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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, Epichloé,
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,



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 Onbasi, 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 Onbast, 2019).



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



as productive performance (Fink-Gremmels, 2008b; Nesic¢ 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; Gongalves et al., 2015) (schematized in Figure 1).
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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; Ozpinar
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



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).

Forage-dominant diets

High-energy density diets

Dwsbiosis
Sub-acute rumen acidiosis
S k[

Lwer damage
I.nrer detoxification capacity

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).



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).

Mycotoxins Effects Cellular and molecular mechanisms of action
Aflatoxin Bl and M1 Hepatotoxicity Formation of DNA adducts
Genotoxicity Lipid peroxidation
Carcinogenicity Bioactivation by cytochromes P450
Immunomodulation Conjugation to GS-transferases
Fumonisins Central nervous system damage Inhibition of ceramide synthesis
Hepatotoxicity Adverse effect on the sphinganin/sphingosin ratio
Genotoxicity Adverse effects on the cell cycle.

Immunomodulation

Ochratoxin A Nephrotoxicity Effect on protein synthesis.

Genotoxicity Inhibition of ATP production

Immunomadulation Detoxification by peptidases
Trichothecenes Hematotoxicaty Induction of apoptosis in haemopoietic progenitor
(ie.DON, T-2, HT-2) Immunomodulation cells and immune cells.

Skin toxicity Effect on protein synthesis

Abnormal changes o immunoglobulins
Zearalenone Reproductive adverse effects Binding to oestrogen receplors

Bioactivation by reductases

Conjugation to glucuronyltransferases




Tab 2 European maximum and guidance levels of major mycotoxins in diets and/or feedstuffs
intended for dairy cow nutrition.

Maximum levels? / Guidance value®*4

Mycotoxin (ng/kg)*
Aflatoxin B1? 5
Deoxynivalenol® 5,000
Rye Ergot (Claviceps purpurea)® 1,000,000
Ergot alkaloids® Recommendation for monitoring
Fumonisins B1 and B2 50,000
Ochratoxin AP 250
Zearalenone® 500
T-2 + HT-2 toxins? 250

2 European Commission - Directive 2002/32/EC

b European Commission Recommendation 2006/576/EC

¢ European Commission Recommendation - 2012/154/EU

4 European Commission — Recommendation — 2013/165/EU

¢ Maximum levels in pg /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 AFBi1, AFB2, AFGi, 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 AFM:, 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



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 pg/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 pg /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 ug of AFB1/kg (Sulzberger et al., 2017) and a
mixture of B1, B2, G1 and G2 at a concentration of 105 pg/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 pg/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 pg/kg (EC,
2006) and for the sum of T-2 toxin and HT-2 toxin 250 pg/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 (Rehacek 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 Epichloé 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 ng/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 Bi, B2, B3, B4, A1,
Az, Ci, 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 B-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 BI 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 pg/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 o
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 ug/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 a-zearalenol (a-ZEL), B-zearalenol (B-ZEL), zearalanone and the conjugates: ZEN-14-O-f3-
glucosides, ZEN-16-O-B-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 Twaruzek, 2021). The potency of ZEN is between two and four times less
than 17B-estradiol. It is metabolized in the rumen to the also estrogenic a-zearalenol and B-
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 17f3-
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 (Vanyi 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, o-ZEL; 1.5 ng/ml, B-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 pg/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) (Fraecyman
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
. -Induction of ROS production (Oxidative
Alternariol .
Alternariol- ' DNA Qamage) o Tiessen et al., 2013;
Methyl-Ether - Estrogenic -Topoisomerase inhibitor Dellafiora et al., 2018;
- Alternaria spp. - Genotoxic (Disruption of DNA replication) Martins et al., 2020,
- Interaction with ubiquinol-cytochrome ¢ Fitzell et al., 19.7 >; Wong et
. .. al., 1977; Kawai et al., 1984,
Averufin - Aspergillus spp. - Mutagenic? reductase complex . .
- Inhibition of ATP synthesis Kawai et al., 1988; Wunch
etal., 1992
Kouri et al., 2005; Santini et
- Disrupting membrane potential al,, 2012; Wang and Xu,
- Fusarium spp. - Antibacterial (Ionophore) 2012; Mallebrera et al.,
Beauvericin - Beauveria bassiana - Cytotoxic - Induction of apoptosis (via caspases) 2018;Das et al., 2021
- Nephrotoxic
s - Penicillium spp. - Hepatotoxic
Citrinin - Aspergillus v;ijp - Eml:‘i)ryotoxic Yuliana et al, 2019;
- Monascus spp. - Teratogenic - ROS-mediated DNA damage Bovdisova et al., 2021
. - Hepatotoxic R . Holzapfel, 1968; Luk et al.,
Cyclopiazonic acid :ﬁg’z ‘Z%Z’r; pr' - Nephrotoxic rjiiiﬁg g‘gi‘fg}%ﬂfg‘rc"(e“d")plasmlc 1977; Pitt et al, 1986;
PP- - Cardiotoxic } Chang et al., 2009
ibioti - Disrupting membrane potential Hyuln et al,,. 20095 Kamyilr
Enniatins - Fusarium spp. - Anti 1ot‘1c (Ionophore) et a "’ 2004; Santini et al.,
- Cytotoxic - Induction of apoptosis (via caspases) 2012; Sy-Cordero et al,
2012; EFSA, 2014;
- Antibacterial .
Fumigaclavines - Aspergillus spp. - Neurotoxic ;;;I;l;]l:ﬁ;;zzpase—l—lL—lB cascade in Cole et al., 1977; Pinheiro et
- Immunosuppression ) al., 2013; Xu et al., 2020
Fusaproliferin . Unknown Ritieni et _31:, 1997; Jestoi,
- Fusarium spp. - Teratogenic 2008; Santini et al., 2012
- Increase levels of serotonin, 5-hydroxy
Fusaric acid indole acetic acid, tyrosine, and dopamine
- Cardiotoxic - Decline norepinephrine Wang and Ng, 1999; Dhani
- Fusarium spp. - Immunosuppression - Depletion of neuronal ATP levels et al., 2020
. . . - Antimicrobial - Selective binding to cytoplasmic Pahl et ?]"..1996’ Scharf eT
Gliotoxin - Aspergillus spp. - Immunosuppression  membrane thiol groups al., 2012; Konig et al., 2019;
Esteban et al., 2021
- Inactivation of pyruvate dehydrogenase ~ Cole et al., 1973; Thiel,
Moniliformin and a-ketoglutarate dehydrogenase 1978; Zhang and Li, 1988;
- Fusarium spp. - Cardiotoxic - Inhibition of Krebs Hallas-Maoller et al., 2016
- Unknown
. - Epichloé spp. . - ABAA inhibition Gallagher et al, 1981;
Lolitrem B - Neotyphodium spp.- Neurotoxic - Cholinergic activation? Finch et al., 2018; Combs et
-BK channel inhibition? al., 2019
- Inhibition of the enzyme inosine
Lo o - Antimicrobial monophosphate dehydrogenase
Mycophenolic acid - - Penicillium spp. - Immunosuppression - Hig}ll)ly efpressed iill progliferating cells
such as T- and B-lymphocytes Allison et al., 1993
- Disruption of cell membrane
- Inhibition of protein synthesis Hatey and Gaye, 1978; Lee
- Inhibition of Na+-coupled amino acid and Roschenthaler, 1987,
Patulin transport Miura et al., 1993; Arafat
- Penicillium spp. - Inhibition of DNA synthesis and Musa, 1995; Mahfoud
- Aspergillus spp. - Antibacterial - Inhibition of interferon y producing T- et al.,, 2002; Tapia et al.,
- Byssochlamys spp. - Neurotoxic? helper type 1 cells 2005; Pal et al., 2017
Kopp-Holtwiesche and
. R - Antimicrobial Rehm, 1990; Ali et al.,
Roquefortines - Penicillium spp. - Neurotoxic - Unknown 2013; Malekinejad et al.
2015
- Increase ROS production
- Aspergillus spp. - Hepatotoxin - Induction apoptosis (Yia caspase 3)f 1
Sterigmatocystin - Emerlcel{a spp. - Nephrotoxic - Damage to DNA and impairment of cell .
- Chaetomium spp. - Carcinogen cycle progression Rank et al, 2011;
- Penicillium inflatum - Alteration of cellular signalling Kobayashi et al, 2018;
pathways Zingales et al., 2020
Tenuazoic acid - Antibacterial - Inhibition of protein synthesis at the Meronuck et al., 1972;
- Alternaria spp. - Carcinogenic? ribosomal level 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;

Humpfet 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.



23

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/AFBI,
patulin/citrinin, FUM B1/Moniliformin, AFB1/FUM BI1/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).

Mycotoxins included in the EU legislation (for animal feeds):
AFB1- DON - ZEN - T-2 & HT-2 - FB1 & FB2 -0CA
Ergot esclerotia and alkaloids
Mycotoxins NON-included in the EU legislation:
Alternaria mycotoxins: Alternariol - Alternariolmethylether - Tenuazonic acid
*  Aspergillus mycotoxins: other AFs -Sterigmatocystin - Gliotoxin
*  Fusarium mycotoxins: Enniatins - Nivalenol - Moniliformin
Penicillium mycotoxins: Mycophenolic acid - Roquefortines — Marcfortines -
Patulin
*  Among many others...

(134

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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Abstract: Pastunes are key feed sources for dainy production and can be contaminated with several
secondary metabolites from fungi and plants with foxic or endocrine-dismopting activities, which
possess 2 risk for the health, reproduction and performance of cattle. This exploratory study aimed to
determine the co-cocumenes and concentrations of a wide range of mycotoxins, phy toestrogens and
other secondany metabolites in graring pastures. Representative samples of pastures were collected
from 18 Austrian dairy farms (one sample per farm ) between April to October 2019, After sample
preparation (drying and milling) the pastures were subjected to multi-metabolite analysis using
LC-M5/ MS5. In total, 68 metabolites weme detected, including regulated zearalenone and desxyni-
valenol (range: 2.16-138 and 107-505 pg/kg on a dry matter (DM basis, respectively ), miodified
(3 demynivalenol-ghucoside, HT-2-glucoside ) and emerging Fusarinm myootoxins {e.g., enniatins}), er-
got alkaloids and Altemaria metabolites along with phytoestrogens and other metabolites. A flatocins,
fumonisins, T-2 todin, HT-2 toxin and ochratedns wene not detected. Of the geo-climatic tactors and
botanical diversity investigated, the environment temperature (average of 2 pre-sampling months
and the sampling month) was the most influential factor. The number of fungal metabolites linearly
increased with increasing emperatures and temperatumns exceeding 15 °C triggrered an exponen-
tial increment in the concentrations of Fusarium and Alternaria metabolites and ergot alkaloéds. In
conclusion, even though the levels of regulated mycotoxins detected were below the EU guidance
levels, the long-term exposure along with co-ooourmence with modified and enserging my cotoxins
might be an undemestimated risk for grazing and forage-fed livestock The one-year preliminary data
puints cut a dominant effect of environmental temperature in the diversity and contamination level
of fungal metabolites in pastures.

