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1. EXTENDED INTRODUCTION 

1.1. Risk of mycotoxin contamination in dairy farming 

The dairy industry is an essential economic sector that plays a major role in producing high 

nutritional value foods from fibrous matter, representing Austria’s most important agricultural 

sector (Ledinek et al., 2018; BMLFUW, 2021). Feedstuffs are susceptible to mould 

infection/colonization with subsequent mycotoxin contamination during the complete feed-

production chain (pre- and postharvest), affecting the rest of the productive chain, including 

animal health and performance as well as the quality/safety of the derived foods (FAO, 2014). 

A wide range of fungal (toxic and potentially toxic) metabolites are produced primarily by 

Fusarium, Alternaria, Aspergillus and Penicillium species (Jouany et al., 2009; Battilani et al., 

2020). Additionally, other fungal genera such as Cladosporidium, Phoma, Diplodia, Epichloë, 

Neotyphodium (formerly Acremonium), Pythomyces, Myrothecium, Stachybotrys, Mucor, 

Monascus, Eupenillium, Paecilomyces, Rhizopus, Trichoderma and Byssochlamys have also 

been reported as toxigenic (Magan and Olsen, 2004; Jennessen et al., 2005; Storm et al., 2008; 

Bryden, 2012; Di Menna et al., 2012; Gallo et al., 2015b;). The characterization of the 

implicated mycotoxin mixtures requires to be assessed with an innovative and holistic approach 

based on multi-metabolite analyses for an optimal risk assessment (Battilani et al., 2020). Along 

with fungal toxins metabolites, other compounds like phytoestrogens and residues of pesticides 

and veterinary drugs can occur in whole diets of dairy cattle. They can also hazard feed and 

food safety (Kumar et al., 2018; Mostrom and Evans, 2018; Ortelli et al., 2018). While 

completing the current thesis project, some of these compounds (phytoestrogens, pesticide and 

veterinary drug residues) were also detected and reported. Some of the included publications 

mention these compounds; however, this thesis will be focused on mycotoxins and findings 

related to other kinds of feed contaminants and substances will be shortly discussed. 

Mycotoxins and their mixtures can harm the herds' health, reproduction, and production. 

However, large-scale studies that characterized profiles of the most common fungal toxins and 

endocrine disruptors that naturally contaminated whole diets of dairy cattle are highly required 

to determine the impacts of these compounds (Fink-Gremmels, 2008b; Gallo et al., 2015b; 

Gallo et al., 2022). Dairy cattle diets vary widely through diverse production systems in 

different regions of the world, incorporating a wide range of components, including forages, 
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cereal grain, protein feeds and by-products of agro-industrial activities (FAO, 2014). The 

physiological nature of ruminants makes forages (including pastures and conserved forages) 

the most adequate and important feed source for dairy cattle (Webster, 2020). Like other 

crops/feedstuffs, forages are highly susceptible to mycotoxin contamination (Gallo et al., 

2015b; Santos Pereira et al., 2019). However, research has been focused mainly on cereal grains 

(Gallo et al., 2015b). The production of these toxins can consequently be independent of the 

growth of the fungi, which is related to the primary metabolism (Jouany et al., 2009). These 

compounds may produce various unspecific disorders (called mycotoxicoses) through a natural 

route of exposure (commonly via ingestion of contaminated feed) (Bryden, 2012). Thus, the 

effects of mycotoxins on human and animal health have relevant public health and economic 

implications (Wild and Gong, 2010). 

Mycotoxins have been a problem for humans since ancient times and are historically described. 

For instance, ergotism, caused by toxic metabolites derived from Claviceps purpurea, became 

an epidemic in the Middle Ages, the oldest identified type of human mycotoxicosis (Van 

Dongen and de Groot, 1995). However, the beginning of modern mycotoxicology started in the 

1960s with the discovery of aflatoxins (AFs) after more than 100,000 young turkeys, ducklings, 

and other poultry animals in the UK deceased during a few months from unidentified diseases 

with high mortality, which was named "turkey x disease". A cautious assessment of the affected 

farms indicated that the disease was linked to the diet, specifically with peanut meal imported 

from Brazil. A clinical syndrome with the typical symptoms of turkey x disease was reproduced 

when animals were fed the same peanut meal. Rigorous investigations were then performed on 

the suspected ingredient to identify the nature of the toxin, which was soon found to be of fungal 

origin. The toxin-producing fungus was identified as Aspergillus flavus (Nesbitt et al., 1962). 

Subsequently, in the last decades, numerous mycotoxins have been discovered. So far, over 400 

fungal toxins have been identified (Cinar and Onbaşı, 2019). However, the total number of 

mycotoxins that exist is not yet known, but there are probably thousands (Jouany et al., 2009; 

Klitgaard et al., 2014). The toxic potential of many of these fungal metabolites is unknown (van 

den Brand and Bulder, 2020). However, most studies have focused on AFs, ochratoxin A 

(OTA), fumonisins (FUMs), zearalenone (ZEN), trichothecenes (TCTs), like deoxynivalenol 

(DON), T-2 toxin and HT-2 toxin (Cinar and Onbaşı, 2019). 
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According to Mostrom and Jacobsen, 2020, the first documented reports of mycotoxicosis 

(stachybotryotoxicosis) in ruminants and horses date back to the 1930s and 1940s in Eastern 

Europe (Mostrom and Jacobsen, 2020). Posteriorly, during the 1950s and 1960s, additional 

reports of mycotoxicoses in cattle were described in the URSS and USA (Sarkisov, 1954; 

Stepanyuk et al., 1959; Crump et al., 1963). By then, the implicated toxins were not defined or 

characterized, but the causal relationship between mouldy feeds and toxic syndromes were 

corroborated. Initially, notable improvements in the clinical status of the affected animals were 

observed after contaminated feeds were not included in the diets (Stepanyuk et al., 1959). 

Additionally, the verification of causality was performed experimentally with bovines and 

rabbits, rats and Guinea pigs, observing similar clinical signs (Albright et al., 1964; Crump et 

al., 1963). The affected animals of here cited natural mycotoxicoses outbreaks presented diverse 

manifestations from an abrupt reduction of milk yield, profuse salivation, watery diarrhoea, 

salivation, and polyuria to sudden death (Albright et al., 1964; Crump et al., 1963; Izmailov et 

al., 1963; Izmailov and Moroshkin, 1962; Sarkisov, 1954; Stepanyuk et al., 1959), which 

evidenced the ambiguous and unspecific nature of the fungal toxicosis. The toxic effects of 

mycotoxins include cytotoxic, carcinogenic, immune-suppressive, nephrotoxic, hepatotoxic 

neurotoxic, mutagenic, estrogenic effects, among others (Kumar et al., 2020). Additionally, 

some mycotoxins, such as AFs can be carried over via milk is possible, which makes the 

mycotoxin issue in dairy animals a public health and economic concern (Fink-Gremmels, 

2008a; Flores-Flores et al., 2015; Guerre et al., 2000). 

Mycotoxicoses are diagnostic challenges due to their nonspecific signs. The ambiguous 

clinical/sub-clinical manifestations and lesions are due to many factors: (1) the co-occurrence 

of several mycotoxins, other toxicants or/and deficiency states (such as negative energy 

balance, heat stress and metabolic disturbances); (2) masking the toxic effects by secondary 

effects, e.g. infectious disease due to immunosuppression; (3) belated appearance of 

signs/lesions due to chronicity; (4) inter and intraspecies variations in response to the 

mycotoxin(s); (5) low awareness of the mycotoxins as a relevant causative factor for disease; 

(6) the non-homogeneous distribution of these compounds on feed charges and limited 

availability of commercial biomarkers for diagnostic. Some of the generic signs associated with 

substantial mycotoxin consumption are feed intake reduction, a decrease in nutrient absorption, 

presentation of metabolic disorders, endocrine alterations and a decline in reproductive as well 



4 
 
 

as productive performance (Fink-Gremmels, 2008b; Nešić et al., 2011; Richard and Thurston, 

2012; Simion, 2018). An early and accurate diagnosis would permit veterinarians to recognise 

mycotoxicoses from other diseases and (ideally) determine the causal mycotoxin, contributing 

to minimising economic losses and preventing human exposure to mycotoxin residue levels in 

derived edible tissue or milk (Richard and Thurston, 2012; Fink-Gremmels and van der Merwe, 

2019). Supported on diagnosis, it would be possible to determine how to deal whit the affected 

livestock (treating, not-treating, or euthanizing). If this were treated, an assertive diagnosis 

would help to define an appropriate clinical therapy that should be implemented. Additionally, 

the diagnosis is essential to deal with the contaminated feeds fed to the affected animals 

(removing contaminated feedstuffs of the animal feed chain, diluting with suitable feedstuffs, 

or treating whit biological, physical, and chemical methods, enabling to check the production 

(agricultural practices), transport, storage, and processing conditions of the same kind of feeds 

(Richard and Thurston, 2012; Gonçalves et al., 2015) (schematized in Figure 1). 

 
Figure 1 Scheme illustrating the mycotoxicoses as a diagnostic challenge. Accurate diagnosis 
is a basis for an adequate intervention. Diagnosis is based mainly on feed analysis and clinical 
signs (Modified from Richard and Thurston, 2012). 
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Compared to monogastric; adult ruminants (cattle, goats and sheep) are more resistant to 

mycotoxins as the ruminal microbiota (bacteria, protozoa and fungi) can partially degrade and 

inactivate some of these compounds, e.g., AFs and OTA (Engel and Hagemeister, 1978; 

Kurmanov, 1977; Kiessling et al., 1984; Westlake et al., 1989; Mobashar et al., 2010; Özpinar 

et al., 2002). Consequently, it was widely assumed that the resistance of ruminants to dietary 

mycotoxins as a fact and the negative consequences of the metabolites have been neglected and 

underestimated by dairy farmers worldwide (Rodrigues, 2014). However, other toxic fungal 

metabolites such as ergot alkaloids (EAs) and FUMs remain relatively stable in the rumen 

(Caloni et al., 2002; Fink-Gremmels, 2008b; Schumann et al., 2009). Moreover, other 

mycotoxins, such as the cyclic lactone patulin (PA), cannot only pass rumen unchanged; it also 

impairs the ruminal fermentative function by potent anti-bacterial and anti-protozoal properties 

(Escoula, 1992; Tapia et al., 2005). The relative resistance of ruminants could be suggested for 

the rare presentation of acute forms of mycotoxicoses. However, they are susceptible if 

unhealthy diets are fed over long periods (Gupta, 2019b). The metabolic and dietary 

particularities of high-producing dairy cows (e.g., ration with high energy density) seem to 

reduce the rumen’s detoxifying ability, thereby increasing the risk of subclinical and clinical 

health disorders, impairing fertility, and affecting productivity (Fink-Gremmels, 2008b; 

Rodrigues, 2014). 

