicz et al., 2014). 

Schmidt-Heydt et al. (2011b) observed that the production of deoxynivalenol by F. culmorum 

or by F. graminearum in YES medium (yeast extract supplemented) were differently affected 

by changes in water activity (aw) and temperature. Also, the ecological requirements for growth 

and mycotoxin production by these species on wheat differ considerably (Hope et al., 2005b). 

Deoxynivalenol production by F. graminearum increases with decreasing pH values (<4.0) at 

extracellular level, which coincides with the decline of biogenic amine putrescine and with the 

increase in TRI5 gene expression (Gardiner et al., 2009). Miller et al. (1983) showed that the 

production of deoxynivalenol by F. graminearum is stimulated by several factors such as 

reduced oxygen levels, depletion of carbohydrate in the medium, pH, and possibly a low 

concentration of nitrogen sources.  

Also, chemical stressors like fungicides are known to trigger mycotoxin production, at the 

expense of fungal growth. Sublethal prothioconazole doses led to an increased deoxynivalenol 

production by F. graminearum 48 h after fungicide treatment (Audenaert et al., 2010). The 

authors reported also that application of H2O2 directly to germinating conidia induced 

deoxynivalenol production. In the same line, Ponts et al. (2006) observed an accumulation of 

deoxynivalenol and 15-acetyldeoxynivalenol in culture medium with F. graminearum after H2O2 

was added to the medium. Stereoisomers of the chiral fungicide cyproconazole induced 

differently the fungal growth of F. graminearum and the production of deoxynivalenol, being 

higher with the SS and SR isomers (He et al., 2021). The authors suggest as underlying 

mechanisms that stress properties of cyproconazole may induce the production of H2O2. Azole 

fungicides have been shown to affect F. graminearum  resulting in an overexpression of certain 

genes and increased mycotoxin/nivalenol production (Becher et al., 2010). In studies with F. 

culmorum isolates from different parts of Europe, rather complex interactions were observed 

between fungicide type, environmental factors and fungal isolates with regard to growth 

inhibition and deoxynivalenol production (Magan et al., 2002). An inverse relationship for 

mycotoxin production and fungal growth was observed for Aspergillus parasiticus Speare upon 

treatment with tridemorph, fenpropimorph and fenarimol, systemic fungicides which affected 

biosynthesis of aflatoxin B1 and G1 and the production ratio (Badii and Moss, 1988). On the 

other hand, aflatoxin production by A. parasiticus and fungal growth were concentration 

dependently inhibited by exposure to the fungicide iprodione (Arino and Bullerman, 1993).  

Temperature is considered one of the central abiotic stressors which regulate gene expression 

and mycotoxin accumulation in F. graminearum (Chen et al., 2014). Elevated temperatures 

favour the production of deoxynivalenol (28°C) over nivalenol (20°C) and 3-acetyl-deoxy-

nivalenol (15°C) by F. culmorum isolates from crops grown in Spain (Llorens et al., 2004b). 

This was also observed for F. graminearum in wheat grain incubation experiments: specific 

temperature ranges and water activity levels were relevant factors for the production of 

deoxynivalenol, nivalenol and zearalenone (Garcia-Cela et al., 2018). Goertz et al. (2010) have 

compared the incidence rate of F. graminearum in maize fields with climatic and mycotoxin 

data: in a season with high temperature and low rainfall, 75% of the samples were 

contaminated with deoxynivalenol, 34% with fumonisins, 27% with zearalenone and 24% with 

nivalenol. Yet, in a period with moderate temperatures and frequent rainfall, deoxynivalenol 

and zearalenone were detected in 90% and 93% of the maize samples, nivalenol in 48% and 

the acetylated forms of deoxynivalenol in up to 98%. Similar effects have been reported by 
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others (Ryu and Bullerman, 1999; Ramírez Albuquerque et al., 2019). The effect of 

temperature together with additional environmental factors shape the ecology of mycotoxin 

production at pre- (Fusarium) and post-harvest (Aspergillus & Penicillium) stages (Arroyo et 

al., 2005; Hope et al., 2005a; Magan and Aldred, 2007).  