Keywords: pasture; mycoboxing fungal metabolite; phy toestrogen; oyanogenic glucoside; ergot
alkaloid; temperature; dairy cattle

Key Contribution: Mixtures of regulated, modified and eme rging my cotoxins and phytoestrogens
are frequently detected in pastures of Austrian dairy farms. Doe to their mcorporation into the fed
chain, the unpredictable toxicological interactions and the transter to animal products, these toxin
miix tures may implicate a health risk for animals and humans.
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L Introduction

Grazsses and grass-lopume mintures ame essential sources of nutrients for herbivores,
which can be consumed dinectly as fresh pastures and preserved as silage and hay. Pastures
can be a source of toxic or endocrine-disrupting secondary metabolites originated from
some plants, fungi, algae, bacteria and lichens residing n the pasture, which can induoe a
wide range of animal disorders [1-2]. Among these metabolites, mycotoxins, low molec
ular weight molecules produced by endophytic and epiphytic fungi, are one of the most
relevant groups of metabolites due to their high incidence and their regative effects. The
contamination of pastures marks an initial point of mycotoxins entering the feed chain.
It has been shown that these fungal compounds can represent a risk for animals during
grazing and stable periods, causing mycotoxicoses [1,4,5]. Even though ruminants are
mor resistint to mycotoxing than monogastrcs, metabolic and dietary particularities of
high producing animals seem to reduce the rumen’s detoxifying ability, themby increas
ing the risk of subclinical and clinical health disorders, impairing fertility and affecting
productivity [+5].

In general, less information is available regarding mycotoxin kevels in pastures con-
pared to the data in grains and conserved feeds [9,10]. Furthermore, although hundreds of
compounds have been considered mycotoxing, most studies investigated a limited number
of mycotoxing in pastures and other agricultural commodities [11,12]. The most invest-
gated mycotoxing in pastures inClude the strictly regulated aflatoxin Bl (AFBI) and other
mycotoxins with puidance levels (demoynivalenol (DON), zearalenone (ZEN), fumonisins
{FB&.‘,I, ochratoxin A as well as T-2 and HT-2 toxin) [13-17], which ame addressed by the
European legislation [18,19]. The ergot scherotia are also regulated and monitoring of engot
alkaloads (EAs) in food and feed is moommended by the EU [20]. Other relevant but less
studied groups of fungal toxins are the modified and emerging mycotoxing. Modified
mycotoxins are structurally changed metabolites of the parent forms, These compounds
result from biclogical or chemical modifications. [21]. The emerging mycotoxins have
been described as those that ane legislatively unmegulated and non-regularly analysed,
but which occur frequently in agricultural commodities [22]. In addition to single effects,
there ame toxicological interactions (addition, synergism, potentiation and antagonism)
among mycotoxing and other fungal metabolites, which may have implications on animal’s
health and reproduction, and this necessitates more research and risk assessment from
holistic and integrative approaches |12,23,24], For instance, synergistic interactions of ZEN,
trichothecenes, EAs and other mycotoxing contained in pastunes have been discussed as a
potential cause of infertility in grazing sheep and cattle [13].

Additionally, pastures are the sourte of plant secondary compounds such as phytoe
stropens (I'Es), pyrroliziding alkaloids, cyanogenic glucosides (CGs), among others, which,
at certain dietary levels, may induce detrimental effects on animal health and reproduc
tiom [1,25-28]. Negative effects of PEs on the reproduchion of ruminants have been associ-
ated with pasture legumes such as clovers (Trifolinm spp} and luceme/ alfalfa (Medicago
safitar} [27]. In the context of the mproductive performance of livestock, it seems important
that co-occurrences of fungal metabolites and PEs are taken into consideration [29,30]

Thi production of fungal and plant secondary metabolites is influenced by multiple
biological {e.g., species, variety, plant age, parasitic and symbiotic interactions) a2 well as
geo-climatic factors (kemperature, relative humidity, rainfall, latitude and altitude) [31-34],
Some studies on pastures have shown that the peopraphic location, botanical species and
sampling season affect the contamination levels of mycotoxins such as T2-toxin, ZEN and
EAs[15,15,16]. Updated data and identification of the most influencing factors could assist
in the predichion of contamination as well as the development of strabegies for optimal
management of forage grasses. The present exploratory study aimed to determine, via
an LC-MS/MS-based mult-me tabolite method, the presence, co-occurrence amd concen-
trations of mycotoxins, PEs as well as other fungal, bactenial, lichenical and unspecific
secondary metabolites in grazing pastumes of Austrian dairy farms. Furthermore, poten-
tial cormelations between the concentrations of the metabolites, and geo-climatic factors
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of the farms (location, altitude, rainfall, humidity, temperature and time of sampling)
wiene evaluated.

1 Results
2.1, Oceurrence and Concentrations of the Detected Metabol ites
2.1.1. Groups of Metabolites

The occurrence and concentrations (average, S, median, minimum and maximum,
expresged in pgeS ke on a DM basis) of individual and grouped metabolibes are shown
in Table 1. The grouped metabolites were classified according to their main producers
including Altermaria, Aspergillus, Fusarium, Penicillium, hichen-associated fung, other {non-
identified) fung and unspef_‘iﬁc‘ (i.e, metabolites Fn:u:[u::n-_'d by fung, backenal and/or
plants), or according to the kind of metabolites (EAs, PEs and CGs) based on previous
reports [35,36]. In total 68 out of 481 targeted fungal, plant, lichenical and unspecific
metabolites were detected in the studied pastures samples (Supplementary Tablk 51), con-
sisting of 45 fungal compouands (over 30 known as mycotoxing), 11 plant and 9 unspecific
mtabolites (Table 1).

In total, 21 metabolites produced Frirnaril}? by Fusarium spp. were present in the
pasture samples and none of the samples was free from Fusarinm metabolites (Table 1)
The number of metabolibes derved from Altermaria (4), Aspergilins (2) and other fungg
(3} was considerably smaller with occurrences of 83, 44 and 44 %, respectively. The
metabolite group derived from lichen-associated fungi and the EAs occurred in 44 and
39 % of the samples with a total of 2 and 13 mwabolites of each mespective group wene
detected, The group of fungal metabolites with the highest average, median and maximum
concentrations were produced by Fusarium, followed by Altermaria and EAs (Figure 1). Only
one matabolite produced by Panicillium was detected (pestaleting. Metabolites produced by
lichen-associated fungi, and other fungal species showed low concentrations with values
below 10 pg/ ke and 60 pe/ ke, respectively (Table 1, Figure 1),

Table 1. Cocurrence and concentration D.F'm:i' cotowins, f'u.nga.l metabolites, phy foestrogens and other secondary metabolites
detected in pastures collected from Austrian dairy farms.

- 2
Group Metabolite 53:" tﬂ‘;* i s {"_gmg ==
ples (%) Average + 5D Median Range
Alternariol ¥ &1 641+743 281 1.00-237
Alternariclmethylether ? 56 7.30 + 830 445 101794
Alternaria Altersetin &3 220 4+ 246 127 436861
Infectopyrone 33 TS+ TAT 3463 16.3-212
Total ¢ & 260 + 286 128 4361010
Averufin & - - 115
Aspergilius Sterigmatocystin e -+ 2044213 i | 103754
Total 44 3084 248 291 103840
Chanoclavine 17 152 + 245 1793 235435
Ergocornine 22 0.1 + 261 7.83 5.57-53.2
Ergocorninine 72 872 + BE3 486 3z7-718
Ergocristine 17 a0+ 3l 75 633701
Ergoeristinine 17 821 + 571 .64 330-137
Ergocryptine 5 248 4 284 977 16-7L5
g E plinine 17 E12+ A£30 a0l 1g7-134
Bt alialolids {:'grgi:?whim b 876 + 619 7.50 238-17.1
Ergome trinine 11 192+ 026 192 17321
Ergosine 72 159+ 135 151 11-321
Ergosinine i 3004 230 3.24 206665
Ergotamine 1 757 + 933 757 0.7-142
Ergotaminine 3| 116+ 132 116 224309