Generally, dairy cattle are less tolerant than beef cattle and sheep to mycotoxins like the TCT 

DON. The higher grade of susceptibility could be related to the higher metabolic stress of high-

producing dairy cows, which implies high dry matter intake, faster ruminal turnover, and 

reduced rumen microbial degradation time (Jouany and Diaz, 2005; Mostrom and Jacobsen, 

2020). Figure 2 illustrates and explains the elevated risks of mycotoxicoses in high-yielding 

dairy cattle. On the one hand, under normal conditions, a well-functioning rumen maintains 

physiologically normal pH, metabolic activity, and passage rate, which provides the expected 

degradation of (myco)toxins by the rumen microbiota. On the other hand, feeding diets with 

high energy density impairs the microbiome (dysbiosis) and induces related rumen health 

disorders such as SARA (Sub-acute rumen acidosis). The rumen dysfunctionality impairs its 

detoxifying capacity and increases the passage rate out of the rumen and subsequent absorption 

of unmodified mycotoxins and other toxic compounds such as lipopolysaccharides (LPS). Thus, 

a higher amount of toxins reaches the systemic circulation, leading to inflammation, lowered 
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immunocompetence and liver damage, increasing the risk of mycotoxicosis in high-yielding 

cattle (Figure 2) (Fink-Gremmels, 2008b; Upadhaya et al., 2010; Debevere et al., 2020; Loh et 

al., 2020). 

 
Figure 2 Summarized illustration explaining the higher risk of mycotoxicoses in high-yield 
dairy cows fed with high energy-dense diets (Based on personal communication, Prof. Dr. 
Qendrim Zebeli). 

The state of the art of occurrence and adverse health effects of mycotoxins in dairy cattle feeds 

(especially in forages) have been focused on a few of these toxins and are still limited ( Gallo 

et al., 2015b; Battilani et al., 2020). Their negative impacts vary considerably from acute to 

chronic syndromes, but acute mycotoxicoses are not usual in cattle. The chronic presentation 

forms seem to be the most recurrent, implying hidden disorders with reduced ingestion, 

productivity, and fertility (Fink-Gremmels, 2008a; Storm et al., 2008; Rodrigues, 2014). This 

depends on the kind and levels of mycotoxins exposed to, the time of exposure and animal 

particularities (species, age, immune status, gender) (Gashaw, 2016). Some of these toxic 

metabolites in high concentrations can cause acute toxicity with the evident sign of disease and 

causing even death. However, prolonged exposure to low toxin mixtures and intermittent rates 

is more likely to occur in standard diets (Gallo et al., 2015b). This constant exposure may lead 

to chronic mycotoxicosis (Fink-Gremmels, 2008b; Mostrom and Jacobsen, 2020).  
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Mycotoxins have diverse chemical structures and modes of action, making the classification 

extremely complex based on these characteristics (Fujimoto, 2011). In this doctoral thesis, 

mycotoxins are categorized into two major groups based on (CAST, 2003): Major classes and 

minor classes of mycotoxins. 

1.2. Major classes of mycotoxins 

This category of mycotoxins includes AFs, TCTs (DON, T-2 toxin and HT-2 toxins), FUMs, 

ZEN, OTA, and ergot alkaloids, which are the most studied kind of fungal toxins and include 

(at least partially) in the current European legislation (i.e., Directive and recommendations) 

(EC, 2002, 2006, 2013, 2016, 2021). The mycotoxins here included posing the most significant 

potential risk to human and animal health as food and feed contaminants (CAST, 2003). Tab. 1 

summarizes the main associated adverse effects and proposed molecular mechanisms of action 

(taken from “Mycotoxins and nuclear receptors: A still underexplored issue” by Dall’Asta 

2016). Tab. 2 European limit and guidance levels of major mycotoxins in diets and/or feedstuffs 

intended for dairy cow nutrition 

Tab 1 Major mycotoxins, main associated adverse effects and proposed molecular mechanisms 
of action (taken from Dall’Asta 2016). 
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Tab 2 European maximum and guidance levels of major mycotoxins in diets and/or feedstuffs 
intended for dairy cow nutrition. 

Mycotoxin  
Maximum levelsa / Guidance valueb,c,d 

(µg/kg)e 

Aflatoxin B1a 5 

Deoxynivalenolb 5,000 
Rye Ergot (Claviceps purpurea)a 1,000,000 

Ergot alkaloidsc Recommendation for monitoring 
Fumonisins B1 and B2b 50,000 

Ochratoxin Ab 250 

Zearalenoneb 500 

T-2 + HT-2 toxinsd 250 

a European Commission - Directive 2002/32/EC  
b European Commission Recommendation 2006/576/EC 
c European Commission Recommendation - 2012/154/EU 
d European Commission – Recommendation – 2013/165/EU 

e Maximum levels in µg /kg (ppb) relative to a feedstuff with a moisture content of 12 % 
 

1.2.1. Aflatoxins 

These toxins are relevant contaminants of foods and feeds, produced primarily in warm, 

subtropical, and tropical climates, but can be found worldwide. Aspergillus spp. (like A. flavus, 

A. parasiticus, A. nomius, A. pseudotamarii and A. niger) are major producers (Gupta, 2019b; 

Yoko et al., 2001; Kurtzman et al., 1987). There are several kinds of AFs and respective 

methoxy, ethoxy and aceto-derivates (Bilgrami and Choudhary, 1998). The four major types 

are AFB1, AFB2, AFG1, and AFG2. Such designations are based on the fluorescence under 

ultraviolet light (B = blue and G = green), while the subscript is related to chromatographic 

mobility. Two additional metabolites, AFM1 and AFM2, are 4-hydroxylated metabolites of 

AFB1 and AFB2, were firstly isolated from the milk of lactating animals fed with diets 

contaminated with AFs (Mostrom, 2016). AFs are low-molecular-weight, lipophilic 

compounds passively absorbed from the gastrointestinal tract. Absorption of these toxins may 

take place in the mucosa of the oral cavity and/or oesophagus before entering the rumen, 

appearing rapidly (within 5 minutes) metabolized (as AFM1) in the milk and clearing within 

three to four days after dosing cows (Frobish et al., 1986; EFSA, 2013; Mostrom and Jacobsen, 

2020). Toxic effects of AFs include mutagenesis due to the alkylation of nuclear DNA, leading 

to cell death or its malign transformation (carcinogenesis), teratogenesis, reduced protein 

synthesis, and immunosuppression (CAST, 2003; Riley, 1998). Thus, reduced protein synthesis 
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results in impaired production of essential metabolic enzymes and structural proteins for growth 

(Gupta, 2019b). These compounds affect cell-mediated immunity, cytokine production, and 

nonspecific humoral factors, such as complement, interferon, and some bactericidal serum 

components, which can induce vaccine failure or poor antibiotic response (Mostrom and 

Jacobsen, 2020). AFs are also recognized as potent hepatotoxins, immunosuppressants, 

carcinogens (hepatocarcinoma) and mutagens in animals, but also in humans, representing a 

relevant public health concern (Gil-Serna, 2014; Gong et al., 2016). 

Aflatoxicosis includes clinical signs such as poor weight gains, reduced feed conversion and 

milk production, inappetence, lethargy, ataxia, liver disease with elevated hepatic enzymes and 

bilirubin and prolonged clotting times (Diekman and Green, 1992). In a study carried out by 

Jones and Ewart (1979), cows fed with diets containing AFB1 at concentrations of 20 µg/kg 

presented a depletion in the feed intake and milk yield. Aspects started to improve three days 

after the AFB1-source was removed (Jones and Ewart, 1979). Similarly, another field study, 

which evaluated the effect of AF-contaminated corn on lactating dairy cattle, observed that with 

a decline in reproductive efficiency. After the inclusion of an AF-free diet, an increment of 25% 

of the milk yield was evidenced (Guthrie and Bedell, 1979) cited by (Jouany and Diaz, 2005). 

Several case reports of acute aflatoxicosis have been described. For example, a group of 

crossbred feeder steers fed with corn contaminated with 1,500 ng of AFs/g developed typical 

aflatoxicosis lesions, and residues of the mycotoxin were detected in kidney tissue (Colvin et 

al., 1984). In the same way, a small herd of cattle having access to mouldy and unharvested 

sweet corn was revealed via postmortem examinations, oedema of soft tissues and liver lesions 

consistent with aflatoxicosis. Weather conditions were favourable for the proliferation of A. 

flavus and A. parasiticus and the contamination levels of the corn samples taken from the field 

contained 2,365 ng of AFs/g. (Hall et al., 1989). Different studies revelated that feeding diets 

with AFB1 levels of 75 µg /kg DM to dairy cows can negatively impact animal performance. 

Queiroz et al., 2012 demonstrated that such dietary levels of AFB1 induced lower milk fat yield 

and milk protein concentration (Queiroz et al., 2012). Likewise, Ogunade et al. (2016) 

evidenced a reduced milk yield by 2.5 kg and a lowered 3.5% fat-corrected milk yield by 1.7 

kg (Ogunade et al., 2016). However, some studies reported that AFs did not impact dairy cow 

productivity. For instance, dietary levels of 100 µg of AFB1/kg (Sulzberger et al., 2017) and a 

mixture of B1, B2, G1 and G2 at a concentration of 105 µg/kg (Rodrigues et al., 2019) did not 
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impact milk performance, intake, or efficiency. Aflatoxicosis diagnosis is based on typical 

clinical signs, lesions, and toxic (not trace) concentrations in the ration (Mostrom and Jacobsen, 

2020). 

AFB1 is considered the most potent naturally occurring carcinogen, has been related to 

hepatocellular carcinoma in humans and has been classified in group 1 as a human carcinogen 

by the International Agency for Research on Cancer (IARC). Aflatoxin M1 is less toxic and 

classified by IARC as a human carcinogen in group 2B (IARC, 1993). Adult cattle, sheep, and 

goats are relatively resistant to the acute forms of aflatoxicosis but are more vulnerable if 

contaminated diets are fed over long periods (Gupta, 2019b). Chronic aflatoxicosis in cattle is 

associated with clinical signs of reduced appetite, feed efficiency, milk production, and icterus 

(Newberne, 1973). Hepatic enzymes are typically elevated, and prothrombin time can be 

prolonged. As with the other mycotoxicoses, aflatoxicosis decreases performance, the cause of 

which is multifactorial, involving nutritional interactions, anorexia, altered hepatic protein and 

lipid metabolism, and disruptions of hormonal metabolism (Raisbeck et al., 1991; Gil-Serna, 

2014). AFB1 is the most strongly regulated and only mycotoxin with a maximum limit in feeds 

for dairy cows in the EU (5 µg/kg at a moisture content of 12 %) (Tab. 2) (EC, 2002). 

1.2.2. Trichothecenes 

TCTs are a group of sesquiterpene mycotoxins, produced mainly by Fusarium spp., but also by 

several genera of fungi, including Stachybotrys, Myrothecium, Trichothecium, Trichoderma, 

Cephalosporium, Cylindrocarpon, Verticimonosporium, and Phomopsis (Scott, 2017). Their 

production is increased under wet and cool conditions. TCTs are commonly found in cereals 

grains worldwide but also contaminate vegetative sections of the plant and can also be detected 

in high concentrations in forages (e.g., hay and straw) (Mostrom et al., 2005). Over 180 

metabolites are considered as TCTs. These mycotoxins can be chemically classified into four 

types based on substitutions at five positions of the TCT skeleton, including Type A (with some 

of the most toxic TCTs like T-2 toxin, its deacetylated metabolite HT-2 toxin and 

diacetoxyscirpenol (DAS)); Type B (like nivalenol (NIV), fusarenon X (4-acetylnivalenol), 

DON and its derivatives); Type C (such as crotocin); and Type D (macrocyclics, such as 

satratoxin, roridin and verrucarin). The more common and problematic TCTs encountered in 

veterinary medicine are T-2 toxin and DON. However, all TCT should be considered toxic until 
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proven otherwise (Cope, 2018). These mycotoxins inhibit protein synthesis by binding to the 

peptidyl transferase (Feinberg and McLaughlin, 2017). Moreover, these compounds can induce 

apoptosis in the thymus, spleen and Peyer’s patches (Poapolathep et al., 2002). 