The situation of Fusarium infestation and deoxynivalenol contamination of raw products has 

been also discussed in the context of the climate change. Using quantitative estimates Van 

der Fels-Klerx et al. (2013) modelled the deoxynivalenol contamination of wheat and maize 

grown in the Netherlands by 2040. The authors forecast a slight, but not significant, reduction 

of deoxynivalenol contamination of wheat. For maize, an overall decrease in deoxynivalenol 

contamination was projected. Moreover, Medina et al. (2017) investigated interactions 

between CO2 (350ï400 vs 650ï1200 ppm), temperature increases (+2ï5 °C) and drought 

stress on the fungal growth and mycotoxin production: Aspergillus flavus growth appears to be 

unaffected by climate change factors, but there is a significant stimulation of aflatoxin B1 

production both in vitro and in vivo in maize. Despite of the models proposed, the majority of 

the authors are united by the discourse that mycotoxins will be an issue as a consequence of 

changes in climate conditions (Paterson and Lima, 2010; Medina et al., 2015; Moretti et al., 

2019), along with shifts in microbial communities and functions and an enhancement of abiotic 

stress conditions for soils and crops.  
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1.6 Agriculture and modification of soil environment 

 

1.6.1 Plastic mulching in agriculture 

 

Agriculture has developed in the last 40 years in order to fulfil the demands for food. In this 

context, different technologies have been developed, tested and adopted by farmers. One 

relevant technological approach with increasing consideration in the agricultural sector is the 

use of plastic sheets to extend harvest seasons, to improve the adaptation of crops to climatic 

conditions or to mitigate climate change effects. Since the 1960s, technological efforts have 

been implemented to modify the natural environment (temperature, rainfall, humidity, wind, 

etc.) that surrounds a crop from planting to harvest, that is nowadays known as ñProtected 

agricultureò. In protected agriculture the use of plastic covers has meant a revolution in 

agriculture. Plastic has two properties that are optimal for its use in crop production: First, the 

plastic material provides an impervious matter that minimize water evaporation through the 

sheet (Qin et al., 2018), improving water saving (Kader et al., 2019). Further, the exchange of 

gases is reduced (Shahzad et al., 2019) and CO2 from soil respiration accumulates in the soil 

(Li et al., 2019) which acts as a fertilizer increasing root development and increasing 

mucilage/exudate production (Li et al., 2012). Plastic can be used as a physical barrier to 

control insect pests and plant pathogens (McIntosh et al., 2022), that minimizes for example 

the use of herbicides or insecticides. Second, plastic is a versatile material with physical 

properties (Liakatas et al., 1986) whose application in the soil is used to increase or reduce 

soil temperature (Lamont, 2005). The control of soil temperature lies in the thickness and in 

the colour of the plastic sheet (Amare and Desta, 2021). An increase of soil temperature 

stimulates the microbial metabolism, resulting in a CO2 accumulation in soils (Mo et al., 2020) 

and in a fast plant growth with the consequence of extended harvest seasons (Lieten et al., 

2002).  

The impervious matter of plastic reducing water evaporation and the regulation of soil 

temperature due to the optical properties lead to better harvest yields with considerably 

economic benefits for farmers (Stevens et al., 2011; Ingman et al., 2015), which explains the 

increased use of plastic in agriculture worldwide (Scarascia-Mugnozza et al., 2006; Scarascia-

Mugnozza et al., 2012). Worldwide, 80% plastic mulched surface is found in China, with a 

constant annual growth rate of 25% during the last decade (Espí et al., 2006). The authors 

indicate also that in Europe, the growth rate is about 15% with a clear tendency to increase, 

especially in those zones of Europe with intensive agriculture. Spain and France are the 

countries with the largest areas of cultivation under plastic mulching, with a 28 and 23% of 

participation, respectively. In Italy, approximately 85,000 ha are covered by plastics, followed 

by Portugal and Germany (Scarascia-Mugnozza et al., 2012). Examples of crops under 

plastics are  strawberries (Lieten et al., 2002), asparagus (Marr and Lamont, 1990), cucumber 

(Yaghi et al., 2013), wheat and maize in dryland systems (Daryanto et al., 2017). 