Total * k] 163 + 191 439 470435
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Table 1. Cont.
- Positive Concentration {pg/kg DM} z
P e Samples (%) ! Average + 50 Median Range
15 Hy droveyreulmorin * u 1524243 3032 13.0-77
Antibiotic Y a7 254 + 374 A5 455-1200
Apicidin ? 3a 3134315 259 584070
Aurofusarin &3 196 + 213 133 7.BO-835
Beauvericin 4 LE} 3.99 + 303 16 1.02-9.34
Chrysogine a1 136+ 155 743 417-58.2
Culmirin * s 120 + 216 511 9,53-882
Deoxynivalenol b3 306 + 281 306 17505
DOM-3-glucoside © & b = 102
Enniatin A2 3 : = 201
Enniatin A1 u 5.5 4+ 603 292 122191
S Fnniatin B ? @ 383+ 630 118 Lap-241
Enniatin B1 3 & 153+ 248 540 119933
Enniatin B2 2 ] 341 +274 277 1.19-7 90
Epiequisetin * 54 9.97 4+ 7.96 &9 118272
Equisetin 3 &7 57.09 + 604 b 272-179
HT-2 Glucoside § f - = 140
Moniliformin 2 100 570 + 352 579 145131
Mivalenol 5 170 + 182 TRA 38.1-574
Siccanol ? a1 716 + 302 758 11%.3-1480
earalenone ® 50 A+ 443 G093 141-138
Sum of enniatins ol 5744085 185 13364
Sum of type B Trichothecenes &3 28 + 280 TRA 381-1070
Total t 100 1280 + 1430 G953 402570
it Pestalotin 1 379 4+ 3.60 379 124633
Total * 1 379 + 360 379 124 £33
i Lecanaric acid 3 2.31 + 0,84 217 134340
fuings Usmic acid 7 440 4+ 053 419 418510
Total 4 44 371+218 344 134713
Dicicolin A 2 1.02 + D98 183 1.00-3.02
Micicolin B H 4.00 4+ 333 285 123117
Ci [licicolin E 1 144+ 011 144 1:36-151
o g Rubellin D 7 5.00 + 5.00 7 1.56-107
Monocerin =0 11.0 4+ 118 207 32334
Total 72 120+ 154 573 123569
Sum of fungal metabolites 100 1570 -+ 1580 114 51.7-5880
Binchanin ] 7060 + 7560 3240 62.1-20,650
Coumestrol a7 $N6+344 129 785130
Daideein 53 936 + 1840 139 5166110
Daidzin k) 167 + 200 BRT 15.5-543
Wil Cenistein %] 76+ 4780 704 28.4-17 550
. Cenistin 50 311+ 513 1% 146-1630
Glycitein s ] 7470 + 10,700 1500 315-35,850
(hmicmin & 2230 + 4210 184 £ 1-15130
Sissotrine 78 4210 + 9050 331 819-33,070
Total =] 23,570 & 35920 4850 TR.E-130,530
i Linamarin 53 50,620 + 44 880 49,790 2030-147,500
g;iucursi[dcs Lotaustralin 100 32,6200 £ M A40 16,850 321-115900
Total 4 100 T4.800 £ 79,000 36400 2.1-263400
Sum of plant metabolites 100 95 760 + 81 560 85,700 321-265,3200
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Table 1. Cont.
- _—— Positive Concentration (pg/kg DM) 2
o]
¥ T Samples (%) ! Average + SD Median Range

I Nitropropionic acid 11 48 + 191 487 3526322
Brewianamid F 100 1894 137 141 ERI-62.4
Citreorosein 50 181 £ 124 166 452440
oyclofL-Pro-1L-Tyr) 100 408 + 347 361 172-1383
Unspedific cyclofl-Pro-L-Val) 100 190+ 1000 1970 1080-43G0
Endocrodn n 174+ 677 174 126221
[so-Ehodoptilometrin il 225+ 095 196 1.49%-3.60
Rugulusoyine 100 137 £ 860 1L7 F53-39.0
Tryptophol 100 17 + 118 740 53,1485
Sum of unspecific metabolites 100 2860 + 1380 2440 1370-5010

Sum of all detected metabolites 100 100,200 + 80,900 92,100 4550-266, 700

Thn=18 pastures, simpdes with vahuses > limit of detection (LOTN; 2 I“Jidthm.;l, s dats < LOD). Incase vahes > LOD and <bmit of quantification
(DO, LOCY 2 wis used for mh:ulatn:m, emering mycodoins [I7 —39], * accumulative vahees of oocurmences and concentrations of all the
mrerkabolibes belongsing to the group, * regulabed oy cobogins (Funepean Comenission, 2002, 2006, 200125 [16-20] and # modified moy cotocins [21].

o i

ik L

1,000,000
100,000
10,000
1000

100

10

1
0.1

—1

= I-
ki

ilim
gy
all

Concentration (pg/'kg) - Logl0

Alternaria (4)
Fusarium (21)

Aspergillus (2)

Ergot alkaloids (13)
lichen-associated fungi (2)
other fungi (5)
Penicillium (1)
Phytoestrogens (9)

Fungal metabolites (48)
Plant metabolites (11}
Unspecific metabolites (9)
All detected metabalites (68)

Cyanogenic glucosides (2)

—Median © Average [ ] 25 - 75%

Figure 1. Boecplots for logy, coneentrations of metabolite groups detected in the pastum samples taben from 18 Austrian
dairy farms The number in parentheses s the number of total detected metabolites per group.

As shown in Table 1, the groups of plant-derived metabolites, CGs (2 metabolites) and
PEs (9 metabolites) were present at high frequencies and high concentrations, with total
averages above 70,000 and 20,000 pe/ ke, respectively. Nevertheless, the heterogeneity
among the samples was evident and many of the samples showed values below the



Tiodns 2021, 13, 460

34

Gof 2

average values (Figure 1). The presence of unspedcific metabolites was ubiguitous and
mome homogenous among the pasture samples, with concentrations bebween 1370 and
5910 pg/kg. The total concentrations of all metabolites detected ranged from 4560 o
266,700 wg/ kg with an average and median around 100,000 ug/ ke,

2.1.2. Regulated Mycotoxins and Related Metabolites

The regulated AFBL, along with other AFs, FBg, T-2 toxin and OTA and structurally
related forms were not detected in the pasture samples, Two regulated Fusarium my cotoxing
were found: ZEN (50% positive samples; range: 2.61-138 pg/keg), and DON (11%, range:
107505 pg/ke) (Table 1), being lower than EU puidance values: 500 and 5000 we/ ke
(at 88% DM), respectively. Related to DON, nivalenol (NIV) occurred in mone than 80H4
of the samples with concentrations ranged from 38.1 to 574 pe/ ke of the tested pasture
samples, The moedified my cotoxins DON-3-glucoside (ID3G) and HT-2-glucoside (HT-2G)
co-oocurred in the same cample with concentrations of 102 and 14.0 pg/ kg, respectively
(Table 1, Figure 2A)

The detected concentrations of individual EAs in the pastum samples ranged from 470
t0 435 pg/ kg (Table 1) In total, 13 different EAs wene identified. Chanoclavine and ergo-
tamine showed the superior mean concentrations of the group, 152 and 75.7 pg /kp, in that
ordern The mest of EAs contained average concentrations below 40 g/ kg The prosende of
chanoclavine i the sa:np]u: was highly heterogencous, ranging from 235435 p.g,l‘kp;, bt
the median of ergotamine was higher than chanoclavine (Tablke 1, Figure 2B). Other targeted
but not detected EAs were agroclavine, dihydroergosine, dihyd rolvsengol, elymioclavine,
epoxyagroclaving, ergine and ergovaline (Supplementary Table S1).

213, Emerging Mycotoxins

The pastun: samples contained 17 compounds considered emerging my cotoxins [37-39],
The majority of these emerging mycotoxins were derived from the genera Fusarium (in total
14 classified as emerging toxins) and, to a lesser extent, from Alfernaria (2) and Aspergilius (1)
(Table 1). Despite the high occurmenoe of fusarial emerging mycotoxing in the samples, the
mezan and median comentrations stayed below 150 pg kg, except for siccancl (758 pgfkgi
with noticeable variations among samples (Figure 2A). Concerning the frequency, all sam-
ples contained detectable levels of moniliformin,. Chher frequently found metaboelites (over
80% of the pasture samples) were enniatin (ENN) B, ENN B1, culmorin and aurofusarin,
Oecurring in rakes between 50 and 80% of the pasture samples were alternariol (AOH),
alternariol methyl ether (AME), epiquisetin, equisetin and siccancl. Siccanol was the Fusar-
ium metabolite with the highest average and median concentrations (Figure ZA). Lower
occurrendes (<50% occurrence) were detected for 15-Hydrosy culmorin, beauvericin (BEA),
ENN A1 ENN A and ENN B2, as well as the Aspergill us-derived carcinogenic and aflatoxin
precursor sterigmatocystin (STC) (Table 1), The concentration of STC showed a higher
homogeneity among samples compamed to other emerging mycotoxing from Fusarium and
Altertmaria (Figure 2A,C).

2.14. Other Mycotoxing and Metabolites from Fusarium, Albernaria, Aspergillus,
Penicillium and Cther Fungi

In addition to the known regulated and Llrl.l.’l}i‘.l.‘l.’lg my cotoning, them: were many
other mycotonins and metabolites assodated with Fusarium, Altermaria, Aspergilius and
Pemicillium in the pasture samples (Table 1 and Figune 2A,C). My cotoxin produced by
Fusarium, including 15-hydroxyculmorin, apicidin, antibiotic Y, aurofusarin and chrysogine
had oocurnences over 55%, with exception of apicidin (39%) and 15-hydroxyculmorin (44%).
Concerning compounds derived from Altermarin, altlersetin (83%) was the most frequently
found metabolite (Table 1) In terms of concentrations, altersetin and infectopyrone wene
the major detected mw tabolites produced by Altermaria (Figure 2C). The occurrence and
concentrations of the Penicilium metabolite pestalotin (ramge: 124633 ey kg) werne rather
low (Figure 2C).
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Figure 2 Boxplots for the logyy concentrations of individual metabolites in each category: (A-D} fungal, (E} plant and
{Fy unspecific metabolites (produced by fungi, plants and/ or bacteria) detected in the pasture samiples collected in Austrian
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dairy farms. The exact mean, 50, median, min and maximum vahses are shown in Table 1.

2.15. Metabolites from Lichen-Associated and Other Pungi Genera

The occurrence of metabolites produced by other fungi varied from 11-50% (Table 1).
The most fequently found and most produced compound of this group was monocerin
(50%; 1.32-33.4 ug/kg) The ilicicolins A, B and E occurmed in concentrations below
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12 pefke. Addibonally, bwo hchen-derdved metabolites, lecanoric acid (39%, range:
1.34-3.60 pg/ k) and usnic acid (17%, £18-5.10 ug/ kg) were detected (Table 1, Figune 2D).

216, Flant Compounds (Phyvtoestropens and Cvanogenic Glycosides } and
Unspecific Me lites

The identified PEs were biochanin, coumestrol, daidzein, ganistein, genisting glycitein,
ononin and sissotrine, which occurmed e >50% of the sam.plea:, and the less frequent
daidzin (33.3%). Owverall, for most PEs levels, the concentrations presented extreme Iy
varable, therewith maximum values acheved over 100 times more than the minimum
values (Figume 2E). On average, glycitein and biochanin were the PEs that presented
levels = T000 pi/ ke and those of genistein and ononin were about 3 Himes lower Coume-
strol, daidezein, daidzin and genistin had average concentrations balow 1000 pe/ ke, The
CGs, linamarin were the metabolites with the highest concentrations (median, average and
miacirnum ) of the study (Table 2, Figure 2E),

Table 2. Effect of the sampling season on the number of detected metabolites per sample and
concentrations of the groups of metabolites.