These mycotoxins are known for inducing the inhibition of DNA and RNA synthesis, which 

can be a secondary effect of the inhibition of protein synthesis or the apoptotic effect (Cope, 

2018). The TCTs with the most potent immunosuppressive as well as protein synthesis 

inhibitors are T-2 toxin, DAS, DON, and fusarenon X (Corrier, 1991). Some studies of the 

metabolism of DON in adult cattle suggest that this toxin is transformed rapidly into metabolites 

with lower toxicity in the rumen before absorption. For example, the De-epoxidation of DON 

to de-epoxy DON (a much less toxic compound) is considered a ruminal deactivation step 

(Valenta et al., 2003). Rumen microbes (particularly bacterial and protozoal fractions) seem to 

be active in the deacetylation of the trichothecenes (Kiessling et al., 1984; Westlake et al., 1989; 

Guerre, 2020). Furthermore, no effect has been found of DON-contaminated diets on milk 

yield, feed intake or other parameters measured at levels used in the previous studies (Anderson 

et al., 1996; Charmley et al., 1993; Ingalls, 1996; Trenholm et al., 1985). The available data 

concerning the impact of feeds contaminated with trichothecenes in ruminant feed is still 

limited to allow a scientifically based risk assessment. For example, several trichothecenes like 

DAS, HT-2 and T-2 toxin, along with other mycotoxins like ZEN and FUMs, may co-occur, 

causing similar and intensified adverse effects (Battilani et al., 2020; Whitlow and Hagler, 

2005). It has been suggested that TCTs are not likely to cause any harm to ruminants, and no 

guideline value is probably needed (Eriksen and Pettersson, 2004). However, the toxicokinetic 

could change in ruminants with acidosis or in young animals such as calves, for which the 

ruminal system is not fully functioning (EFSA, 2017b). For instance, nonruminating calves 

presented liver failure and higher bioavailability of DON (50.7%) compared to ruminating 

calves (4.1%). Both groups were fed with DON-contaminated concentrate (1.13 mg/kg) 

(Valgaeren et al., 2019). Concerning the type, A TCT, T-2 toxin, beef calves orally dosed with 

T-2 toxin at 0.3 mg/kg BW (approximately 10 mg T-2/kg diet) for six weeks presented a 

reduction in the feed intake. With higher contamination levels of T-2 toxins (0.6 mg/kg – 

approx. 20 mg T-2/kg diet), the calves developed marked anorexia, weight loss, rough hair 

coats, and intermittent diarrhea (Osweiler et al., 1981) reviewed by (Mostrom and Jacobsen, 

2020). Additionally, mixed-breed beef calves, orally dosed with T-2 toxin at a level of 0.5 
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mg/kg BW, presented reduced serum concentrations of total protein, albumin, and globulin 

compared with the non-treated calves (control group) (Mann et al., 1983). Regarding residuality 

in milk and other animal-derived foods, is it stated that TCTs do not accumulate significatively 

in animal tissues due to the rapid excretion, and only traces can be found in animal-derived food 

products (Eriksen and Pettersson, 2004; Fink-Gremmels and van der Merwe, 2019). The 

guidance levels recommended by the European Commission for DON are 5,000 µg/kg (EC, 

2006) and for the sum of T-2 toxin and HT-2 toxin 250 µg/kg, at a moisture content of 12 % 

(Tab. 2) (EC, 2013).  

1.2.3. Ergot alkaloids 

As mentioned previously, ergot alkaloids have a long history of affecting man and animals.  

(CAST, 2003; Matossian, 1989). These group of toxins consist of a large group of nitrogen-

containing fungal compounds, which are classified into four major groups based on their 

chemical structures: (1) the clavines, (2) the lysergic acids, (3) the lysergic acid amides, and (4) 

the ergopeptines (Rehácek and Sajdl, 1990). Selected members of these groups of compounds 

(mostly of the ergopeptine class such as ergotamine, ergocristine, ergosine, ergocornine, 

ergocryptine, and ergovaline) are responsible for the majority of nervous or gangrenous 

syndromes in humans and animals, which consume grains, grain products or grasses 

contaminated with the sclerotia of the fungus (Gupta et al., 2018a). These toxins are mainly 

produced by several fungi in two different families - the Clavicipitaceae and the 

Trichocomaceae, being Claviceps purpurea and Epichloë spp. among the most relevant 

producers. The mentioned species parasitize a broad spectrum of monocotyledonous plants of 

different taxonomical families like Poaceae, which includes forage grasses and cereals (Schiff, 

2006; Guerre, 2015; Robinson and Panaccione, 2015; Gupta, 2019a). According to the 

scientific opinion of EFSA, ergotism in ruminants is usually a chronic disease resulting from 

the continued ingestion of minor quantities of the fungus on grass (EFSA, 2012). The incidence 

of ergotism in Europe is undetermined, but in the United States, it is a severe problem in those 

areas where fescue grasses are the primary forage (Strickland et al., 2011). Ergovaline has been 

reported as the causal agent of severe intoxications in dairy farms when livestock consume 

pasture grasses with infected seed heads (Botha et al., 2004; Mostrom, 2016; Marczuk et al., 

2019). Under pasture feeding conditions, frequent grazing or topping of grasslands susceptible 
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to ergot infestation during the summer months reduces flower-head production and helps 

control the disease (Gupta, 2019b). 

The first clinical signs are usually diarrhoea, inappetence, lameness (hind limbs are affected 

before forelimbs), rigidity of the lower joints of the legs, and coldness and insensibility of the 

extremities. Posteriorly, vasoconstriction leads to necrosis of the extremities, ears, and tail due 

to thrombosis. A cold environmental temperature predisposes the extremities to gangrene. 

Other signs include hyperthermia, dyspnoea, agalactia and neurologic signs (Canty et al., 2014; 

Klotz, 2015; Gupta et al., 2018a; Gupta, 2019b; Malekinejad and Fink-Gremmels, 2020). Ergot 

alkaloids have also been linked with heat intolerance, similar to the “summer syndrome” 

induced by fescue toxicosis and may interfere with embryonic development. Treatment is 

constrained by economic limitations in the most severely affected animals, which must be 

euthanized (Gupta, 2019b). The rumen and small intestine are most likely the main sites of 

ergot alkaloid absorption (Strickland et al., 2011). The hyperthermia, uterine stimulation and 

vasoconstrictive effects induced by these compounds are explained by their chemical structures, 

which are like the biogenic amines norepinephrine, serotonin, and dopamine. These alkaloids 

can cause partial agonism or antagonism at adrenergic, dopaminergic, and serotonergic 

receptors (Mostrom, 2016). Some of these alkaloids, like ergovaline are antagonists to 

dopamine at D1 vasodilatory receptors (Cross et al., 1995). The ergot compound can also induce 

agonist activity at D2 receptors in the lactotroph cell in the adenohypophysis, reducing prolactin 

secretion (Goldstein et al., 1980; Poole and Poole, 2019). These disruptive endocrine effects 

have also been observed in multiple species exposed experimentally to ergopeptine alkaloids 

(Gupta et al., 2018a), which could also explain the presence of dysgalactia or agalactia observed 

in cases of ergot intoxications (Copetti et al., 2002; Poole and Poole, 2019). Research has shown 

that grazing endophyte-infected ergot alkaloid producing tall fescue impairs the cow-calf 

performance by depletion of reproductive rates, milk yield and calf weaning weights (Gay et 

al., 1988; Porter and Thompson Jr, 1992; Wilbanks et al., 2021). However, concentrations of 

ergovaline are exceptionally low in endophytes (parts per billion or low parts per million), so 

they are rarely detected in animal tissue or fluids. Their primary routes of elimination and 

excretion in cattle are mostly urine (96%) and at minor grade via bile, faeces and milk  

(Strickland et al., 2011; Gupta et al., 2018a). The content of ergot sclerotia in animal feeds is 

regulated (limit: 1,000,000 µg/kg or 1gr/kg at a moisture content of 12 %) (EC, 2002) and the 
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monitoring of ergot alkaloids in food and feed is recommended by the European Commission 

(EC, 2012). There is no guidance value for ergot alkaloids in animal feeds, but since January 

2022, the commission regulation (EU) 2021/1399 has established a maximum level of ergot 

alkaloids in certain foodstuffs (like barley) (EC, 2021). 

1.2.4. Fumonisins 

These mycotoxins are primarily produced by Fusarium spp. (such as F. verticillioides [formerly 

F. moniliforme] and F. proliferatum (Gelderblom et al., 1988; Rheeder et al., 2002; Jouany et 

al., 2009). However, species of other genera such as Aspergillus niger and Alternaria alternata 

can also produce FUMs (Chen et al., 1992; Frisvad et al., 2007; Mogensen et al., 2010; Frisvad 

et al., 2011). Several analogues have been characterized, including the types B1, B2, B3, B4, A1, 

A2, C1, C4, P1, P2 and P3 (Musser and Plattner, 1997). Such compounds are chemically 

characterized as an aliphatic hydrocarbon with a terminal amine group and tricarboxylic acid 

side chains, having structural similarity to sphingosine, the major long-chain base backbone of 

cellular sphingolipids. FUMs are competitive inhibitors of sphinganine and sphingosine N-

acyltransferase, resulting in increased sphinganine and sphingosine, which can interfere with 

cellular growth, differentiation, and cell communication, resulting in toxicity and 

carcinogenicity (Wang et al., 1991; Smith, 2018). 

It has been suggested that ruminants are relatively resistant to FUMs compared to other species 

like horses and pigs, which are affected by well-described mycotoxicoses: equine 

leukoencephalomalacia and porcine pulmonary oedema (PPE) (Gupta, 2019b; Mostrom and 

Jacobsen, 2020). In an experimental study, dairy cows consumed a diet naturally contaminated 

with FUMs at 100mg/kg DM for seven days prepartum and 70 days postpartum, evidenced by 

a reduction in feed intake and milk production (Diaz et al., 2000). Feeding a diet contaminated 

with FUMs with a concentration of 148 mg/kg for 31 days induced an intake depletion, elevated 

liver enzymes in crossbred feeder calves (Osweiler et al., 1993). In a study in Holstein steers 

(86–127 kg) fed with corn mixed with culture material of F. moniliforme with 328 mg/kg FUM 

B1 in the final corn mixture, presented feed refusal, changes in serum enzymes and 

biochemistry were observed in the calves. After lengthy exposition (> 230 days), the calves 

exhibited histopathologically: hepatocytes exhibited focal nuclear pyknosis and cellular 

shrinkage resembling apoptosis (Baker and Rottinghaus, 1999).  
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Fusarium moniliforme-contaminated corn resulted in feed refusal in cattle previously, but FUM 

B1 concentrations were not determined (Beasley et al., 1982). Not long ago, a short-term (two 

days) exposure experiment in Austria was performed with cows fed a basal diet with 40% grain 

(DM basis) and 20 mg of FUM per day. The outcome showed that FUM increased the number 

of observed features and significantly impacted β-diversity structure and metagenome predicted 

function. At the systemic level, FUM exposure induced a hepatotoxic effect (evidenced by an 

increment of liver enzyme concentrations), accompanied by altered heart and respiratory rates 

(Hartinger et al., 2022). The International Agency for Research on Cancer (IARC) classified 

FUM B1 as a possible carcinogen for humans (group 2B)(IARC, 2012). Dairy cows were 

provided with a naturally contaminated ration with levels of 100 mg /g of FUMs during seven 

days pre-parturition and 70 days post-parturition, presenting a reduction in feed intake and milk 

production (Diaz et al., 2000). EFSA identified a no-observed-adverse-effect level (NOAEL) 

for cattle of (31 mg /kg of FUM B1-3 in feed) considering endpoints the increase in serum 

enzymes, cholesterol, and bilirubin as well as the decrease in lymphocyte blastogenesis (EFSA 

et al., 2018). Tissue and milk residues are not considered to be a problem (Fink-Gremmels and 

van der Merwe, 2019). The guidance levels for diets of dairy recommended by the European 

Commission are 50,000 µg/kg of accumulate FUM B1 and FUM B2 at a moisture content of 

12 % (Tab. 2) (EC, 2006).  