 

1.6.2 Risks associated to the use of plastic mulching  

 

Aside from the advantages mentioned above, the use of plastics in agriculture is also regarded 

as problematic for several reasons. Soil pollution with plastic residues as consequence of the 

use of plastic mulching has been widely described in the literature (Liu et al., 2014; Gao et al., 
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2019).  In a study of Gao et al. (2019), it was demonstrated that an increased time and residual 

plastic film >240 kg/ha in soil significantly decreased yield in maize, wheat, potato, and cotton 

crops. Similarly, Qi et al. (2018) demonstrated that macro- and micro- plastic residues affected 

both above-ground and below-ground parts of the wheat plant during both vegetative and 

reproductive growth of wheat (Triticum aestivum). Although plastic mulching use may 

contribute to plastic pollution in soils, soil contamination with plastic has multiple sources on 

the basis of the chemical diversity of the polymers monitored in agricultural soils (Zhou et al., 

2020). Plastic mulching use generates considerable amounts of agricultural plastic waste 

(Briassoulis et al., 2013), since plastic films can not be further recycled.  

The sole use of mulching material cannot overcome problems and pressures that agriculture 

has to face nowadays. In this context, mulching materials (plastic and organic) are frequently 

used in combination with fungicides, one group of pesticides. Fungicide run-off is the major 

risk associated to the use of fungicides with plastic mulching (Arnold et al., 2004; Rice et al., 

2004; Rice et al., 2007). Furthermore, an accumulation of fungicides in the plastic film is 

expected because of the lipophilic character of fungicides. The sortion rate can reach up to 

50% depending on the fungicide and plastic mulch type (Beriot et al., 2020). Guo et al. (2020) 

suggested that plastic mulching films could act as a sink for pesticides in farmland, because 

concentration of fungicides reaching the plastic film are considerably higher than those 

observed in the respective soils. The accumulation of fungicides in plastic films is the main 

reason why the recycling of this material is still an issue in agriculture (Briassoulis et al., 2012).  

The use of fungicides and other pesticides can not be avoided. According to an estimation of 

Tudi et al. (2021), without the use of pesticides, there would be a 78% loss of fruit production, 

a 54% loss of vegetable production, and a 32% loss of cereal production. The role of pesticides 

in agriculture is reflected in the sale numbers: Pesticide sales in the European Union (EU) 

reached in average 350,000 tonnes per year during the period between 2011 and 20209. More 

precisely, Germany, Spain, France and Italy together accounted for about two thirds of the 

volume of total EU pesticide sales each year over the same period. Side effects of the 

application of pesticides in the ecosystems is a known a topic of research and review articles 

(Wainwright, 1978; Deneer, 2000; Lo, 2010). In particular, the use of pesticides has been 

postulated as the major driver for diversity loss and restriction of functioning in the ecosystems 

(Jacobsen and Hjelmsø, 2014).  

Indirect effects associated to the use of plastic mulching derive from the properties of the 

plastic films. Plastic mulching limits the gas exchange in the soil underneath the plastic films. 