Variable Early Lake SEM? p-Value
MNumber
metabolites, sample
All metabolites 244 39.6 351 008
Fungal metabolites 118 40 ana moiz
Concentration (g kg)
from Alternaria 76 329 B850 052
from Aspergrlius Lel 118 077 LE93
Ergot A lkaloids 5.32 110 Hh 120
from Fusarium 526 1890 4318 0041
from Lichen 176 1.5& 0.81 L8A5
from other fungi species 124 144 423 041
from Penicillinm 00 076 0.50 0.303
Fungal Metabodites 611 2332 452 o017
Phytoestrogens TBET 3420 11,185 1158
Cyanogenic glycosides 71,666 718 77,251 (L886
Plant metabolites THA32 108,738 7678 D468
Unspecific metabaolites 3144 4201 =1 1.083
Total Metabolites H2.556 114,294 27,363 426

T Wahawes an Jeast-squares mean (L5 means) and SEM i@ the standard srror of the 15 marans; Sampling seasore
Early = samples in April-June; Late= samples in Augpuse-October

Unspecific metabolites are analytes produced by different and unrelated species of
fungi, bacteria and/or plants. In this group, five metabolites, namely brevianamide E,
oy clo (L-Pro-1-Tyr), cyclo (L-Pro-1-Val), rugulusoviee and tryptophol were present in all
pastume samples and showed the highest levels of this category. The following unspecific
compounds were detected less Frequently: citreorosein (50%), iso-rhodoptilometrin (22%),
3-nitropropionic acid (11%) and endocrocin (11%) (Table 2, Figure 2F).

2.2, Co-Ocourrence of Mycotoxins and Other Metabolites

The number of detected metabolibes per sample are shown in Figure 3A. On average,
33 (range: 9-58) metabolites per sample were found and on average 7 PEs were detected
per sample. On average 19 fungal metabolites (range: 3-40) were present in a sample. All
pasture samples contained at least ome CG.

The co-occurrence analyses of mycotoxins and metabolites ame shown in Figure 28, 94%
of the pasture samples contained 20 or more metabolites. The most frequent combinations
of my cotonins detected in the pastume samples were MON and ENN B (94%), ENN B and
EMNN Bl {89%), CUL and ENN B {8%%), aurcfusarn and ENN B (83%) and aurcfusann and
MOMN (83%), all of which are Fusarium metabolites. The combination of the other Fusarinm
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metabolites ZEN and NIV was found in 44% of the samples. Interestingly, most of the
samphes showed co-octurrences betwoen Fusanium and Aliermaria metabolites, espedially
for altersetin, which co-occurmd with several Fusarium e mergmg mycobox ins (aurofusarin,
CUL, ENN B and MON} in more than 7% of the samples and with ZEN in 50% of the
samples. Two mycoestrogens from Altermaria, AOH and AME, had co-occurmences of 3%
with ZEN, Up to 2% of the tested pastures showed co-contamination between detected
EAg and Fusgrium mycoboxing (Figune 3B).
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Figure 3. Co-poourrences of mycotoxins and other secondary metabolites detected in the pasture samples taken from
18 Austrian dairy farms. (A) Boxplots showing the numbser of metabolites per sample in each metabolite group. (B) Heatmap
indicating the co-oocurrence of the major my cotodns (Le., which occurred >20% of total samples) detected in the pastumes.

2.3. Effect of Season, Loantions and Pasture Diversity

Sampling was carried out onee per farm during the prazing season of the year
2019. Subsequently, the sampling season was classified as early (April-June) and late
(August-October). There was a significant difference in the co-Contamination of metabo-
lites (ie., the number of metabolites /sample) and concentrations of several groups of
mycotoxing and metabolites between the sampling seasons (Table 2). Samples collected
late had higher levels of co-contamination of fungal metabolites (p = 0.012) and number of
total metabolites increased (p = 0L008) |:L1rnFl'.1rud to those of early s:!rnp]ing, A similar trend
occurred with the concentrations of total metabolites from total fung (p = 00005), Fusariam
tj!'-' 0.(41} and other fungal species (p = 0.041), which esulted in higher concentrations
in the pastures during the late sampling season than in the early sampling. The location
iclassified by their federal state) and the pasture diversity did not affect the co-occurmence
or the levels of metabolite groups in the tested pastune samples (data not shown),

We examined the influence of albtude and the climabic variables (femperature, hi-
midity and rainfall at different ime scales mcluding whole-year average, >month average
and sampling-month average). In line with the sason effect, among the variables in-
vestigated, the 3-month average temperature (the mean of 2 months pre-sampling and
the sampling month) was the only climatic variable that showed a significant correlation
with the mycotoxin data {detaled data not shown), As shown in Figore 4A, the 3month
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average emperature showed a significant positive relationship (p < 0.001) with the co-
occurnence of metabolites. Specifically, the number of metabolites per sample linearly
increased with increasing emperature. Regression suggests an increase of 2.06 £ 0.5 fungal
metabolites / sample per one degree Celsius of the 3-month averge temperatume (p < 0.001),
Contentrations of total fungal metabolites along with Fusarium metabolites, EAz and
Altermaria metabolites showed an exponential increment in response b the 2month tempar-
ature. Accordingly, the concentrations of Fusarium, Alternaria and total fungal metabolites
in the pasture samples remained comparably low when the temperature was below 15 °C
and rapidly rose thereafter as underlined by a higher slope after this critical emperature
(Figure 4B-D). Interestingly, the EAs concentrations wene very low (<70 ug/ k) or absent
at the temperatume below 20 °C and mose strongly bo concentrations over 400 we/ kg at22°C

(Figure 4E).
15 s ——
Al Pei) BEE-cm . %m Foa0m, K- i . }r.rn:. # i KRR [0 i
i . 3 ]
E i i SO g 000
e 4o 3 o
N
g ., £ :
;e g o 3 00
iy R £ 2000
R g : e
§ a1 3 . : .
L} M L : L] 3 e . & ®
il 5 It 15 an s [ L) 1 1% ) % b y 1 T 1 4
Temperate (") Tempersiise (1) y i
_ L i
& Peihie) BMEE - 52 :‘? A4S0 | Pens R gan
3 1 . Z
£ e = 350
3 . 2
g [ E 35
E
= 1
2 400
E o
E o = W
E
= 50 3
L 1 . ¥
’ - i s w15 w2
Temperature (1) Tempetiie ()

Figure & Linear regression showing a relationship between 3month average emperature (the mean of 2 months pre-
sampling and the sampling month) and the number of metsbaolites per sample (A} or conentrations of total and individual
group of fungal metabotites (B-E). RMSE: Koot mean sguare ermor.

3. Discussion

My cotoxin contimination is an important feed safety issue that also attributes to the
food safety issue due o the ransfer of e dain mycotoxins to animal products. Most of the
previous studies have focused mostly on AFs, EAg, as well as Fusarium toxins DON, ZEN,
T-2 towim, HT-2 towin and FBs [123-17]. There is a growing concem about the presence of
modified and emerging my cotoxins in diets and associated risks for human and animal
health according to the European Food Safety Authority (EFSA). Scientific opinions of
EFSA and other authors have underlined the need for new information concerning the
{co-) oocurmence of these proups of fungal metabolites in foods and feed along with toxicity
data [12,4044]. To the best of our knowledge, the present study is the first study in Europe
that documented the occurences not only of mycotoxins but also of some relevant plant
derived compounds (phytoestrogens and ovanogenic glycogides) as well as unspecific
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martabolites in pastures used for dairy production, which underlines pastun: as a potential
roube of mycotoxins and other metabolites entering the feed chain,

The high occurrence of Fusarium metabolites found in the present study coincided with
the findings of Nichea et al. in pastures collected in Argentina [45,46]. This corroborates
once again the status of Fusariim as one of the most widespread fungal species in crops-
growing areas of the planet and as a significant contributor to mycotoxin contamination in
animal feeds [47-4%). Several Fusarium spp. capable of producing the mycoestrogen ZEN
are common in pastumne microflora [50], which explaing the considerable incidence (50%)
of this mycoestrogen in the Austrian pastures cbserved in the present study. MNeverthe-
less, the detected levels of ZEN were below the guidance kevel (500 pg/ kg DM) in feed
intended for dairy cows recommended by the European Commission [1%] and were low in
comparizon with previous studies from other geographic regions including MNew Zealand
(max: ~4000 pr/keg) [50], Australia (36%, max: 3006 pg/ ke DM) [13], Argentina (90% in
2011 and 81% in 2014, max: 2120 ug/kg), United States {61%, ma: 1936 pg/ke) [51] and
Russia (up to 5750 pg kg [16]. Studies on the effects of feeding ZEN contaminated oats
at a congentration of 1.25 mg ZEN/ kg feed DM were evaluated in beifers by EFSA (2004)
revealing no related impacts on the oestrus cycle or histological structume of eproductive
organs [52]. A study showed that ZEN intakes greater than 3 mg/ewe/day adversely
affected reproduction, depressing ovulation rated and lambing percentages [53]. Based on
these previous reports, by assuming an approximatke 20 kg DM intake of pastures, found
levels of ZEN in the Austrian pastures would not represent a high risk for ZEN-associated
fertility problems in dairy cows. However, previous studies have not considered a syner-
gistic effect mlated to co-occurrences of ZEN with other mycotoxing and xenoestrogens
such PEs, which seems plausible [13].