1.2.5. Ochratoxins  

Ochratoxins are structurally composed of a dihydroisocoumarin linked via a peptide bond to 

the amino acid phenylalanine and are usually produced during storage. Several species of 

genera, Aspergillus (e.g., A. ochraceus, A. niger) and Penicilium (such as P. verrucosum), can 

synthesize these toxins (Jouany et al., 2009; Mostrom and Jacobsen, 2020). The most relevant 

mycotoxin in this group is OTA, which is linked to nephrotoxicity and immunosuppressive 

effects in animals and humans (Krogh, 1976; Rodricks et al., 1977; Gupta, 2019b). These toxins 

cause oxidative stress and inhibit protein synthesis and deplete humoral factors, especially 

immunoglobulins, and decrease natural killer cell activity. The suggested action mechanism of 

the genotoxicity of OTA is by induction of oxidative DNA lesions coupled with direct DNA 

adducts via quinone formation (Gupta, 2019b). Additionally, OTA induces apoptosis by 

increasing Nicotinamide Adenine Dinucleotide Phosphate (NADPH) and the P450 enzyme, 
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which activates the caspase signalling pathway. Additionally, this toxin also induces apoptosis 

via oxidative stress by increasing the intracellular levels of reactive oxygen species by 

disrupting the mitochondria and endoplasmic reticulum, causing calcium release with 

subsequent inhibition of the cell cycle, mRNA splicing, DNA replication, lipid and nucleotide 

metabolism (Tao et al., 2018). 

Ruminants are more resistant to ochratoxin than monogastric ones because rumen microbiota 

can inactivate as much as 60% of the dietary OTA to the less toxic compounds ochratoxin α 

and phenylalanine (Hult et al., 1976). Protozoa were considered the main microorganisms 

implicated in the ruminal degradation of OTA (Kiessling et al., 1984). The elimination half-life 

in ruminants is short, about 17 hours, contrasted with 100 hours in swine. As with other 

mycotoxins, the adverse effects of OTA and other OTs are more likely to occur in chronic low-

level intoxication. The total amount necessary to generate acute toxicity in ruminants makes 

such occurrences improbable. For instance, adult cattle (Holstein) given a single oral dose of 

OTA at 13 mg/kg BW developed anorexia, reduced milk production, diarrhoea, and 

incoordination, with eventual recovery. The lethal level produced by repeated feeding to goats 

was 3 mg/kg BW. Ochratoxin A occurred in cow’s milk and urine but only under the ingestion 

of massive doses. Abortion or foetal death, though occurring in rodents, is not likely to be 

caused in cows (Ribelin et al., 1978). 

However, the panorama changes if the ochratoxins co-occur with other mycotoxins like citrinin, 

which are similarly nephrotoxic. Penicillium moulds produce citrinin under similar conditions 

to ochratoxins (Mostrom and Jacobsen, 2020), and both nephrotoxins have synergistic effects 

(Braunberg et al., 1994; Schulz et al., 2018). For instance, in three herds at the Iowa State 

University, 63 of 1190 animals died of uraemia, anorexia, depression, profuse diarrhoea, 

dehydration and hypothermia because of being fed diets based on maize silage, oats, sunflower 

hulls, or dry hay. Some of these ingredients were notably mouldy and contaminated with 

ochratoxin (up to 6 mg/kg) and citrinin (up to 4 mg/kg). The lesions were limited to occasional 

pneumonia and perirenal oedema at the macroscopic level. However, microscopic inspection 

showed nephrosis with hyaline casts, tubular dilatation, kidney fibrosis and fatty changes in the 

liver (Lloyd and Stahr, 1980). IARC has classified OTA as a possible human carcinogen (group 

2B) (IARC, 1993). Concerns for ochratoxins in ruminants involve chronic exposure (Mostrom 
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and Jacobsen, 2020), and the likelihood of residues in edible tissues or milk of ruminants is low 

to negligible (Fink-Gremmels, 2008a; Fink-Gremmels and van der Merwe, 2019). Multiple 

source exposure assessment indicates that the overall contribution of animal products to human 

exposure does generally not exceed 3 – 10 % (EFSA, 2004). The European Commission has 

established guidance levels for OCA of 250 µg/kg relative to feeding stuffs with a moisture 

content of 12 % (EC, 2006) (Tab. 2). 

1.2.6. Zearalenone 

Previously known as F-2 or RAL/F-2 mycotoxin, ZEN poses a potent nonsteroidal estrogenic 

activity and is described chemically as 6-(10-hydroxy-6-oxo-trans-1-undecenyl)-b-resorcyclic 

acid lactone (Mostrom, 2016; Gupta, 2019b). Its production is favoured by conditions of high 

humidity and low temperatures (CAST, 2003). This mycoestrogen and related molecules (such 

as α-zearalenol (α-ZEL), β-zearalenol (β-ZEL), zearalanone and the conjugates: ZEN-14-O-β-

glucosides, ZEN-16-O-β-glucosides and ZEN-14-sulfate) are produced mainly by Fusarium 

spp. such as F. culmorum, verticillioides (moniliforme), sporotrichioides, cerealis, semitectum, 

equiseti, oxysporum, F. incarnatum, F. crookwellense (Fink-Gremmels and van der Merwe, 

2019; Ropejko and Twarużek, 2021). The potency of ZEN is between two and four times less 

than 17β-estradiol. It is metabolized in the rumen to the also estrogenic α-zearalenol and β-

zearalenol, which have respective potency factors of 60 and 0.2 compared to the parent 

compound (EFSA, 2017). Firstly was discovered that ZEN and its related metabolites can 

passively cross the cell membrane and bind directly with the cytoplasmic receptor for 17β-

estradiol (E2), activating the estrogen pathways (Katzenellenbogen et al., 1979). More recently, 

it has been elucidated that ZEN and its derivates can exert disruptive endocrine effects via a 

membrane and nuclear E2 receptors (He et al., 2018), impacting the synthesis and secretion of 

sex hormones, including testosterone, oestrogens and progesterone (Zheng et al., 2019). The 

primary effect of ZEN is a reduction of reproductive efficiency, including decreasing 

embryonic survival rate, oedema, and hypertrophy of the genitalia in pre-pubertal females, 

decreasing the levels of LH and progesterone with subsequent morphological alteration of 

uterus and feminisation of males (Zheng et al., 2019). The most accentuated clinical signs in 

ruminants are vulvovaginitis, vaginal secretions, abortions, infertility, and mammary 
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hyperplasia in young heifers (Bloomquist et al., 1982; Roine et al., 1971; Jouany and Diaz, 

2005).  

Dairy cows exposed to varying concentrations of ZEN, ranging from 5 to 75 mg /kg feed, 

developed a drop in milk production, feed intake, and swelling of the vulva (Ványi et al., 1974) 

cited by (Gupta et al., 2018b). In an experimental study, 18 cycling heifers were dosed once 

daily without and with 250 mg of ZEN (purity of 99%) during one nonbreeding oestrous cycle 

and the next two consecutive oestrous cycles. The control group and treated heifers had 

respective conception rates of 87% and 62% (Weaver et al., 1986b).  Another in vivo 

experiment carried out in dairy cattle with maximum daily doses of 500 mg per animal of 99% 

purified ZEN during two consecutive oestrous cycles evidenced no changes in serum 

progesterone concentration, erythrocyte and leukocyte blood counts, packed cell volume, 

oestrous cycle length, clinical health, or sexual behaviour (Weaver et al., 1986a). Recently, it 

was reported in an Austrian study that cows fed a basal diet with 40% grain (DM basis) and 

exposed to 5 mg of ZEN daily for two days presented a reduction of Lachnospiraceae and 

Prevotellaceae rumen populations, reduced ruminal pH and total short-chain fatty acid 

concentration, despite increased rumination activity. Additionally, ZEN also increased the body 

temperature up to a mild fever (Hartinger et al., 2022). Oral daily doses of 50-165 mg of ZEN 

for 21-days gave no presence of the mycoestrogen or related metabolites in either milk or 

plasma (detection limits: milk, 0.5 ng/ml, ZEN, α‐ZEL; 1.5 ng/ml, β‐ZEL; plasma, 

concentrations 2–3 times superior). The researchers concluded that milk would not usually 

represent a human health hazard because of feeding ZEN-contaminated diets to lactating dairy 

cows (Prelusky et al., 1990). However, ZEN is usually co-occurring with other mycoestrogens 

(i.e., Alternaria-derived toxins), mycotoxins (like DON and ergot alkaloids) and xenoestrogens 

(such as phytoestrogens), which undoubtedly have toxicological interactions of synergism, 

addition, and potentiation (Mostrom and Jacobsen, 2020; Reed and Moore, 2009; Vejdovszky 

et al., 2017a; Vejdovszky et al., 2017b). EFSA concluded that the contribution of ZEN residues 

in animal products is irrelevant to the total ZEN exposure of the consumers, which is higher in 

foodstuffs of plant origin (EFSA, 2017a). The guidance value of the European Commission for 

ZEN in feeds for dairy cows is 500 µg/kg at 88% of DM (Tab.2) (EC, 2006). 
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1.3. Minor classes of mycotoxins 

Many other mycotoxins may affect ruminants, but they are less known, having lower 

occurrence and less potency (Whitlow and Hagler, 2005). Research on their (co-)occurrence in 

foods/feeds and their possible implications on animal health is still required (Battilani et al., 

2020). Some of the mycotoxins included in this category have been a focus of interest by the 

scientific community. They have been denominated “emerging mycotoxins” and are described 

as non-contemplated in the legislation, and non-regularly examined, but occur commonly in 

agricultural commodities (Vaclavikova et al., 2013). Some of the mycotoxins considered 

emerging are produced mainly through species belonging to the genera Fusarium (enniatins 

(ENNs), beauvericin (BEA), moniliformin, fusaproliferin, fusaric acid and culmorin), 

Alternaria (alternariol, alternariol monomethyl ether and tenuazonic acid), Aspergillus 

(sterigmatocystin, emodin and cyclopiazonic) and Penicillium (mycophenolic acid) (Fraeyman 

et al., 2017; Gruber-Dorninger et al., 2017; Santini et al., 2012). Other mycotoxins which have 

risen interest are roquefortines (mainly the type C), gliotoxin, citrinin, patulin, among others. 