The CO2 accumulation in the soil from soil respiration exerts a positive effect on growth of 

plants, increasing root development (Zhi-Guo et al., 2011; Fan et al., 2019b). Along with the 

root development, the plant uptake is more efficient resulting in heavy metal accumulation 

(Baghour et al., 2001; Moreno et al., 2002; Baghour et al., 2003) and phthalate contamination 

(Du et al., 2009; Wang et al., 2021a) in the plant biomass aboveground. If it is considered that 

mycotoxins can be introduced into the soil, it is logical to think that mycotoxins can be actively 

translocated from the soil to the plant. This eventually results in an indirect contamination of 

the plant with mycotoxins, lacking signs of fungal infestation. Waskiewicz et al. (2013) 

demonstrated that mycotoxin content was confirmed even in healthy spears (without disease 

                                                           
9 https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Agri-environmental_indicator_-
_consumption_of_pesticides 
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symptoms and mycelium presence), which might indicate that the transport of mycotoxins is 

possible from the soil through the root system to the top part of the plants. The CO2 

concentrations in soils, in scenarios simulating climatic change, have been described to 

stimulate mycotoxin biosynthesis by fungal species i.e. A. flavus and aflatoxin B1 (Medina et 

al., 2014). Therefore, the question is whether an artificial modification of soil environmental 

conditions may lead to an increasing detection rate for mycotoxins in the soil or in the harvested 

products as consequence of the stimulated plant uptake and the in situ biosynthesis. 

Furthermore, plastic mulching acts as an impervious matter that also impedes the exchange 

of spores from adjacent fields, possibly with consequences for the structure and functionality 

of the soil microbiome, affecting the biosynthesis and degradation processes of mycotoxins in 

soils. 

The use of plastic mulching has been associated with changes in soil biology, in particular as 

consequence of modifications in temperature, water and gas fluxes. Since micro and macro-

organisms are sensitive to those environmental parameters, the first consequences are 

changes on biodiversity or shifts in the biological communities (Miller and Waggoner, 1963). 

Some studies have reported an increase in the microbial compartment (Li et al., 2004; Buyer 

et al., 2010). But, in others a reduction of abundance (Li et al., 2006) and species richness 

(Ganter et al., 2013) have been demonstrated to occur. Although this sounds contradictory, 

plastic mulching use may generate both effects, depending on plastic type and art of the 

application: an effective control of plant pathogens at the upper soil layer as consequence of 

the temperature rise i.e. soil solarisation (Ahmad and Ghaffar, 2007), but moderate to high 

temperature and better water conservation at the root zone which lead to a higher microbial 

biomass and activity (Díaz-Pérez and Batal, 2002). At community level, the use of plastic 

mulching leads to a higher bacterial biomass and diversity (Wu et al., 2009), particularly in 

combination with organic manure fertilization (Shen et al., 2016; Farmer et al., 2017). 

Regarding soil fungi, reports are contradictory: black polyethylene has been associated with a 

decrease of soil fungi when compared to no-mulch (Buyer et al., 2010; Qin et al., 2016). 

However, a higher diversity of soil fungi under diverse plastic mulching systems has been also 

reported (Dong et al., 2017; Qin et al., 2017). The differences can be attributed to the materials 

used, to the duration of the coverage and the consequences of plastic mulching on nutrient 

C/N dynamics in the soil e.g. Steinmetz et al. (2016). 

 

1.6.3 Soil quality in intensive agriculture 

 

Sustainable agriculture can be understood from an economical point of view as well as from 

an ecological perspective, positions that were explored in an essay by McMichael (2007). Both 

perspectives however depend on the quality of soil as resource (Larson and Pierce, 1994). 

The quote from Reganold et al. (1990) reflects best the significance of soil in modern 

agriculture: ñSoil is not just another instrument of crop production, like pesticides, fertilizers or 

tractors. Rather it is a complex, living, fragile medium that must be protected and nurtured to 

ensure its long-term productivity and stabilityò. In the last decades, a strong pressure on soils 

has been observed to fulfil the demands for the production of food and feed commodities 

(Kopittke et al., 2019). The authors indicate that along with technological changes, the 

intensification of the agriculture leads to an ongoing soil degradation that limits the long-term 

ability of soils to provide humans with óservicesô including future food production. The services 
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that the soil as ecosystem provides are based in the integrity of the soil functions. A general 

consensus exists on the enormous values of these services, and that these are often 

underappreciated (Jónsson et al., 2017).  