Ancther important Fusarium mycotoxin is the type B trichothecene DON, which was
found in a low frequency (119%) with a maximum condentration of 505 pg/ ke being lower
than the European guidance level (5000 g /kg DM) [19]. Our findings stayed within the
congentration range found in an Australian survey (129-682 pg/kg DM), although the
authors mported DON at a higher frequency of 46% [13]. The maximum level of DOMN
reported by Stybnarovd (2016) in Crech pastures was 715 pg/kpg DM [54]. Remarkably,
another type-B trichothecene NIV was detected at a much greater frequency (83%) with
maximum concentrations of 574 wg/ ke DM Notably, an in vivo study using a mice model
indicated that NIV has a higher oral toxic capacity (lower LDs ) than DON [55]. Due to its
structural and toxicological similarities to DON, NIV has exhibited synergistic interactions
in co-ofcurrendce with DON and other types B trichothecenes in cell culture models [56—58].
Interestingly, another study found antagonistic effects [59]. The nsks melated to long-
term exposure to low levels of NIV in animal feed amne challenging to assess due to the
limited information available in livestock spedies [40]. The enwrging Fusarium mycotoxin
ENN B was one of the most prevalent my cotoxins in the present stedy (94% occurmencel,
which was higher compared to a report in Argentinean grasses (7% occurrence) [45].
Metabolism of ENNs and BEA has been examined in monogastric animals, while data in
ruminants ane limited [60]. It is known that these compounds have antifungal, antibiotic
and cytotoxic properties [61]. Our and other studies have underlined the significance of
non-regulated (emerging) mycotoxing due to their high frequency. The impact of these
emerging mycotoxins on dairy cattle as well as their influence on the mumen microbial
ecology and digestive physiology have yet to be addmessed [35]).

Ergot alkaloids are produced mestly by Claviceps and Epichio# spp. These fungal
species are known to parasitize a wide spectrum of mimocotyledonous plants of different
taxomomical families such as Poaceae, which includes forage prasses and cereals [62—64].
Ingestion of EAs by livestock can triggwir a range of impacts from decreased performance
and reduced fertility to acute clinical signs of ergotism including hyperthermia, convul-
sions, gangrene of the extremities and death [65-67]. Ergotism is primarily associated
with Clapiceps toxin ergotamine, which was detected in our samples with a greater mean
concentration than most of the EAs detected. Fescue toxicosis is linked to ergovaline,
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produced by MNeot yphoditm coenophialim in fescue grass (Festuca amindinacen) [65] Ergov-
aline has been reported as the causal agent of severs intoxications in dairy farms [68,659]
These compounds can induce vanous candiovascular, neurclogical as well as endocrinal
effects [70-72]. Ergovaline was, however, not detected in the present study probably be-
cause only 2 pasture samples contained Festuor prafensis and it was a minor species in the
pastum in both cases (Supplementary Table 52), Subdlinical estrogenism has been proved
as a significant disruptor of the meproductive performance of small ruminant herds in
both Australia [73] and New Zealand [74]. It was proposed that feed contaminated with
250 g/ kg of EAs should not be fed to pregnant or lactating animals due to a higher rick of
abortion and agalacha syndrome [75]. Two of the seven Austrian pastunes contaminated
with EAs contamned a total concentration (418 and 434 pg ke DM above this ecommenda-
tion, underlining a potential risk of pastures due to possibilities for high burdens of EAs.
This emphasizes the meed for close surveillance of EA contamination in pastuns.

Concerning Aspergillis derived metabolites, although AFs wene not detected, averufin
and 5TC, two of their precursors wene detected in our pasture samples 76771 Sterigmato-
cystin itself is known a2 a carcinogenic compound with high toxicological relevance. In
general, the information available onexposure data of dairy cows to these precursors of
AF is ecarce [41). Two detected emenging Altermeria mycotoxins, AOH and AME, belong to
the chemical groups dibenzo-a-py rones, ane toxicologically relevant [78] and congidered
mycoestrogens, showing stromyg synengshic estrogenic effects in combination with the
fugarial my coestrogen ZEN even at very low concentrations [79]. However, EFSA declaned
that research data and information are scarce regarding toxic effects of Alternaria toxins
on farm animals and companion animals and their occurrence in the feed, thus the health
rigk for different species associated with Alfarmaria toxins in feeds ane not known [80]. The
mist occurrent toxin from Alternarig in this studv was ALS with a mean concentration
of 220 pg kg DM but the maximum concentration reached 861 pg/ kg DM. This toxin
generated by species from the genue Altermaria has anfimicrobial achvity against several
bacteria [B1]. We also observed the co-oocurrence of Altermarnia mycotoxing with emers-
ing Fusarium mycotoxins (such as ENNs and BEA, also with bactericidal properties) [50],
thus ingestion of contaminated feed may have consequences for the ruminal bacterial
community and functions that are important for the health and productivity of a ruminant.

Interestingly, we observed that the concentrations of both Fusarium and Alternaria
mrtabolites msponded to increasing temperatune in 3 similar pattern with a critical tempar-
ature of 15 °C rggering the exponential increment of these metabolites. This matches with
the fact thai kemperatum is a primary determining factor implicated in the modulation of
fungal growth and the subsequent mycotoxin production [82,583]. The effect on selective
groups of fungal metabolites may suggest that the metabolism of these fungg driven by tem-
perature may be interconnected. Fuchs et al, (2017} projected that the endophyte-mediated
intoxications in livestock may increase on European grasslands with global warming [54].
The findings of the tempéeratumne effect einforce the idea that global warming contributes
to mycotoxin risk on crops [B5-87]. Nevertheless, due to the small sample sire, variations
among the farms and short time of observation, the results presented in this exploratory
study should be mgarded as preliminary findings and thus must be interpmw ted with cao-
tion. Our results also sugpest that the number of fungal owtabolites was higher in pastums
sampled later in the graring season (July and October), which should be confirmed by
future studies. Furthermore, the production of fungal secondary metabolites is mediated
by several biotic and abiotic factors, [82], which cannot be enfinely covered by the present
study. Therefome, future studies with a larger sample size, more gerographic locabions and
extended years of cbservation am pivotal to verify the current results reganding the critical
temperatume and its association with other geo-climatic and botanical factors for elevating
miy cotonin contamination of pastures,

Phytoestrogons are ]:\r::l-i.‘ll.med, amongg other kinds of i:ll..‘n"ﬂ't:J by legumes such as
Trifoliwnr prantense, T. reperis and M. sativa. [27]. The detected PEs in the present study
belong to bwo different categories: isoflavones (biochanin A, daidsein, daidzin, glycitein,
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genistein, genishin, onionine and sissobrine) and coumestans (coumestrol) [88,89]. The
latter cabegory seems ko be more potent in inducing infertility problems [27], considering
that coumestrol has a superior affinity to the 178-estradiol than the isoflavone-derived
equol [H] Coumistrol can induce an acute or sub-acute decline of eproductive efficiency
in sheep, cattle and horses [91-93]. The critical range of coumestrol in cattle feed was
reported to be around 18-180 mg kg [85]. In the current study, isoflavones were the
predominant kind of PE and wene detected in low quantities (7.9-129 pgr 'k D). SHIL the
impact of relatively low coumestan concentrations should not be ignored if the diet contains
other xenoestrogens (e, isoflavones and mycoestrogens) [79]. which wem also present in
the examined samples. Our resulis also underlined the co-occurrence of phy toestrogens
and the mycoestrogen ZEN in pastunes. Considering the estrogenic nature of both kind
of compounds, an additive,/ svpergistic interaction has been suggested [23]. Given the
possibilities for synergistic effects of combinations of toxins, endocrine disruptors and
other metabolites, these complex mixtures naturally occurring in pastures might be an
underestimated risk for the health and productivity of dairy cattle, especially for high-
producing cows with high feed intake.

4. Conclusions

The present study reveals that a broad range of mycotoxing, phytoestrogins and
secondary metabolites are detected in pastures grown for dairy farming in Austria. Even
though concentrations of individual fungal toxins and metabolites were generally low
(often bess than 200 pg kg DM, the total fungal metabolite concentration could reach over
H000 g/ ke DM in pastures. Chur data underline Frsarium as the major fungi in pastures,
Still, the attention should also be paid to possibilities for high burdens of EAs and Alfermaria
mycotoxing in pastures. The preliminary data presented here suggests that an increméent
in the environmental emperature could drive the increased level of contamination from
Fusarium, Altermaria and EAs in pastures. However, it should be further corroborated
comsiderng mulbifactonal influences from geo-climatic and botanical fctors as well as
year vanations.

5. Materials and Methods
5.1. sampling of Pastures

This study was part of a langer project surveying 100 dairy farms in the 3 states leading
the country's dairy production (Lower and Upper Austria along with Styria) for debection of
mycotoxing and implications for dairy performances. Of these 100 farms, 18 farms included
partial grazing systems for the dairy cows and were selected for this study (Figure SA)
Undeor informed consent of the firmers, one representative sample of pastume was collected
at a one-time point in each farm during the grazing season of 2019 (April-October). In
this case, 8 farms wene collected in Aprl-June 2019 and 10 farms in A wgust—October 2019,
To obtain the representative sample of each farm 30 increment samples (Figure 5B) from
a paddock being currently grazed were collected. Each incremental sample was taken
from the anea of 25 cm % 25 em of pasture delimited by a motal frame. The pastures were
cut 2-3 cm above the soil kevel using electric grazs shears (Figure 5C). The 30 incremental
samples were then composited, thoroughly mixed and approximately 1 kg of sample
was taken, vacuum packed (0.7 pei) and stored at —20 °C unkil samiple preparation and
analysiz. The major botanical species of each sampled paddock were identified based on
the morphological features of dissecked specimens preserved in a herbarium by an expert.
Ag identified, the sampled pastumes contained mixtures of Gramineae (Family: Poaceae,
including Lofium perenine, Dactylis giomerata, Poa pratensis, Festuca pratensis, Alopecuris
pratensis and Phieum pretense) and Leguminosae (Famdly: Fabaceae: Trifolium pretense,
T. repens and Medicago sativa). Visually, Gramineae were the dominating species of all
pastume samples, but the exact proportions of individual species wemn not determined,

The climatic data (monthly averages of air emperature, air relative humidity and
rainfall) of 2019 of the municipalities or districts were collected from the website of
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the Austrian Apency of Meteorology and Geodynamics {(Zentralanstalt fiir Meteorologie
und Geodynamik-ZAMG, https:/ /fwwwramgrac.at/ oms /de/ klima /kKlimavebersichien /
jahrbuch) The pilot farms were in altitude ranges between 235-1340 m.a.s.. The annual
average emperature values in the areas of the farms ranged from 84 to 11.5 "C and the
mean annual rainfall was bebween 502 t0 954 mm, concentrated mostly during spring and
summer. The average values of relative air humidity of the different locations duning 2019
varied bebween 715 and B0%. Climatic data including temperature, humidity and rainfall
{annual, monthly and 3months averages) were checked and recorded for the correlation
and regression analyses,

Figure 5. A representative sampling of pastures intended for multi-metabolite analysis. (A) Locations of the selected dairy
farms (n= 18) in 3 Austrian federal states: Lower Austria, Upper Austria and Stytia. (B} The sampling pattern (at keast
30 incremnental samples in a W shape ) across a paddock that was being curently grazed at the time of sampling, Sample
amount >1-1.5 kg, (C) A quadrate (25 cm ¢ 25 cm) used for sampling each incremental sample.