The reported general information (related to main producers, toxic effects, and probable action 

mechanisms) of the minor classes of mycotoxins are compilated in Tab. 3. Risks associated 

with some of these mycotoxins have been recognized but are not commonly tested for in animal 

feeds, and others are recently detected (Khoshal et al., 2019; Panasiuk et al., 2019; Mostrom 

and Jacobsen, 2020;). Knowledge of the occurrence in animal feed and acute and chronic 

toxicity of these compounds in animals, particularly ruminants, has been developed in the last 

years but is still very limited (Whitlow and Hagler, 2005; Mostrom and Jacobsen, 2020). 
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Tab 3. Minor mycotoxins: Main producers, general toxicological properties, and possibly 
implicated mechanisms of action. 

Mycotoxin Main producers Toxic effects Proposed action mechanisms References 

Alternariol 
Alternariol-
Methyl-Ether - Alternaria spp. 

- Estrogenic 
- Genotoxic 

-Induction of ROS production (Oxidative 
DNA damage) 
-Topoisomerase inhibitor 
(Disruption of DNA replication) 

Tiessen et al., 2013; 
Dellafiora et al., 2018; 
Martins et al., 2020;  

Averufin - Aspergillus spp. - Mutagenic? 
- Interaction with ubiquinol-cytochrome c 
reductase complex  
- Inhibition of ATP synthesis  

Fitzell et al., 1975; Wong et 
al., 1977; Kawai et al., 1984; 
Kawai et al., 1988; Wunch 
et al., 1992 

Beauvericin 
- Fusarium spp. 
- Beauveria bassiana 

- Antibacterial 
- Cytotoxic 

- Disrupting membrane potential 
(Ionophore) 
- Induction of apoptosis (via caspases) 

Kouri et al., 2005; Santini et 
al., 2012; Wang and Xu, 
2012; Mallebrera et al., 
2018;Das et al., 2021 

Citrinin - Penicillium spp. 
- Aspergillus spp. 
- Monascus spp. 

- Nephrotoxic 
- Hepatotoxic 
- Embryotoxic 
- Teratogenic - ROS-mediated DNA damage 

Yuliana et al., 2019; 
Bovdisova et al., 2021 

Cyclopiazonic acid - Aspergillus spp. 
- Penicillium spp. 

- Hepatotoxic 
- Nephrotoxic 
- Cardiotoxic 

- Specific inhibitor of Sarco(endo)plasmic 
reticulum Ca2+-ATPase. 

Holzapfel, 1968; Luk et al., 
1977; Pitt et al., 1986; 
Chang et al., 2009 

Enniatins - Fusarium spp. - Antibiotic 
- Cytotoxic 

- Disrupting membrane potential 
(Ionophore) 
- Induction of apoptosis (via caspases) 

Hyun et al., 2009; Kamyar 
et al., 2004; Santini et al., 
2012; Sy-Cordero et al., 
2012; EFSA, 2014;  

Fumigaclavines - Aspergillus spp. 
- Antibacterial 
- Neurotoxic 
- Immunosuppression 

- NLRP3-caspase-1-IL-1β cascade in 
macrophages. Cole et al., 1977; Pinheiro et 

al., 2013; Xu et al., 2020 

Fusaproliferin - Fusarium spp. - Teratogenic Unknown Ritieni et al., 1997; Jestoi, 
2008; Santini et al., 2012 

Fusaric acid 

- Fusarium spp. 
- Cardiotoxic 
- Immunosuppression 

- Increase levels of serotonin, 5-hydroxy 
indole acetic acid, tyrosine, and dopamine  
- Decline norepinephrine  
- Depletion of neuronal ATP levels 

 Wang and Ng, 1999; Dhani 
et al., 2020 

Gliotoxin - Aspergillus spp. - Antimicrobial 
- Immunosuppression 

- Selective binding to cytoplasmic 
membrane thiol groups 

 Pahl et al., 1996; Scharf et 
al., 2012; König et al., 2019; 
Esteban et al., 2021 

Moniliformin 
- Fusarium spp. - Cardiotoxic 

- Inactivation of pyruvate dehydrogenase 
and α-ketoglutarate dehydrogenase 
- Inhibition of Krebs 

Cole et al., 1973; Thiel, 
1978; Zhang and Li, 1988; 
Hallas-Møller et al., 2016 

Lolitrem B - Epichloë spp. 
- Neotyphodium spp.- - Neurotoxic 

- Unknown 
- ABAA inhibition 
- Cholinergic activation? 
-BK channel inhibition? 

Gallagher et al., 1981;  
Finch et al., 2018; Combs et 
al., 2019 

Mycophenolic acid - Penicillium spp. - Antimicrobial  
- Immunosuppression 

- Inhibition of the enzyme inosine 
monophosphate dehydrogenase  
- Highly expressed in proliferating cells 
such as T- and B-lymphocytes Allison et al., 1993 

Patulin 
- Penicillium spp. 
- Aspergillus spp. 
- Byssochlamys spp. 

- Antibacterial 
- Neurotoxic? 

- Disruption of cell membrane 
- Inhibition of protein synthesis 
- Inhibition of Na+-coupled amino acid 
transport 
- Inhibition of DNA synthesis 
- Inhibition of interferon γ producing T-
helper type 1 cells 

Hatey and Gaye, 1978; Lee 
and Röschenthaler, 1987; 
Miura et al., 1993; Arafat 
and Musa, 1995; Mahfoud 
et al., 2002; Tapia et al., 
2005; Pal et al., 2017 

Roquefortines - Penicillium spp. - Antimicrobial 
- Neurotoxic - Unknown 

Kopp-Holtwiesche and 
Rehm, 1990; Ali et al., 
2013; Malekinejad et al., 
2015 

Sterigmatocystin 

- Aspergillus spp. 
- Emericella spp. 
- Chaetomium spp. 
- Penicillium inflatum 

- Hepatotoxin  
- Nephrotoxic 
- Carcinogen 

- Increase ROS production 
- Induction apoptosis (Via caspase 3) 
- Damage to DNA and impairment of cell 
cycle progression 
- Alteration of cellular signalling 
pathways 

Rank et al., 2011; 
Kobayashi et al., 2018; 
Zingales et al., 2020 

Tenuazoic acid - Alternaria spp. 
- Antibacterial 
- Carcinogenic? 

- Inhibition of protein synthesis at the 
ribosomal level 

Meronuck et al., 1972; 
Kumari and Tirkey, 2019  
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1.4. Modified and matrix-associated mycotoxins 

Additional to the co-occurrence of emerging mycotoxins and the more studied parent (“free” 

or “unmodified”) compounds, the presence of modified and matrix-associated forms of 

mycotoxins should be considered to clarify the total exposure and associated health risks (Freire 

and Sant’Ana, 2018; Suman, 2020; Zhang et al., 2020). Previously, several different terms such 

as “bound”,” hidden” and “masked” were used to define mycotoxins with alterations in their 

chemical structure (Humpf et al., 2019). However, Rychlik et al., 2014 proposed a systematic 

definition of modified mycotoxins (Figure 3), used to describe fungal toxic compounds with 

any modification of the basic chemical structure of the parent fungal toxin. Such changes can 

be biological during phase-1 (functionalization) and phase-2 of metabolism (conjugation). 

Animals, microorganisms, and plants can conjugate mycotoxins. The term masked mycotoxin 

is referred only to the fungal toxins conjugated by plants. In addition, mycotoxins can also be 

modified chemically and can be classified as thermally and non-thermally formed. Besides the 

free and modified mycotoxins, another category proposed by Rychlik et al., 2014: is matrix-

associated mycotoxins. It described the mycotoxins that form either complexes or are physically 

dissolved/trapped in matrix compounds and are covalently bound to matrix components or a 

combination of both effects. In difference to the parent compounds (e.g., DON, OTA, ZEN, 

FUMs), the data on the toxicokinetic and toxicodynamic of modified mycotoxins are still 

scarce, limiting the accuracy of the final assessment of in vivo toxicity for modified mycotoxins. 

Thus, research on their occurrence and toxicity should be addressed (Freire and Sant’Ana, 2018; 

Humpf et al., 2019; Lu et al., 2020). 
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Figure 3. Systematic definition of modified mycotoxins (Schema taken from (Humpf et al., 
2019) according to (Rychlik et al., 2014). 

1.5. Mycotoxin mixtures and their toxicological interactions 

Although most studies have focused on the occurrence and toxicology of single mycotoxins, 

feeds and foods are usually contaminated by numerous toxins. The combined effect of several 

co-occurring toxins can induce interactions like additivity, synergism, potentiation and 

antagonism, varying by mycotoxin type or/and concentration (Smith et al., 2016). Such 

biological effects of toxin mixtures on animal and human health have been growing notably in 

recent years, but related knowledge is still scarce ( Gil-Serna, 2014; Smith et al., 2016; Weaver 

et al., 2020; Battilani et al., 2020). More data on mycotoxin mixtures in foods and feeds can 

help to prioritize research efforts (Gruber-Dorninger et al., 2019), making studies on the effects 

of mycotoxins mixtures a necessity but at the same time representing a challenge for scientists 

(Battilani et al., 2020). The research and monitoring of mycotoxin co-occurrence in feed and 

food would make accessible the characterization of the most prevalent mycotoxin mixtures.  
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The study on the occurrence and effects of single mycotoxins likely provides incomplete and 

biased information about the associated risks (Ogunade et al., 2018). For example, one 

extendedly reported synergic interaction occurs between OTA and citrinin, which increases the 

nephrotoxic activity (Braunberg et al., 1994; Das et al., 2014). Other frequently occurring 

combinations compilated by (Speijers and Speijers, 2004) are OTA/ZEN, OTA/AFB1, 

patulin/citrinin, FUM B1/Moniliformin, AFB1/FUM B1/ZEN/DON/NIV as well as diverse 

mixtures of different TCTs. Additionally, several studies suggest that naturally contaminated 

diets are more toxic than expected from the concentrations of tested mycotoxins, indicating the 

presence of unidentified toxins (Jouany and Diaz, 2005). For instance, it has been demonstrated 

that impure AF produced by culture reduced milk production, but equal amounts of pure AF 

did not (Applebaum et al., 1982). Recently, it has been proved that low doses of mycotoxins 

mixtures (below European regulatory limits) can negatively affect the performance of broiler 

chickens (Kolawole et al., 2020). Similar studies in other zootechnical species, including dairy 

cattle still missing. Under natural conditions, numerous mycotoxins habitually co-occur, 

making it crucial to evaluate the toxic effects of different combinations of mycotoxins. Based 

on the findings of various studies, such mycotoxin mixtures often exhibit different levels of 

(cyto)toxicity compared to the individual toxins, with a more substantial toxic effect in vivo and 

in vitro (Ficheux et al., 2012; Lu et al., 2013; Alassane-Kpembi et al., 2013; Alassane-Kpembi 

et al., 2015; Cheat et al., 2016; Demaegdt et al., 2016; Alassane-Kpembi et al., 2017; 

Skrzydlewski et al., 2022). 