Agriculture, depending on management practices, can be the source of numerous disservices, 

including loss of wildlife habitat, nutrient runoff, sedimentation of waterways, greenhouse gas 

emissions, and pesticide poisoning of humans and other non-target species (Power, 2010). 

Technological advances in agriculture focus first on the effects on crop yield and product 

quality. The short- and long-term effects on soils are frequently neglected. This is for example 

the case of using plastic covers, also in combination with pesticides. The effects of intensive 

agriculture in soils are overlooked, condition probably attributed to the complexity of the soil as 

matrix and to the fact that soil quality assessment is a complex issue that requires 

multidisciplinary research efforts, and also because soil quality has different interpretations. 

Furthermore, less consensus exists on biomarkers and indicators that can be used to assess 

soil quality. Currently, the majority of studies investigating the effects of plastic mulching have 

focused on yield and crop quality or modification of soil microclimatic conditions. The 

consequences for soil biogeochemical processes in short- and long-term application, the 

combined effects of microclimate and additional managements, i.e. interactions between 

pesticides and plastics, and finally the consequences for soil quality for a sustainable 

agriculture have been not systematically investigated. To enable a rapid, suitable and reliable 

monitoring of soil and agricultural managements, a set of óbiomarkers of effectsô which reflect 

changes in soil physics, chemistry and microbiology need to be identified and validated. In this 

context, Joergensen and Emmerling (2006) discussed specific microbial parameters and 

indices that can be used as reliable indicators for disturbances in soils as consequence of 

anthropogenic activities. However, microbial indices and biomarkers are scarcely used 

currently, with a clear preference for soil physicochemical parameters (Bastida et al., 2008). 

This is probably due to less standardized microbial methods and suitable biomarkers which 

also consider the wide spectrum of soil types (Paz-Ferreiro and Fu, 2016). 
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1.7   Objectives and outline of the habilitation 

 

As mycotoxigenic fungi are an integral part of the soil, it is logical to expect that mycotoxins 

can originate in situ. Mycotoxins are secondary metabolites with an ecological role, also in the 

soil, and their occurrence may be influenced by the soil properties which in turn are defined by 

land use and management. In the last years, an intensification of agriculture has been 

observed aimed to improve crop yield and economic benefits. This has led to the application 

of chemicals such as fungicides or the use of technologies such as plastic mulching aimed to 

modify microclimate and soil properties. Modifications of soil properties, either chemical, 

physical or microbiological, may impair the ecological balance in the microbiome; in the case 

of mycotoxigenic species this may result in the production of mycotoxins. Or it can result in a 

hampered function of the soil to degrade them. Therefore, it is imperative to investigate how 

certain agricultural managements may alter soil biogeochemical processes and soil properties 

and how these changes may impact on the production, occurrence and fate of mycotoxins in 

soils. 

The occurrence of mycotoxins in soils may be influenced by processes such as mobilization, 

biological or chemical-transformations, mineralization, or immobilization, among others which 

will determine the presence and levels of mycotoxins in soils. In order to reliably determine 

residual mycotoxin concentrations and gain insight in processes involved, monitoring 

strategies and suitable analytical methods are required. Moreover, investigations of the fate of 

mycotoxins are needed in order to investigate the role of the soil as a source of mycotoxins 

and its function in degradation. This is highly relevant for assessing the risk of mycotoxin 

mobilization from soil and contamination of adjacent ecosystems such as water bodies and the 

plant. 