5.2, Mycotoxin Anal ysis
5.2.1. Chemicals and Reagents

Analytical grade reagents and chemicals were used for analysis. Glacial acetic acid
(p-a.) and methanol (LC gradient grade) werne acquired from Merck (Darmstadt, Germany);
ammonium acetate (MS grade) from Sigma-Aldrich (Vienna, Austria) and acetonitrile (LC
gradient grade) from VWR International (Leuven, Belgium). Sandands of fungal, bacte rial,
plant and ungpecific metabolites were acquired either via donation from various research
ingtitutions or purchased from commercial suppliers such as Romer Labs® Inc. (Tulln,
Austria), Sigma-Aldrich (Vienna, Auvstria), Iris Biotech GmbH (Marktredwitz, Germany),
Axxora Burope (Lawsanne, Switzerland), LGC Promochem GmbH (Wesel, Germany),
AnalyiCon Dhscovery (Potsdam, Germany ), Enzo Life Sciences (Lausen, Switzerland),
BioAustralis (Smithfield, Australia) and Toronto Research Chemicals (Toronto, Canada).
Water was purified successively by reverte osmosis and an Elga Purelab ultra-analytic
svstem from Veolia Water (High Wycombe, UK) to 18.2 M) Stowck solubons of cach
analyte were prepaned by dissolving the solid substance, preferably at 250 pg/ml. in
acetonitrile, but depending on the respective solubility, a few compounds were dissolved
in acetonitrile fwater 1:1 (v/7), methanol or water instead as reported by Sulyok etal. [94].
Thirty-four combined working solutions wene prepared to precede the spiking experiments
by mixing the stock solutions of the corresponding analyte All solutions wene stored at
—20 °C and allowed toe reach room e mperatune before the analysis.

5.22 Sample Preparation, Extraction and Estimation of Apparent Recoveries

The frozen pasture samples were thawed at room temperature for 24 b, then they wene
air-dried at 65 *C for 48 h. The average DM content of pastume samples was 22.3 = 53%
(range: 14.2-35.6%). The dried samples wemne sequentially milled to a final particle size
of <0.5 mm. Firgtly, the air-dred samples were processed using the cutting mill (SM 300,
Retsch GmbH, Haan, Germany) at 1500 rpm for approximately 1 min. The remnant {mostly
hard fragments of seeds) was subsequently milled using an ultra-centrifugal mill (21 200,
Retsch GmblH, Haan, Germany) at 10,000 rpm for approximately 30 5. All milled fractions
wem combined and homogeneously mived into one representative samphe per farm



Tomms 2021, 11 460

43

15 of 20

Five grams (+0.01 g} of each homogenized sample wene weighed into Eﬂ—rnLF-uﬁ.l'Fmﬁfhm
comcal tubes (Sarstedt, Nambrecht, Germany ) and 20 ml of the extrachon solvent {ace-
tomitrile/water /acetic acid 79:200 1, v/7/ 1) was added. The samples wene extracted on a
GFL 3017 rotary shaker (GFL, Burgwedel, Germany) in a horizonkal position at 150 rpm
for 90 min. Then, the tubes were put in a vertical position for 10-15 min for sodimenta-
tion. A supernatant of 500 pL of the raw extract was diluted 101 with a dilution solvent
tacetonitrile fwater/ acetic acid 20791, 7/7/0) in autesampler vials. The inpecion of 5 pl.
of the diluted raw extracts into the LC-MS,/ MS instrument was performed as described by
Sulyok et al. 2020 |24]. Quantification was performed from external calibration by serial
dilutions of a stock solution of multiple analytes. The results were cormected for apparent
recoveries determined through spiking experiments [95].

5.2.3 LC-MS/MS Parameters

The chromatographic method and chromatographic and mass spectrometric parame-
ters used in the current research were carried out at the Department of Agrobistechnology
(IFA-Tulln} at the University of Natural Besources and Life Sciences Vienna (BOKU) in
Tulln, Austria and have been described detailed previously [94,95]. This fully validated
method enables the accurate quantification of more than 500 fungal, bacterial, plant, licheni-
cal and unspecific secondary metabolites, ncluding all relevant mycotoxins, Analysis was
performed with an Agilent 1290 Series HPLC System {Agilent, Waldbronn, Germany}
coupled with a QTrap 5500 equipped with a TurbolonSpray electrospray ionization (EST}
source (Sciex, Foster City, CA, USA). Chromatographic separation was performed at 25 °C
on a Gemini®™ Cl8-column, 150 x 4.6 mm inner diameter, 5 pm partcle size, protected by a
C18 security puard cartridge, 4 * 3 mm inner diame e (Phenomenex, Torrance, CA, USA).
A methanol fwater gradient containing 5 mmaol /L ammonium acetate and 1% acetic acid
wis used at 1 mL/ min.

Electrospray ionization-MS/MS was performed in the ime-scheduled multiple ne-
action momitoring (MEM) mode both in positive and negative polarities in two separate
chromatographic runs per sampl by scanning two fragmentation reactions per analyte.
Caalitative and quantitativer analyses were performed using Analyst, version 1.5 (AT Sciex,
Framingham, MA, USA} and MultiChiant, version 2.0.2 {AB Sciex). The analyte identifica-
tion was confirmed by the acquisition of bwo MEMs per analy te, vielding 4.0 identification
points according to Commission Decision 20027657/ EC [18]. Furthermom, the LC etention
time and the inkensity ratio of the two MEM transitions agreed with the elated valees of
an authentic standard within 0.1 min and 30% melatve abundance, respectively. Quantifica-
tion was based on external calibration (linear, 1/x weighted) using a serial dilution of a
multi-analyte working solution. Results wene corrected using apparent recoveries obtained
through spiking experiments. The accuracy of the method is continuously validated by
participation in a proficiency tsting scheme organized by BIPEA {Gennevilliers, Franoe)
with a current rate of z-scomes between —2 and 2 of >%5% (>1500 results submatted).

5.3, Statrstical Amalysis
Descriptive statistics (occurnences and concentration values: average, median, mini-
mum and maximum) wen computed using only the positive values (8 = limit of debection
(LOD)). Data below LOD were deemed not detectable. Metabolite concentrations below the
respective limit of quantification (LOC) were calculated as LOQ/2. The concentrations are
presented on a DMV basis in pg/ ke—parts per billion (ppb) and on a logarthmic scale (Logl0)
where applicable. The co-occurmence analysis was performed constructing a matrix with
the detection frequendcies of the mycotoxins occurring = 20% using Micresoft Excel and the
heat map was elaborated by GraphPad Prism (Prism vergion 9.1, GraphPad Softwame, San
Dhega, CA, USA),
“For correlations and climatic fackors, the skatistical analyses wene performed using
SAS (version 9.4; SAS Institube Inc., Cary, NC, USA) A bwo-tailed Pearson cormelation was
accomphlished (data not shown) to screen possible significant relationships between the



Tomns 2021, 13, 460

44

16 of 20

concentrations of the different groups of metabolites and climatic data, followed by the
graphical evaluation. Subsequently, targeted pairs were evaluated in detail to quantify
their responses. Linear regressions of the 2month average temperature and the number
of fungal metabolites per sample was performed using the Mixed procedun: of SAS. The
random effect of the farm was considered in the model. For the grouped fungal metabolites
showing a non-linear relationship, then the NLIN procedune of SAS was used. An effect
of campling tire, farm lecation or botanical diversity on the concentrations of grouped
metabolites was evaluated using the MIXED procedure of SAS. The sampling time was
grouped as early (sampled in April to June 2019, n = 8) or late (sampled in August-October
2019, n = 10). The farm location was designated to their federal state including Lower
Anstria (n = 5), Upper Austria (n = 5) and Styria (n = 8). Two groups of pastune diversity
were defined including i) not diverse when one or two boetanical species were identified in
the samples (n = 11) and i) diverse when three or mome botanical species wene defected
(n =7} The statistical model of each gpeo-climatic factor included a fived effect of the test
factor and a random effect of the farm. The resulting data reported are the least-squares
means and standard error of the least-squams mean (SEM).

Supplementary Materials The following are available online at https:/ / www.ondpioom/ articke/
10,3390/ oneins 13070460,/ 51, Table 51: List of 481 tarpeted metabolites via LC-M5/MS analysis.
Compounds found in the pasture samples (valoes > the LOD) are located into grey cells, Table 52
Botanical composition of the sampled pastures.
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Table 51. List of 481 targeted metabolites via LC-MS/MS analysis. Compounds found m the pasture
samples (values = the TLODY) are located indo grey cells.

13-Acstyidecomnivaiencd Asprrane Cladnsporin Emindole 5A
15-Hydrrorpouimorin Asterric add Tonostackyrdiol Emodin
15-Hydrooyrouimaoron A gmmeom & Colchicin Emdocrocin
2-M eyl torubin Atpenin A5 Comzmmesin B Ermiahin A
FAcetyldeconmivalencl Abopine Cordyeemin Enmiatin Al
F-Fiydroscyterpien:Ilin Alroventinmetin-lather Coummesirol Enmizftm B
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+-Hydromraliemanicl Auzantine Curvularin Enmniatin B
5rhrdrosoprulmorn Anrantoclavin Curvulin Enrdafm B3
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Absdizic add Anreranfin Crrclopenin Ereminfortin B
Anwminatom B Averanbinmetivlefer Crelopenal Ergime
Acaminahom C Arverufandny Crclopeptine Ergocomine
Aflaboicol Anrenafing Cydopiazonic acid Erpgocorminin
Aflgtoodn Bl Bactracn Cyiindrocarpon A4 Expocristne
Aflatoodn B2 Bafloomydn Al Crlindrol B Expooistnine
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Afiatoodn 52 Bassianolide Crinchalasin C Erpocryphinine
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Altersalamc] Butyrolacton I Delrpdrocurralaring Fellutanine A
Albertorn T Bufyzalactone I Drehydrocydopeptine Festudavine
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Gerisfim Minllicelln D Purpuride Thailandolid= B
Gibberellic aad Miomachn Fyranoragrm Tiammalkin
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Josammoin Papyracillic adid A Skyzin
E-76 Denivative 2 Farzherquamide E Sodarim
Kofic acd Faspalic add Sphingofungin B
Eoninginin E Faspalin Sphingofungin D
Eptanin A Paspalifrem A Stachybotryamide
Lasiocarpm Fatulin Stachvbotrylactam
Lasiocarpin-Iv-Cead Faaliin Saurosporin
Lecanoic acid Fenicillic add Stemphwipervienol
LL-ZiX 2= Penigequincions A Surfackn A
Lokitrem & Penitrem & Surfackn B
Macrosponin E wTozin Srdowinin A
halformin A Phomalachone Srdowinin B
Malfonmin AT Fhornalone T-2 Glucodide
kdalformin C FPhomopsalide B T-2 toecm
Miarcforkine A Flnr=cion T2-Tetracl
arciortine B Finselin T2-Trial
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Melzagrin Frehelminthosporol Tertboodm
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Table 52. Botanical composition of the sampled pashures.
Botamical Piom (Dioani Specical!