1.6. Relevance of proper sampling procedures 

The distribution of mycotoxins in batches of agricultural commodities is a vital factor to be 

considered for establishing sampling criteria (Krska et al., 2008). Unlike nutritional compounds 

(proteins, lipids, carbohydrates, minerals and vitamins), the mycotoxin contaminated units 

derived from fungal growth and development are “spot processes” with highly inhomogeneous 

distribution, forming mycotoxin clusters throughout the feed lots (Richard, 2000; Miraglia et 

al., 2005; Maestroni and Cannavan, 2011). The mycotoxigenesis is influenced by several 

factors, for example, the implicated mould species, type/variety of crop, agronomic practices, 

weather conditions during growth and harvest, storage and processing conditions (Whitaker et 

al., 2005). Fusarium species are mainly associated with producing FUMs, ZEN and TCTs 
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during plant growth in wet and cold conditions. The distribution of Fusarium toxins is 

considered more homogeneous than storage-produced ones, like AFs and OTA, produced 

mainly by Aspergillus and Penicillium, respectively. These distribution phenomena between 

the field- and storage produced-mycotoxins could be attributable to mixing, manipulation 

processes at harvest, transport and storage, which explains the less heterogeneous spread of 

DON than OTA in truckloads of wheat (Maestroni and Cannavan, 2011).  A “representative 

sampling” for AFs is assumed to be more complex than sampling for other known mycotoxins 

(Miraglia et al., 2005). This explains why several articles have been published on sampling 

schemes for AFs (Whitaker and Wiser, 1969; Whitaker et al., 1974; Whitaker et al., 1976; 

Schuller et al., 1976; Whitaker et al., 1979; Knutti et al., 1982; Whitaker et al., 1994; Whitaker 

et al., 1995; Whitaker et al., 2007; Brera et al., 2010; Bellio et al., 2016; Ozer et al., 2017a; 

Ozer et al., 2017b) and some for OTA (Biselli et al., 2008; Tittlemier et al., 2011). Thus, 

sampling procedures recommended for aflatoxins should be appropriate for other mycotoxins 

(Miraglia et al., 2005; Dickens and Whitaker, 1982). 

Although sampling variability is unavoidable, a proper sampling plan should be implemented 

to overcome the problem caused by the heterogeneous distribution of mycotoxins. A total 

sample collected (denominated usually as aggregate or composite sample) is formed by the 

accumulation of many small portions, called incremental samples, which should be taken 

randomly (Dickens and Whitaker 1982; Maestroni and Cannavan, 2011). Collecting too small 

(inadequate mass) or few incremental samples are frequent errors that should be avoided not to 

compromise the sample representativeness (Maestroni and Cannavan, 2011). Since the high 

variability associated with each step of the mycotoxin testing procedure, a total and exact 

mycotoxin concentration of a bulk lot cannot be determined with 100% certainty (Whitaker, 

2003). Sampling variation is often considered the most significant error in determining 

concentrations of mycotoxins in feed/food commodities (Whitaker, 2003). About 90 per cent 

of the error associated with mycotoxin assays can be attributed to how the original sample was 

collected (Carlson and Ensley, 2003). The worldwide safety evaluation of mycotoxins requires 

sampling plans that give acceptably accurate values for the level of contamination in specific 

batches of lots of a commodity. Although sampling variability is unavoidable, the precision of 

the sampling plan must be clearly defined and be considered acceptable by those responsible 

for interpreting and reporting the surveillance data. When sampling is undertaken, it is essential 
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that the following are clearly defined: the aim of the sampling exercise, the nature of the 

population being sampled, the sampling method, the efficiency of the sampling method and the 

sample preparation method (IACR, 2012). 

1.7. Multi-mycotoxins analyses: An urgent necessity 

Given the broad spectrum of fungal toxins (>400) described and the widely demonstrated co-

occurrence of diverse mycotoxins, multi-metabolite analyses have been developed as powerful 

tools to take a more accurate picture of the realistic mixtures of these contaminants in the feed 

and food chain (see Figure 4) (Battilani et al., 2020; Steiner et al., 2020; Sulyok et al., 2020; 

Steiner et al., 2021;). Liquid chromatography coupled to tandem mass spectrometry (LC-

MS/MS) is an instrumental reference technique utilized to quantitatively determine small 

molecules in foods, feeds, and other biological samples (Seger, 2012; Steiner et al., 2020). The 

method detects specific compounds directly based on their molecular characteristics as 

molecular mass and molecular disintegration patterns in mass spectrometric method (Kang et 

al., 2012). Mass spectrometry is a microanalytical technique, which can be employed 

selectively to detect and quantify the concentration of a given analyte. Due to its high sensibility 

and potent quantitative capacity, it has been called as “the smallest scale in the word”, not 

because of the size of the mass spectrometer but then because of the size of what it can weigh 

(molecules) (Siuzdak, 2004; Watson and Sparkman, 2007; Kang et al., 2012). According to 

Kang et al. (2012), the mass spectrometry apparatus generates a beam of gaseous ions from a 

sample, separates the subsequent mixture of ions corresponding to their mass-to-charge ratios, 

and produces signals which are a measure of relative abundance of each ionic species present. 

Mass spectrometry techniques are classified based on how the mass separation is achieved. 

Still, they all can be described as ion optical devices, which separate ions according to their 

mass-to-charge (m/z) ratios by employing electric and/or magnetic force fields (Kang et al., 

2012). This method has high selectivity, sensitivity, robustness, and its multi-analyte capability 

facilitates the simultaneous determination of many analytes (Sulyok et al., 2020). These cutting-

edge approaches not only screen mycotoxins but have also been adapted and improved to 

quantify other contaminant classes of pesticides, veterinary drugs, mycotoxins, other secondary 

metabolites, etc., with minimal or even without any clean-up (Sulyok et al., 2020). Such multi-
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mycotoxin analysis techniques have been highly required to achieve a holistic risk assessment 

(Battilani et al., 2020). 

 
Figure 4 Mycotoxin research's “iceberg” status mainly focused on regulated metabolites. Less-
known mycotoxins/metabolites are usually neglected and underestimated. 

Regarding LC-MS/MS-based methods, the method employed during the investigations in the 

frame of this dissertation was developed at the Institute of Bioanalytics and Agro-

Metabolomics, University of Natural Resources and Life Sciences, Vienna, Austria (BOKU). 

It can test animal feed samples for >700 fungal metabolites (including regulated mycotoxins, 

their modified forms, emerging mycotoxins and other less known secondary metabolites), 

several phytoestrogens, >300 pesticides and >150 veterinary drugs in one go (Krska et al., 

2017). A broad spectrum of agro-contaminants and compounds makes this patented method a 

worldwide reference for commercial multianalyte screening for animal feeds. This method was 

employed during the development of the research project in this thesis, allowing us to generate 

new data on the exposome of Austrian dairy cows. This doctoral thesis focuses mainly on 

mycotoxins and other fungal secondary metabolites in some feeds and complete diets of 

Austrian dairy cattle and reported in some of the presented publications. Additionally, it was 

also aim to screen for other important contaminants and substances that can affect animal health 

and food safety like phytoestrogens, pesticides and veterinary drug residues.  
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2. AIMS AND HYPOTHESIS OF THE STUDY 

During the last decade, several studies based on multi-mycotoxin analyses in diverse feeds and 

foods have been conducted, showing that a ubiquitous presence of multiple mycotoxins is a 

realistic scenario. However, to our best knowledge, multi-mycotoxin studies in Austria 

previously reported in dairy cattle feeds were extremely scarce. Thus, we hypothesized that 

feeds and complete diets of Austrian dairy cows are contaminated with a broad range of 

mycotoxins and fungal secondary metabolites, which could potentially affect the health, 

productivity, and reproductive performance, and potentially could be a threat of the food safety. 

We further hypothesized that several risk factors could contribute to the level of contamination 

such as geographical location, farm production system, weather conditions, and the feed used 

in the dairy cattle diets.  

Based on the stated hypothesis, the primary research goals were: 

1) To determine the co-occurrence and contamination levels of a broad spectrum of 

mycotoxin and fungal secondary metabolites in pastures of Austrian dairy farms, and to 

assess the risk factors associated with this contamination. 

2) To determine the co-occurrence and contamination levels of a broad spectrum of 
mycotoxin and fungal secondary metabolites in mouldy spots of grass and maize silage 
of Austrian dairy farms. 

3) To determine the co-occurrence and contamination levels of a broad spectrum of 
mycotoxin and fungal secondary metabolites in brewery’s spent grains (BSG) intended 
for feeding cattle in Austrian dairy farms. 

4) To determine the co-occurrence and contamination levels of a broad spectrum of 
mycotoxin and fungal secondary metabolites in complete dietary rations of Austrian 
dairy cows, as well as to assess the risk factors associated with this contamination. 

The research performed in the frame of this thesis was conducted at the Institute of Animal 

Nutrition and Functional Plant Compounds, University of Veterinary Medicine, Vienna, 

Austria, in close cooperation with the Institute of Bioanalytics and Agro-Metabolomics, 

University of Natural Resources and Life Sciences, Vienna, Austria (BOKU) and Biomin (part 

of DSM Animal Nutrition & Health). One hundred dairy farms in Styria, Lower and Upper 

Austria were included in the investigations carried out as pilot farms.   
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4. GENERAL DISCUSSION 

Mycotoxins are one of the most harmful types of contaminants in animal feeds. Their economic 

repercussion on livestock production involves the cost of eliminating contaminated feed and 

decreasing productivity (Magnoli et al., 2019). Most studies concerning mycotoxins and animal 

feeds have focused on monogastric animals and their primary dietary sources (cereal grains) 

(Figure 5). Additionally, due to technical limitations and limited knowledge, mycotoxin 

research was conventionally focused on the named “regulated mycotoxins” (e.g., AFB1, ZEN, 

DON, OTA and FUMs). With the recent technical developments in multi-metabolite analysis 

and rising data on other mycotoxins and fungal metabolites, the spectrum of fungal 

contaminants and the interest in their co-occurrences and toxicological impacts has been 

increasing (Battilani et al., 2020). So far, studies targeting feeds of dairy cows with wide-

spectrum multi-mycotoxin analysis in Austria and Europe have been minimal. Since dairy 

production is a key sector of the Austrian economy, this thesis is focused on screening >700 

fungal mycotoxins and metabolites as a first step for the obtention of data, contributing to future 

risk assessment and prevention strategies, searching for the optimization and safety of dairy 

production. A positive aspect evidenced by these investigations is that the most toxic and 

strongly regulated carcinogenic toxin AFB1 was not detected in feeds of Austrian dairy cows 

in the evaluated farms during 2019 and 2020. However, the cocktails of mycotoxins and other 

substances detected in feeds and diets of dairy cattle show the necessity to assess the effects of 

such mixtures on animal health, production and reproduction. 

 
Figure 5 Number of publications found in all the databases of Web of Science™ by searching 
the topics “Mycotoxin AND Forage” as well as “Mycotoxin AND cereals” (Search performed 
in July 2021, based on Gallo et al., 2015). 
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4.1. Ubiquitous co-occurrences of mycotoxins in diets of dairy cows: the 

realistic scenario 

The omnipresence of co-occurring mycotoxins was evidenced in the analysed feedstuffs (for 

instance: pastures, mouldy silages and BSG) (Penagos-Tabares, 2021, Penagos-Tabares et al., 

2022a; Penagos-Tabares et al., 2022c;) and consequently in the complete dietary rations of 

Austrian dairy cows (Penagos-Tabares et al., 2022b). These findings corroborate again the 

statement of Schatzmayr and Streit (2013): “Mycotoxins are ubiquitously present in agricultural 

commodities”. The data generated in the here presented publications allow an amplified 

diagnosis of exposome profiles of Austrian dairy cattle, thanks to the exceptional multi-

mycotoxin analysis employed (Spectrum 380 ®). Some decades ago, the technical capacities 

were much more limited. For example, before 1985, the Food and Agriculture Organization 

(FAO) estimated global food crop contamination with mycotoxins to be 25%, which was a sub-

estimation, as stated, given the technical capacities of that time (Eskola et al., 2020). The 

ubiquitous presence of toxic fungal metabolites in the diets of dairy cattle shows the necessity 

for more research to determine the impacts of such mycotoxin mixtures and the relevance of a 

constant risk assessment in dairy herds, and the consideration of these contaminants in the herd 

management as well as in the veterinary practice. 