Numerous studies have investigated the occurrence of mycotoxins in the food production 

chain, namely in crops at pre- and post-harvest stages until retail. Despite many efforts to 

reduce fungal infections at pre- and post-harvest, the occurrence of mycotoxins in food and 

feed commodities is not entirely avoidable; thus, animals and humans frequently encounter 

mycotoxin exposures (see section 1.3). For assessing risks, it is imperative to identify the major 

sources of mycotoxin exposure in different groups, and also how the exposure is driven by 

food preferences and lifestyle, in particular at the household level. In order to elaborate integral 

strategies to assess an exposure of individuals to mycotoxins, an interdisciplinary approach is 

needed with joint efforts from chemical analysis, environmental sciences, toxicology, and from 

the social sciences and psychology, to also improve risk communication.  

The scope of this cumulative habilitation embraces investigations on the occurrence of 

mycotoxins in agricultural soils and also monitoring studies at the consumer level. They provide 

building stones towards designing integrated monitoring strategies including so far unexplored 

sources for mycotoxins and related risks. Despite already existing measures taken to reduce 

human exposure to these contaminants, humans continue to be exposed to mycotoxins. One 

hypothesis is that there are stages beyond the food chain that have not been sufficiently 

explored, namely soil as a starting point for contamination with mycotoxigenic fungi and 

possibly mycotoxins; the other hypothesis involves consumption patterns and lifestyle which 

may have an impact on dietary mycotoxin exposure. In the same line, a reliable exposure 

assessment is only possible with suitable strategies which considers also the target population 

groups, their consumption patterns and lifestyle. 
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The related research is embedded in an interdisciplinary approach aimed to evaluate stages 

in the food production and consumption not considered until know in the framework of risk 

evaluation and risk assessment. In this context, the main objectives are: 

1. to investigate how agricultural practices impact on soil physicochemical properties and the 

soil microbiome with the aim to identify suitable biomarkers of soil quality which allow a proper 

characterization of soil functions. 

2. to assess the occurrence and fate of mycotoxins in soils, considering also the dynamics of 

biogeochemical soil processes and the functions of the soil. 

3. to evaluate strategies which may be used for an advanced exposure assessment, in 

particular in stages after retail.  

4. to develop a frame concept for the analysis of mycotoxin contamination in the food chain 

starting in the soil and ending at the consumer level in order to derive recommendations for an 

integral and interdisciplinary surveillance and risk assessment 

This habilitation covers in total 23 peer-reviewed papers on various monitoring studies, and 

also experimental studies and a meta-analysis, which are published in international journals. 

Based on the above mentioned objectives, the related work and its outcome are outlined in 

three main chapters (objective 1 ï 3, objective 4 synthesis chapter): 

 

Chapter 2: Plastic mulching and soil quality indices  

Agricultural practices have developed aimed towards increasing efficiency and reducing the 

use of resources. In this context, the use of plastic covers has been intensified in recent years, 

becoming a system that offers multiple advantages for farmers from a crop yield and economic 

point of view (chapter 1.6). Plastic mulches can modify physicochemical properties of the soil, 

reduce water evaporation in hot months and raise the soil temperature in colder months (Zhang 

et al., 2017). This allows savings in resources as well as the possibility of extending the 

harvesting period and thus competing in production with countries with temperate climates 

(Lieten et al., 2002; Paroussi et al., 2002). The use of plastic mulching in agriculture constitutes 

a particular system optimized for a specific crop and geographic condition. For that reason, 

each mulching system provides unique physical and chemical conditions: these may not be 

well reproduced in the analysis of a few specific soil parameters, but rather in a wide set of soil 

physical, chemical and microbial indices and biomarkers that reflect changes in soil processes 

and functions. Related to changes in soil physicochemical properties, in particular water and 

temperature, we expected changes in biogeochemical processes driven by soil 

microorganisms. The starting point of this chapter was a literature review on the benefits and 

potential risks related to the use of plastic mulching in agriculture [Steinmetz et al. (2016), 

chapter 2.1]10. This was followed up by field monitoring experiments with a focus on the effects 

of plastic mulching on soil organisms [Schirmel et al. (2018), chapter 2.2; Muñoz et al. 