Syl - 2 =t 3 : 4 5
2 La Loliuem poresins Trijolaion repons Dachyliz alowerale - -
3 A Loluawm poremms Trifoltion repons Poa prafennz - -
4 LA Phirann prabonss Trifnlhin repens - -
3 La Lolium peresns Trifnlton repens - - -
[ uA Lolinm perayme Trifoloion repens Medicago safiva - -
7 UA Lolium peremns Medicago safioa - - -
B A Lolim perapme Trifolizon preiorse Dachylis ploveorat - -
9 LA Lolam perane Trifolbon repons - - -
10 A Loitiem peroms Trifplaon repens - - -
i1 5T Lolam perane Alcpesuns pradosis Holoes louatus Boz prafousis -
12 8T Pog priceusic Aleremimes praiosis Festura prafonsis - -
13 5T Dactylis siomeraia Phirion pratouse Triohm repens Cymosiries cristans Feshuo prades
12 5T Lotiiem porooe Trifolaon repens Dachylis slomerais Agrosis sp. -
15 3T Dactylis gimmeraia Trifoliuen repons - - -
ia aT Lotnam peremns Meledicago saliva Bugloscoides on. Cymosuries cristatios Dactylis glovseraia
17 5T Loltom poresins Trijolaion repens - - -
15 5T Dactylis elowerada Trifolhon repots - -

LA Lower Austria; UP: Upper Ausima; 5T:

Styria; ' Tawomomical dassificaion based on
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Abstract

Fungi and mycotoxins in silage can have detrimental consequences for both cattle and human health. This pilot study identi-
fied, via the routinary direct plating method, the dominant cultivable fungi in mouldy grass silages (GS) (n=19) and maize
silages (MS) (n=28) from Austria. The profiles of regulated, modified, and emerging mycotoxins together with other fungal
metabolites were analysed via LC-(ESIMS/MS. Penicillium rogueforti. Saccharomyces spp.. Geotrichum candidum, Asper-
gillus fumigarus and Monascus ruber were the most frequent fungal organisms identified. Other species including Mucor
circinelloides, Fusarium spp. and Paecilomyces niveus were detected at lower frequencies. The presence of complex mixtures
of toxic and potentially toxic compounds was evidenced by high levels and occurrences (= 50%) of Penicillium-produced
compounds such as mycophenolic acid (MPA), roguefortines (ROCs), andrastins (ANDs) and marcfortine A. Mouldy silages
contained toxins commonly produced by genus Fusarium (e.g. zearalenone (ZEN) and trichothecenes), Alternaria (like
tenuazonic acid (TeA) and alternariol (AHO)) and Aspergilins (such as sterigmatocystin (STC)). Compared to those in GS,
mouldy spots in MS presented significantly higher fungal counts and more diverse toxin profiles, in addition to superior levels
of Fusarium spp., Penicillium spp. and total fungal metabolites, Generally, no correlation between mould counts and corre-
sponding metabolites was detected, except for the counts of P, rogueforti, which were positively correlated with Penicillium
spp. metabolites in mouldy MS. This study represents a first assessment of the fungal diversity in mouldy silage in Austria
and highlights its potential role as a substantial contributor to contamination with complex mycotoxin mixmres in cattle diets.

Keywords Silage quality - Spoilage - Fungal contamination - Multi-mycotoxin analysis - Dairy farm

Introduction dietary ingredients in modern dairy and beef farms in many
countries, with G5 being more widely used in Europe and

Silage production is a widespread practice applied to pre-  MS in North America (Alonso et al. 201 3; Wilkinson and

serve the nutritional value of forages for livestock feeding,
using spontaneous lactic fermentation under anaesrobic con-
ditions (Muck et al. 2018). Grass silage (GS) and (whole
plant) maize silage (MS) are the most frequently used
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Rinne 2018; Diinicke et al, 2020), Dairy farmers in several
European countries store more than 9% of their forage pro-
duction as silage (Alonso et al, 2013), These silages are pro-
duced by harvesting and chopping pastures and maize crops,
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Health, Christian-Doppler-Laboratory for Innovative Gut
Health Concepts in Livestock (CDL-Live GUT), University
of Veterinary Medicine Vienna, Veterinaerplatz |,

1210 Vienna, Austria
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which are subsequently stored under anaerobic conditions
by compaction as well as airtight covers, mainly in trench/
bunker silos and round bales (Resch et al. 2001 7).

In Austria, approx. 22% of the dairy farms feed cows a
silage-free diet in order to mateh the haymileh {in German:
“heumilch™) standards, which does not allow the feeding
with any kind of silage (BMLRT 2021). However, currently,
most of the Austrian dairy farms feed their herds with silage
year-tound or seasonal green fodder plus silage, It has been
estimated that Austrian dairy farms present an anneal aver-
age intake of 3300 kg dry manter (DM )/cow/vear of GS and
1200 kg DM/cow/year of MS (FAO, IDF, IFCN 2014). In
2019, 154,769 ha of grassland/pastures {primarily grasses,
clovers and lucerne) and 85,684 ha of maize for silage were
available for forage production in Austria. In practice, about
75% of the basic fodder is preserved by ensiling, which cor-
responded to approx. 2.55 million t DM of GS and 1.3 mil-
liom t DM of MS in 2019 (Resch et al. 2021). Since the
economic and dietary relevance of these silages for the cat-
tle industry has been recognized, detailed information on
safety concerning natural contaminants (such as mycotoxins)
is required (Gallo et al, 2015a).

Despite its crucial role in hivestock nutrition, silage qual-
ity assessment is often based only on chemical analysis
(nutritional composition) without an additional evaluation
of the occurrence of pathogenic/toxigenic microorganisms
or toxins (Wambacq et al. 2016). Fungi and especially their
toxic secondary metabolites—mycotoxins —have been
shown to pose a health risk to ruminants, with silages as
one of the main sources of exposure (Drichuis et al. 2008a;
Ogunade ct al. 2018). The fungal toxins produced on-ficld
can persist during the ensiling process, endangering the
feed safety (Storm et al, 2014), Even though the ensiling
process inactivates most of the microorganisms involved in
silage spoilage, some species of filamentous fungi such as P.
roguefort, A, fumigatus, M. ruber and P niveus can tolerate
the low pH, high levels of carbon dicxide and low avail-
ability of oxygen which occur during storage (Alonso et al.
20N 3; Wambacq et al. 2016). These moulds can therefore
survive in the silos and proliferate when more oxygen is
available leading to spoilage, thereby reducing the nutri-
tional value, dry matter content and palatability of the silage.
Ultimately, diverse fungi in silage can produce a wide spec-
trum of secondary metabolites {(0'Brien et al. 2006} with
different biological activities including immunosuppressive,
hepatotoxic, nephrotoxic and neurotoxic effects in animals
(Storm et al. 2008; Drichuis et al. 2018), When incorporated
into the diets of dairy cows, mouldy silages may impair ani-
mal health and productivity (Fink-Gremmels 2008; Santos
and Fink-Gremmels 2014). Some evidence suggests that
sub-clinical disorders such as impaired romen function or
increased susceptibility to infections might be related to
the impact of such complex mixtures of fungal secondary
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metabolites {Storm et al. 2008; Santos and Fink-Gremmels
20114). Exposure to mouldy feeds seems to induce a poorly
characterized sub-clinical disorder described as mouldy
silage syndrome (Santos and Fink-Gremmels 2014).

Recent research began to recognize possible synergistic
interactions and consequences of long-term exposure to such
mycoloxin mixtures and the importance of holistic and inno-
vative approaches based on multi-mycotoxing analyses (Storm
et al. 2014; Battilani et al, 2020). So far, research related to
this topic has covered the study of fungal populations in
silages (Alonso et al, 2013; Rodriguez-Blanco et al. 202(1).
Additionally, preharvest multi-mycotoxin surveys in maize
{Hajnal et al. 2020; Kos et al. 2020) and grasses (Nichea et al.
2015; Penagos-Tabares et al. 2021} as well as postharvest in
GS and MS have been carried out (Rasmussen et al. 2010;
Shimshoni et al. 2013; Storm et al. 2014; Vandicke et al. 2019;
Panasiuk et al. 2019; Reisinger et al. 2019; Rodriguez-Blanco
2019; Dinicke et al. 2020). However, rescarch focused on a
wide spectrum of storage-associated mycotoxins in mouldy
gilages is scarce and the risks of dietary contamination with
mouldy spots of silage are not known, Furthermore, several
studies suggested that MS represents a lagher mycotoxicologi-
cal risk compared to GS (Panasiuk et al. 2019; Reisinger et al,
2019; Déinicke et al. 2020), Therefore, this study aimed 1)
to characterize the most recurrent spoiling fungal organisms
{co-) oceurring in GS and MS in Augstrian dairy farms using
the routinary fungal analysis and 2} to assess broad profiles of
mycotoxins and other secondary fungal metabolites (> 400)
presented in the mouldy portions of silages. The levels and
diversity of mycotoxins and metabolites contained in mouldy
spots of both silage types were statistically compared. Addi-
tionally, possible interrelationships between fungal counts and
levels of mycotoxin/metabolites were investigated.