Pastures and conserved forages (like hay, straw, and silage) are essential for livestock systems, 

including dairy farming. The scientific publications generated during this doctoral study also 

revealed that forages (like pastures and silages) could be relevant contributors to the total 

dietary burden of complex mycotoxin mixtures (Penagos-Tabares et al., 2021a, 2022b; 2022c). 

The occurrence of forages contaminated with toxic fungal metabolites and their consequences 

have been vastly underestimated and remains poorly studied (Smith et al., 1994; Fink-

Gremmels, 2005; Storm et al., 2008; Jouany et al., 2009; Nichea et al., 2015; Gallo et al., 

2015b). Research of mycotoxins focused on fibrous feeds has usually been underestimated 

compared with cereal grains. However, in recent years, the investigation in this field has been 

increasing (Figure 5). The traditional focus on monogastric mycotoxicology and their primary 

dietary sources (cereal grains) is probably due to the concept that ruminants are less susceptible 

to the negative effects of fungal toxins (Fink-Gremmels, 2005). 
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4.2. Fusarium-derived mycotoxins and metabolites: Dominant fungal contaminants in feeds 

and diets of Austrian dairy cattle 

Except for the mouldy silage spots (contaminated mainly by Penicillium spp. and related 

mycotoxins/metabolites), the analysed feedstuffs (pastures and BSG) and the complete diets of 

Austrian dairy cows showed that the accumulated Fusarium-derived mycotoxins/metabolites 

were the most relevant in terms of frequency as well as contamination levels. Such fact 

corroborates the status of Fusarium genera as one of the most widespread fungi in agriculture 

commodities and the principal contributor to mycotoxin contamination in animal feeds 

(D’mello et al., 1999; Nesic et al., 2014; Santos Pereira et al., 2019). The high co-occurrences 

(>70%) of fusarial regulated mycotoxins (like DON, ZEN and FUM B1) and emerging ones 

like ENN B; ENN B1, BEA, culmorin and aurofusarin indicate that the research emphasis, risk 

assessment and prevention should be focused on these recurrent toxic metabolites and their 

mixtures. These toxins were neglected in cattle for several years compared to other zootechnical 

species. Still, now it is well known that the idea that fusarial mycotoxins are only detrimental 

to monogastric animals is obsolete and antiquated (Gallo et al., 2022). 

4.3. Geo-climatic factors influencing the pre-harvest contamination in Austrian dairy farms 

Fungal colonization and growth, as well as the diversity and production of (toxic) secondary 

metabolites, are determined by the fungal strains as well as by environmental factors such as 

the temperature, water activity, relative humidity, pH, crop (substrate), agricultural practices 

and presence of other microorganisms (CAST, 2003; Jouany et al., 2009; Milani, 2013; Daou 

et al., 2021). These parameters also influence plant growth, strength, and health (CAST, 2003). 

If well several factors can influence the mycotoxin contamination of plants, the temperature is 

a primary factor influencing fungi growth and toxin production. The role of the environmental 

temperature during the growing seasons of pastures and maize silage was corroborated in two 

of the presented articles (#1 and #3) (Penagos-Tabares, 2021a, 2022b). Suppose well toxigenic 

fungi typically grow under optimal temperatures varying from 10 to 30 °C in substrates with 

pH from 4 to 8 and aw above 0.70. In that case, each fungal species has optimal growth 

conditions and toxin production (Jouany et al., 2009; Battilani et al., 2020). Thus, differences 

in fungal activity and toxigenic potential among geographical regions are apparent (Daou et al., 

2021). For instance, some of the most minor water-demanding fungi as Aspergillus and derived 
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mycotoxins, such as AFs, occur mainly in countries with hot and relatively dry climates (tropics 

and subtropics). As previously mentioned, these carcinogenic compounds were not detected in 

the feeds and dietary rations of Austrian dairy cows collected during 2019 and 2020 ( Penagos-

Tabares, 2021a, 2022a; 2022b; 2022c). Although European reports of AFB1 are unusual, 

recently, it has been reported that 61% of TMR from Lithuanian dairy farms tested positive for 

this carcinogen, with an average of 2.42 μg/kg, ranging from 1.03 μg/kg -5.00 μg/kg 

(Vaičiulienė et al., 2021). The incidence of AFB1 has also been reported in TMRs from Spain 

(90% of the samples were positive) (Hernandez-Martinez and Navarro-Blasco, 2015), and 8.1% 

of Italy's TMR samples were contaminated (Decastelli et al. 2007). The findings related to the 

effect of the environmental temperature on mycotoxin levels reaffirm the idea that climate 

change plays a role in the increment of mycotoxin contamination (Dragan et al., 2019; Miraglia 

et al., 2009; Magan et al., 2011; Medina et al., 2015a; Medina et al., 2015b; Battilani et al., 

2016; Medina et al., 2017; Van der Fels-Klerx et al., 2019; Perrone et al., 2020). 

4.4. Silage-spoiling fungal organisms: Potential risk for animal and human health 

Regarding the study entitled “Fungal species and mycotoxins in mouldy spots of grass and 

maize silages in Austria” (Penagos-Tabares et al., 2022a), this study did not employ the cutting-

edge molecular techniques for fungal identification and microbiome characterization of the 

called “mouldy hot spots”. However, the dominant fungal species colonizing Austrian grass 

and maize silages were identified via the conventional fungal culture technique. Penicillium 

roqueforti was the predominant fungal species in mouldy fragments of Austrian grass and maize 

silage, occurring in > 70% of the hot spots. The mycotoxin cocktails in such hot spots were also 

described (Penagos-Tabares et al., 2022a). Such mycotoxin cocktails can implicate 

toxicological risks for the fed animals and farmworkers. 

Among the wide range of toxins detected in mouldy spots of silage are included toxins with 

antibiotic activity like mycophenolic acid and roquefortine, which could affect the bacteria 

rumen populations and disturb the digestive process (Kopp-Holtwiesche and Rehm, 1990; 

Bentley, 2000; Gallo et al., 2015a). Such alterations on the rumen microbiota could affect the 

process, like the degradation of other (myco) toxins. Additionally, some Penicillium toxins' 

hepatotoxic activity can also affect this organ's detoxification activity (Noto et al., 1969; 

Bentley, 2000). Some Penicillium mycotoxins also have immunotoxic activity (Oh et al., 2012; 
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Oh et al., 2015a; Oh et al., 2015b). Neurotoxic effects have also been reported after ingesting 

mouldy silage (Niederberger et al., 2011). A “mouldy silage syndrome” was previously 

reported, described as a non-specific disorder, characterized by increasing oxidative stress 

parameters and cholesterol values, impairing the rumen and liver function and showing 

immunosuppressive effects (Santos and Fink-Gremmels, 2014). Animals affected by this 

syndrome presented increased oxidative stress and alterations in lipid metabolism. The “mouldy 

silage syndrome” was characterized by significantly decreased levels of glutathione peroxidase 

(GSH-Px) activity, glucose-6-phosphate-dehydrogenase (G6PD) concentrations and Trolox 

equivalent antioxidant capacity (TEAC) and increments in concentrations of free cholesterol in 

plasma, together with a decreased activity of phospholipid transfer protein (PLTP) and lecithin-

cholesterol acyltransferase (LCAT) (Santos and Fink-Gremmels, 2014). Given that the specific 

toxic metabolites (and their concentrations) implicated in such syndrome have not been 

described, more research on this topic still required. 

Regarding the risk for humans, the idea of acute intoxications (mycotoxicosis) in workers 

handling highly contaminated mouldy silage is rare but cannot be ignored and rejected. For 

example, there is a case report of a human patient who, shortly after exposure to mouldy silage, 

developed neurological symptomatology consisting of dementia and a remarkable tremor. This 

disorder resolved within one week. It was proposed, but not confirmed that this patient's illness 

resulted from exposure via inhalation to a tremorgenic mycotoxin (Gordon et al., 1993). The 

risks of mouldy spots are not only related to mycotoxicosis but also mycosis because among 

the detected species were found opportunist fungal pathogens (like Aspergillus fumigatus, 

Mucor circinelloides, Rhizomucor spp., Lichtheimia spp. and Pseudallescheria boydii) (Eucker 

et al., 2001; Alonso et al., 2013; de Hoog et al., 2020;). Another recognized clinical entity called 

Farmer’s lung disease, a form of hypersensitivity pneumonitis, is probably underdiagnosed and 

has high mortality rates. Its clinical presentation follows the inhalation of dust from mouldy 

feeds such as hay, silage or grain and is characterized by highly variable respiratory 

symptomatology (i.e., acute, sub-acute and chronic) (Cano-Jiménez et al., 2016; Malmberg et 

al., 1993; Rask-Andersen, 1989; Wuhrmann et al., 1965). Cases of pulmonary mycotoxicosis 

(also termed organic dust toxic syndrome or silo unloader's syndrome), an occupational disease 

of farmers who inhale enormous quantities of mycotoxins and other chemicals from 

contaminated silage, has been reported (Emanuel et al., 1975). The most essential preventive 
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measures consist of improving the storage conditions and utilising respiratory protective 

equipment in the presence of mouldy spots of feeds to avoid antigens inhalation (Cano-Jiménez 

et al., 2016). 

The growth of the toxigenic moulds during ensiling, storage and feed-out is an inevitable 

process. Still, inadequate silage management (primarily oxygen availability) accelerates and 

exacerbates spoilage considerably (Driehuis et al., 2018). The findings of these studies show 

the necessity to avoid as much as possible the formation and the ingestion of mouldy spots and 

the associated high mycotoxin burdens of silage through several strategies for good silo 

management throughout the entire ensiling process from filling to unloading. The prevention 

strategies include good practices in the field and at harvest, compaction, sealing and unloading, 

and silage additives improving aerobic stability, antagonistic bacteria (Lactobacillus) and 

yeasts (Wambacq et al., 2016). Remediation strategies could also include manual remotion and 

cleaning (usually costly due to high bulk or volume), absorbents, microbial degradation, 

detoxification by exogenous microorganisms, and natural or recombinant enzymes (Alonso et 

al., 2013; Wambacq et al., 2016; Ogunade et al., 2018). 