(2022), chapter 2.3] and on modifications of soil biogeochemical processes in short- and long-

term application [Meyer et al. (2020), chapter 2.4; Meyer et al. (2021b), chapter 2.5]. Due to 

the increasing awareness of the use of plastics in the environment, this technology was also 

                                                           
10 References marked in bold correspond o the work presented in this habilitation 
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investigated for its contribution to soil plastic pollution [Steinmetz et al. (2020), chapter 2.6; 

Steinmetz et al. (2022), chapter 2.7; Perfetti-Bolaño et al. (2022a), chapter 2.8]. 

 

Key questions  

¶ What are the reported benefits and risks associated with the use of plastic mulching in 

agriculture?  [Steinmetz et al. (2016), chapter 2.1] 

¶ How does plastic mulching impact on the structure and function of soil (micro)organisms? 

[Schirmel et al. (2018), chapter 2.2; Muñoz et al. (2022), chapter 2.3] 

¶ How are biogeochemical processes in soils affected by the use of plastic covers in short-

and long-term application? [Meyer et al. (2020), chapter 2.4; Meyer et al. (2021b), chapter 

2.5] 

¶ What is the contribution of plastic mulching to plastic pollution? [Steinmetz et al. (2020), 

chapter 2.6; Steinmetz et al. (2022), chapter 2.7; Perfetti-Bolaño et al. (2022a), chapter 

2.8]. 
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Chapter 3: Occurrence and fate of mycotoxins in agricultural soils  

Mycotoxins have been a problem in the food and feed chain from about the time when mankind 

began to cultivate crops and store them from one season to another; modern research on 

mycotoxins started with the discovery of aflatoxins in the 1960s (Pitt and Miller, 2017). Most 

studies have focused on their occurrence in the food chain, specifically from harvest to 

supermarket level (chapters 1.1 ï 1.3). Although the soil is the habitat for the inoculum of 

several fungal mycotoxigenic species (Li et al., 2013; Pitt et al., 2013), the soil as a source of 

mycotoxins has not been explored so far. The occurrence of mycotoxins in agricultural soils 

has been indirectly reported, mainly in geographic locations catalogued as mycotoxin hot-spots 

(Accinelli et al., 2008). Whilst the occurrence of mycotoxins in agricultural soils is plausible, the 

various sources for mycotoxins entering in soils are currently not systematically explored 

(Juraschek et al., 2022). This may be attributed to i) the complexity of soil samples as analytical 

matrix in terms of structure and composition (Strong et al., 1999), ii) mycotoxins being 

structurally highly diverse group of chemicals (chapter 1.4) and iii) their occurrence often do 

occur at very low levels (chapter 1.5). Altogether this poses a challenge for the development 

and validation of analytical methods. Thus, limited information exists on interactions between 

soil and mycotoxins and how such interactions determine their fate (Chapter 1.5.3). Soil is a 

complex matrix in terms of chemical and physical diversity driven by land use, geography and 

climate (chapter 1.6). For that reason, sensitive methods for the analysis of mycotoxins in this 

matrix need to be developed [Albert et al. (2021), chapter 3.1], considering that levels in soils 

may be of factor hundred lower than concentrations observed in food commodities. Also,  

appropriated sampling strategies are needed, taking into account the heterogeneous 

distribution of mycotoxins in the environment [Kenngott et al. (2022), chapter 3.2], analogous 

to their heterogeneous distribution in food/feed matrices (Miraglia et al., 2005). Suitable 

methods were applied to investigate the presence of mycotoxins in soils, exemplified by 

studies on the use of plastic mulching in agriculture [Muñoz et al. (2015) chapter 3.3; Muñoz 

et al. (2017a), chapter 3.4]. Mycotoxin levels in soils reflect only concentrations measured at 

the time of sampling, without considering spatio-temporal dynamics, therefore a further focus 