4.5. Maize silage and straw: Major contributors to the dietary mycotoxin contamination  

Two of the studies included in this thesis, specifically regarding the mycotoxicological 

screening of mouldy grass and maize silages (Penagos-Tabares et al., 2022a), as well as 

complete diets (Penagos-Tabares et al., 2022a), showed that maize silage could be a potentially 

risky feedstuff in the ration of Austrian dairy cows. This has also been suggested by multiple 

studies, like “Mycotoxin Occurrence in Maize Silage—A Neglected Risk for Bovine Gut 

Health?” by Reisinger et al. (2019), which demonstrated a broad spectrum of mycotoxin in 

silages from several European countries (Finland, U.K., Germany, Denmark, The Netherlands, 

Poland, Hungary, Italy, Turkey and Austria). Regarding the mouldy spots of silage, the maize 

silage presented significantly higher levels of Fusarium-derived mycotoxins/metabolites and 

ergot alkaloids (associated with field contamination) and Penicillium toxins/metabolites (more 

related to storage contamination). Thus, the total concentrations of fungal (toxic) metabolites 

were superior in mouldy maize silages. In the same line, maize silage samples presented a 

higher number of co-contamination (number of metabolites/samples) of mycotoxins, total 

Fusarium metabolites, unspecific metabolites, and total fungal metabolites (Penagos-Tabares 
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et al., 2022b). In relation with the complete diets, maize silage and straw were the main forage 

components that led to the increased concentrations of Fusarium mycotoxins (like DON, ZEN 

and BEA) and total Fusarium metabolites (Penagos-Tabares et al., 2022b), which matched with 

previous results in other European countries, like the Netherlands (Driehuis et al., 2008a; 

Driehuis et al., 2008b) and Spain (Rodríguez-Blanco et al., 2019). These trends could be 

explained based on the chemical composition of the substrates, which in maize silage case has 

a higher content of water-soluble carbohydrates, including starch typically found in grasses, 

legumes, and their mixtures. This can be speculated based on experimental evidence that 

showed that starch content increases the biosynthesis of some Fusarium mycotoxins (like TCTs 

and FUMs) (Oh et al., 2016). 

4.6. Co-occurrence of mycotoxins with other contaminants in diets of dairy cattle feeds and 

possible toxicological interactions 

The attached manuscripts evidenced the presence of mixtures of multiple natural but also 

synthetic toxic and endocrine disrupting compounds (EDCs) in individual feed ingredients (like 

BSG) (Felipe Penagos-Tabares, 2022c) and the complete diet of dairy cows (Penagos-Tabares 

et al., 2022b, 2022d). Specifically, the presence of cocktails of mycotoxins, phytoestrogens, 

pyrrolizidine alkaloids, cyanogenic glucoside and pesticides was higher than 90%, 

demonstrating that such combinations are integrated into the feed chain and indeed in the food 

supply (if we consider that BSG is a by-product derived of human edible products: beer and 

barley). Even though the individual concentrations were low and usually under legal limits 

(GVs and MRLs), the combinations of such toxic/EDCs make unpredictable adverse long-term 

effects possible. This idea makes sense if we consider the “cocktail effect” derived from 

complex exposomes and not only from concentrations of individual substances (Mantovani and 

Proietti, 2011; Mantovani, 2012, 2016; Shaw, 2014; Le Magueresse-Battistoni et al., 2018; 

Kelly et al., 2020; Jamnik et al., 2022). If well, such cocktails do not represent an acute, critical 

or prominent risk for farm animals and human consumers. The long-term combined effects of 

several co-occurring toxins and EDCs can be highly complex, with additive, synergistic, 

potentiation or antagonistic interactions varying by compound or/and concentration (Guo et al., 

2020). Toxicological interactions have been described among mycotoxins, phytoestrogens, and 

pesticides (Eze et al., 2019; Hessenberger et al., 2017; Vejdovszky et al., 2017a; 2017b). For 
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example, it is known that the interaction of diverse kinds of natural and synthetic xenobiotics, 

such as mycotoxins, plant metabolites, and chemical biocides, can also shape microbiota 

composition, which influences the health and metabolic status of the host (Lindell et al., 2022). 

The relevance of the co-occurrence (also denominated the real-world mixtures) of natural and 

synthetic chemicals has to be addressed by mixture toxicologists (Warne and Hawker, 1995; 

Groten et al., 2001; Mattsson, 2007). Multi-toxin and multi-metabolites analysis has been used 

during the last decade to bring more insights into this complex field. Nowadays, the advances 

in analytic methods allow for evaluating hundreds of natural and synthetic pollutants, achieving 

high performances (LOD, LOQ, and apparent recovery) (Steiner et al. 2020; Sulyok et al. 2020; 

Steiner et al. 2021). Research and interest in toxin/EDCs cocktails and their long-term 

biological effects on animal and human health have been growing notably in recent years 

(Mantovani and Proietti, 2011; Mantovani, 2012, 2016; Shaw, 2014; Marín et al., 2018; Le 

Magueresse-Battistoni et al., 2018; Kelly et al., 2020; Weaver et al., 2020; Jamnik et al., 2022;), 

but related knowledge is still overall scarce. Also, significant developments and advances in 

exposomic biomonitoring and combined risk analysis have been reported (Jamnik et al., 2022), 

being a research field with enormous perspectives in human and veterinary medicine. 
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5. CONCLUSIONS 

This doctoral thesis highlighted the omnipresence of a broad number of mycotoxins (most of 

them unregulated), other toxic substances and EDCs like phytoestrogens and pesticides in the 

feeds and diets of dairy cows in Austria. The most common regulated mycotoxins in the diets 

of Austrian dairy cattle were DON, ZEN and FUM B1. Although the detected mycotoxins levels 

were below the guidance values of the EU commission, previous studies have proven that even 

dietary contamination under the guidance values can negatively affect the performance, 

digestion, and immunity of dairy cattle. Maize silage and straw showed to be the most effective 

dietary ingredients in the total burden of mycotoxins and fungal metabolites. The increased 

environmental temperature during the growing phases of pastures and maize was evidenced as 

a pivotal trigger of mycotoxin contamination, which should be considered in the current context 

of climate change. 

Additionally, the potential “cocktail effect” of such mixtures of toxins and EDCs cannot be 

ignored and should be addressed. The fact that the effects of most of the mycotoxins and 

metabolites detected, associated impacts and risks are not well-known in animals reinforces the 

idea of approaching this subject with cutting-edge innovative methodologies. The data 

presented here evidenced the importance of surveillance and monitoring programs for a broad 

spectrum of metabolites in the dairy feed chain in Austria, Europe, and other global regions to 

understand their toxicological interactions, effects, and associated risks. Moreover, the 

outcomes of this doctoral dissertation increase the awareness of the significance of feed 

management reduction and prevention strategies for mycotoxin contamination in dairy 

production.  

  



180 
 
 

6. SUMMARY 

6.1. English summary 

Some decades ago, ruminants were widely assumed to be resistant to dietary mycotoxins; 

however, this conception is now obsolete and antiquated. Although over 400 metabolites have 

been reported as mycotoxins, most investigations have focused on regulated fungal toxins. 

Consequently, the negative implications of these metabolites have been neglected and 

underestimated by dairy farmers and veterinarians worldwide. In addition, the metabolic and 

dietary characteristics of high-yielding dairy cattle (e.g., high energy density diets and higher 

passage rate) seem to reduce the detoxifying capacity of the rumen, thereby increasing the risk 

of subclinical and clinical health disorders, impairing fertility, and affecting productivity. This 

doctoral thesis focused on the assessment of the contamination levels of a broad spectrum of 

(toxic) fungal secondary metabolites and other contaminants in dairy feeds (pastures, mouldy 

silages and BSG) and complete dietary rations in 100 farms in the three Austrian regions leading 

milk production: Styria, Lower- and Upper Austria.  

The analytic method LC–MS/MS provided profiles of (toxic) metabolites derived from the 

genera Fusarium, Alternaria, Aspergillus and Penicillium, as well as ergot alkaloids. The 

mycotoxin profiles of the analysed pastures, mouldy spots of maize and grass silage, BSG and 

complete rations of dairy cattle evidenced the ubiquitous presence of complex mixtures of toxic 

fungal metabolites, dominated by Fusarium-derived ones. The regulated mycotoxins DON, 

ZEN and FUM B1, occurred >70% in the diets. The predominant factors influencing the content 

of mycotoxins in the diets of Austrian dairy cows were the co of maize silage and straw, as well 

as the environmental temperature. Additionally, it was demonstrated that maize silage and 

straw, as well as the environmental temperature, influenced the contamination with Fusarium-

derived toxins and metabolites in total rations. Mouldy silage and BSG can also risk of 

exposition to Penicillium mycotoxins. Taken together, further studies are needed to evaluate 

the long-term implications of mixtures of mycotoxins and other contaminants on animal health, 

fertility and food safety. 
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6.2. Zusammenfassung 

Vor einigen Jahrzehnten ging man allgemein davon aus, dass Wiederkäuer gegen Mykotoxine 

resistent seien; diese Auffassung ist jedoch inzwischen überholt und veraltet. Obwohl über 400 

Mykotoxinmetaboliten bekannt sind, haben sich die meisten Untersuchungen auf regulierte 

Mykotoxine fokussiert. Infolgedessen wurden die negativen Auswirkungen dieser Metaboliten 

von Milchviehhaltern und Tierärzten weltweit vernachlässigt und unterschätzt. Darüber hinaus 

scheinen die Stoffwechsel- und Ernährungsmerkmale von Hochleistungsmilchkühen (z. B. 

Futter mit hoher Energiekonzentration und höherer Passagerate) die Entgiftungskapazität des 

Pansens zu verringern, wodurch das Risiko subklinischer und klinischer Gesundheitsstörungen 

erhöht und die Fruchtbarkeit und Produktivität beeinträchtigt wird. Im Rahmen dieser 

Dissertation wurde in 100 Betrieben in den drei österreichischen Leitregionen der 

Milchproduktion (Steiermark, Nieder- und Oberösterreich) die Belastung eines breiten 

Spektrums von (toxischen) Pilzsekundärmetaboliten und anderen Kontaminanten in 

Milchviehfutter (Weiden, verschimmelte Silagen und Biertreber) und in Gesamtrationen 

untersucht. 

Die Analysemethode LC-MS/MS lieferte Profile von (toxischen) Metaboliten der Gattungen 

Fusarium, Alternaria, Aspergillus und Penicillium sowie Mutterkornalkaloide. Die 

Mykotoxinprofile der untersuchten Weiden, der Schimmelflecken in Mais- und Grassilage, des 

Biertrebers und der Gesamtrationen für Milchkühe zeigten das allgegenwärtige Vorhandensein 

komplexer Mischungen toxischer Pilzmetaboliten, wobei die von Fusarien stammenden 

dominierten. Die regulierten Mykotoxine DON, ZEN und FUM B1 kamen zu mehr als 70 % in 

den Futtermitteln vor. Die wichtigsten Faktoren, die den Mykotoxingehalt im Futter 

österreichischer Milchkühe beeinflussten, waren der Anteil von Maissilage und Stroh sowie die 

Umgebungstemperatur. Darüber hinaus wurde nachgewiesen, dass Maissilage und Stroh sowie 

die Umgebungstemperatur die Kontamination mit Fusarientoxinen und Metaboliten in den 

Gesamtrationen beeinflussen. Schimmelige Silage und BSG können ebenfalls ein Risiko für 

eine Exposition gegenüber Penicillium-Mykotoxinen darstellen. Insgesamt sind weitere 

Studien erforderlich, um die langfristigen Auswirkungen von Mischungen aus Mykotoxinen 

und anderen Kontaminanten auf die Tiergesundheit, Fruchtbarkeit und Lebensmittelsicherheit 

zu bewerten.  
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7. LIST OF ABBREVIATIONS 

 

AF Aflatoxin 

BEA Beauvericin  

BSG Brewery's spent grain 

DAS Diacetoxyscirpenol  

DM Dry matter 

DON Deoxynivalenol 

E2 17β-estradiol  

EDC Endocrine disrupting compounds 

ENN Enniatin 

FUM Fumonisin 

NIV Nivalenol 

OTA Ochratoxin A 

PA Patulin 

TCT Trichothecene 

ZEN Zearalenone 

α-ZEL α-Zearalanol 

β-ZEL β-Zearalenol 
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