of this research was to determine which factors may influence the occurrence and 

concentrations  of mycotoxins in terms of biosynthesis and stability in the soil matrix [Meyer et 

al. (2021a) chapter 3.5; Meyer-Wolfarth et al. (2021) chapter 3.6; Meyer et al. (2022) 

chapter 3.7; Albert and Muñoz (2022) chapter 3.8]. Mycotoxins do occur in soil, but the 

biosynthesis in situ as well as their persistence are influenced by soil biogeochemical 

processes related to the composition, function and structure of the soil microbiome. The 

occurrence and fate of mycotoxins was in particular investigated in mulching systems, because 

of the modifications induced in soil physicochemical and microbial properties (chapter 1.6) 

Key questions 

¶ How can mycotoxins be reliably determined in agricultural soils? [Albert et al. (2021), 

chapter 3.1; Kenngott et al. (2022), chapter 3.2] 

¶ How do mulching systems affect the occurrence of mycotoxins in soils? [Muñoz et al. 

(2015) chapter 3.3; Muñoz et al. (2017a), chapter 3.4] 

¶ Which factors may contribute to the persistence of mycotoxins in soils? [Meyer et al. 

(2021a) chapter 3.5; Meyer-Wolfarth et al. (2021) chapter 3.6; Meyer et al. (2022) 

chapter 3.7; Albert & Muñoz (2022) chapter 3.8] 
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Chapter 4: Human exposure and biomonitoring strategies  

With the development of advanced analytical techniques, the number of scientific papers 

reporting mycotoxin exposure has substantially increased. Exposure assessment can be 

based upon analyte levels measured in biological samples (chapter 1.3 & 1.4) or levels present 

in food commodities, and linked with data on food consumption and food preferences. 

Regarding human biomonitoring, there are mainly three biological matrices that are used for: 

blood, urine and breast milk. These matrices differ in chemical composition and also in the 

occurrence of expected metabolites. It is worth noting that urine and breast milk are fluids that 

allow for excretion, so that the target compound is excreted along with a number of major 

metabolites. On the other hand, blood/plasma may allow for detecting higher concentrations 

of the parent compound, depending upon the toxicokinetics of the mycotoxin. In this context, 

human biomonitoring strategies need to identify and characterize suitable biomarkers in the 
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respective matrices that are representative of exposure [Muñoz et al. (2017b), chapter 4.1; 

Cramer et al. (2015), chapter 4.2; Ali et al. (2017), chapter 4.3; Foerster et al. (2021) 

chapter 4.4]. Also, intake differences between infants and adults need to be addressed in the 

context of exposure of sensitive population-groups [Degen et al. (2017) chapter 4.5]. 

Regarding food commodities, mycotoxin levels are determined in major products and the 

selection of the commodities for analysis is frequently in line with the consumption patterns of 

the specific cohort. Furthermore, it is known that patterns of food intake are influenced by life 

style and cultural aspects. At the same time there is the possibility to estimate the risk of 

exposure to mycotoxins indirectly. This means by assessing the concentration of mycotoxins 

in food and also by assessing how consumers' behaviour may increase the risk of exposure 

related to their particular food preferences, food habits and lifestyle [Foerster et al. (2020) 

chapter 4.6; Muñoz et al. (2021) chapter 4.7].   

Key questions 

¶ How can biomonitoring strategies improve the estimation of exposure? [Muñoz et al. 

(2017b) chapter 4.1; Cramer et al. (2015) chapter 4.2; Ali et al. (2017), chapter 4.3; 

Foerster et al. (2021) chapter 4.4] 

¶ How do food habits and consumer behaviour affect the risk of mycotoxin exposure? 

[Degen et al. (2017) chapter 4.5; Foerster et al. (2020) chapter 4.6; Muñoz et al. (2021) 

chapter 4.7] 
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2.  Plastic mulching and soil quality indices 

2.1 Plastic mulching in agriculture: Trading short-term agronomic benefits for long-

term soil degradation?  
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