Materials and methods
Sampling procedure

With the consent of the farmers, samples were collected
from a total of 35 dairy farms located in Lower Austria,
Upper Austria, and Styria, corresponding to the three Aus-
trian Federal states leading the country’s milk production
{Fig. la). The samples included in this pilot study were
collected between May 2019 and August 2020, totalling
47 samples (19 samples of mouldy spots of GS and 28 of
MS) from already opened and “ready to be fed” bunker/
trench silos or round bales, which have been ensiled for
at least 3 months, We aimed at sampling mouldy spots in
silages, and thus, collecting a representative sampling of
the complete silo as presented recommended by MeElhinney
et al. (2016) was not suitable for our goal. Samples from
the available silos or bales fitting the aforementioned
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Fig.1 Sampling of mouldy spots of grass and maize silages intended
for feeding dairy cows a Map of Austria illustratng localization of
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criteria across the pilot farms were collected and treated
as individual samples independently as a means to account
for the heterogeneity of the mouldy spots. Sections of
silage with evidently dense fungal growth were detected
via visual imspection (Fig. 1b) or by using thermal Tmag-
ing Camera FLIR ONE and FLIR Teols software (FLIR,
Wilsonville, United States) (Fig. 1c). Per silo or bale, a
subsample of a spot infested with apparent fungal growth
(corroborated by ohservation of mycelial structures,
Fig. le-d) was selected for sampling. Such mouldy hot
spots were located in the superior and lateral sides of the
trench/bunker silos and bales. The samipling consisted of
the manual collection of one subsample of approx. 500 g
om a wet welght basis of silage from one densely and com-
pactly mould-colonized spot using nitrile gloves, superfi-
cially, not decper than 20 cm (Fig. 1f). Each sample was
subsequently stored in plastic bags, which were tightly
secaled (the air was squeczed out) (Fig. lg) and stored
at 4 °C in the dark until arriving 4t the laboratory, Each
sample of moulded silage was homogenized using a knife
mill (Retsch GmbH, Haan. Germany; Type: GM200) at
10000 rpm for 10 5. Subsequently, 100 g was randomly
selected for mycological evaluation and the remaining
sample (approximately 400 g) was stored in the dark at
=20 *C until further mycotoxin analysis.

Fungal identification (Plate Counting)

For mycological analysis, 20 g of the sample was mixed
with180 ml of 0.1% peptone solution (achicving a 10-1
dilution) and further diluted unuil 107, Dilution plating
was carried out according 1o Samson et al, (2019), uti-
Lizing selective mycological media, namely, Malt Extract
Agar (MEA; Merck, Darmstadt, Germany) supplemented
with 100 pg/ml of chloramphenicol (Roth, Karlsruhe, Ger-
many )} and Dichloran Rose Bengal Chloramphenicol Agar
(DRBC; Roth, Karlsruhe, Germany). These media have
been used in studies of mycology of silages (O'Brien et al.
2005; O'Brien et al. 2007; Manfield and Kuldau 2007).
For inoculation of the plates, 0.1 mL aliquots represent-
ing 1072, 107" and 107~ dilutions were used, in triplicates.
Plates were incubated at 25 °C for 5-7 days in the dark.
Additional cultivation at 37 °C for 5 days was used for the
isolation of opportunistic fungal pathogens. Each fungal
colony isolated from a sample was considered as an indi-
vidual isolate. Morphological identification of dominant
fungal generafspecies was performed by evaluation of
macro- and microscopic morphological traits according
to Samson et al. (2019) and de Hoog et al, (2020).
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Multi-Mycotoxin analysis (LC-ESI-M5/MS)

For mycotoxin analysis, the frozen and previously milled
sub-samples (approx. 400 g) were thawed for 12 h and
subsequently dried at 63 °C in a ventilated oven for 48 h,
Subsequently, the samples were milled through a 0.5-mm
sieve using a cutting mill (SM 300, Retsch GmbH, Haan,
Germany) at 1,500 rpm during approx.1 min, Five grams
(£0.01 g) of the homogenized samples were added to
50-ml polypropylene conical mbes (Sarstedt, Nimbrecht,
Germany) and stored at — 20 °C until analysis. Glacial ace-
tic acid (p.a.) and ammonium acetate (LC-MS grade) were
purchased from Sigma-Aldrich (Vienna, Austria), HiPer-
Soly Chromanorm HPLC gradient grade acetonitrile was
obtained from VWR Chemicals (Vienna, Austria), and
LC-MS Chromasolv grade methanol was acquired from
Honeywell (Seelze, Germany). Water was purified by
reverse osmosis utilizing a Purelab Ultra system (ELGA
LabWater, Celle, Germany). Standards of = 600 fungal and
aother secondary metabolites were acquired either via a
donation from various research institutions or purchased
from several commercial suppliers (Sulyok et al. 2020}
Quantitative analysis of all relevant myeotoxing and other
secondary metabolites was performed using a validated
method based on ligquid chromatography-electrospray
ionization tandem mass spectrometry (LC-ESI-MS/MS)
described by Sulyok et al. (2020). Briefly, 5 g of milled
sample was deposited into a 250 ml Erlenmeyer flask
along with 20 ml of extraction solvent. It was agitated for
90 min using a GFL 3017 rotary shaker (GFL, Burgwedel,
Germany ). Subsequently, the mixture was centrifuged for
2 min at 2,012 % g on a GS-6 centrifuge {Beckman Coulter
Inc., Brea, CA, USA). The extract was transferred into
glass vials and diluted 1:1 with dilution solvent, The injec-
tion volume of both raw extracts of the samples and the
mycotoxin standard solations was 5 pl. Identification and
quantification of each mycotoxin were performed in the
scheduled multiple reaction monitoring (sMEM) mode
both in positive and negative polarity in two separate chro-
matographic runs using a QTrap 5500 LC-MS/MS system
{Applied Biosystems, Foster City, CA, USA) equipped
with a TurboV electrospray icnization (ESI) source was
coupled to a 1290 series UHPLC system (Agilent Technol-
ogies, Waldbronn, Germany ). Chromatographic separation
was accomplished by binary gradient elution. Quantifica-
tion was based on external calibration using a serial dilu-
toen of a multi-analyte stock solunon. Results were cor-
rected for apparent recoveries determined during method
validation according to Steiner et al. (2020). The accuracy
of the method is verified by participation in a proficiency
testing scheme with > 95% of the = 1600 results submitted
50 far exhibiting z-scores between -2 and 2. In particular,
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15 out of 16 parameters submitted for a sample of whole-
plant M5 were in the satisfactory range with the exception
being zearalenone (z=-2.04). The method used here has
been employed to study multi-mycotoxin occurrence in
diverse complex matrices of feedstuffs such as silage, pas-
tures, concentrate feed and total mix rations (Shimshom
el al, 200 3; Nichea et al, 2015; Kemboi et al, 2020; Penagos-
Tabares et al. 2021; Awapak et al, 2021).

Statistical analysis

Occurrences and the descriptive statistics, i.e. minimum—
maximum concentrations, median and mean values of the
concentration of metabolites were calculated considering
only the positive values (x = limit of detection (LODY)).
Concentrations of metabolites were presented on a dry mat-
ter basis in pgfg, Values under the limit of quantification
(LOQ) were computed as LOQY2. To assess the significance
of the differences between fungal counts and levels of myco-
toxins and additional metabolites in mouldy GS and MS, a
Mann—Whitney rank-sum test was performed, and statisti-
cal differences were considered significant at p-value <{).05.
A two-tailed Spearman’s correlation test was conducted
to explore possible relationships between fungal counts
and levels of metabolites as well as relationships among
metabolites within each kind of silage. For this, only data
of metabolites with occurrence over 30% were considered.
Spearman's correlation coefficients were considered sig-
nificant at p-value <<0.05, and the interpretation was per-
formed according to Schober et al. (2018). Accordingly, the
correlation coelficients were considered significant at Jevel
p-value <(L01 and the magnitude of the observed correlation
was interpreted as “very strong” (0,90 up 1o 1.00), “strong™
(0.70 up oo 0.89) and “moderate” (040 up to 0.69) according
to Schober et al. (2018). Linear regressions between fungal
metabolites were performed (o corroborate the promising
relationships. The mentioned statistical analyses and graphs
were performed using GraphPad Prism version 9.1 (Graph-
Pad Software, San Diego, California, USA) and Microsoft™
Excel®, Additionally, an effect of the occurrence of domi-
nant mould species P. rogueforsi on the concentration of
Penicillium spp. metabolites was determined. For this pur-
pose, the counts were classified into four groups: no {(zero
counts, n= 13), low (13 10* CFL/g - 5% 10° CFU/g, n=19),
medium (1 x 10° CFU/g — 5% 10° CFU/g, n=9), and high
(1> 10° CFU/g, n=9). Data were subsequently tested using
a mixed model consisting of the fixed effect of the P rogue-
Jorti group and the random effect of the kind of silage, The
mixed model was analysed using PROC MIXED of SAS
(version 9.4; SAS Institute Inc., Cary, NC, USA). Pairwise
comparisons of the resulting least-squares means were done

using the PDIFF option, and significance was declared at
p-value < 0.05.

Results
Occurrence and counts of fungal organisms

Seventeen distinct fungal organisms were detected in
mouldy silages, consisting of 3 yeasts and 14 moulds iden-
tified at species or genus level (Fig. 2). Respectively, 12 dif-
ferent fungi in GS and 14 in MS were isolated. All samples
were positive for moulds, whereas for yeasts only 68% and
T5% of G5 and MS were positive, respectively. The mould
P roqueforti was the most frequently isolated fungi in both
types of mouldy silage, occurring specifically in 74% of
G5 and T1% of MS samples. For GS, the most common
fungi were Saccharomyces spp. (47%), M. ruber (37%),
A. fumigatus (26%), G. candidum (26%), M. circinelloides
116%), Lichtheimia (formerly Absidia) corymbifera (16%), F.
nivens (formerly Byssochlamys rivea) (16%) and with lower
incidence Scopulariopsis brevicanlis (11%) and Hypopi-
chia burtonii (3%) as well as Acremonium sp, (3%), After
P rogueforti, MS samples were mostly contaminated with
. candidum (46'%), Saccharomyces spp. (43%), P, niveus
(36%), A, fumigars (29%), M. ruber (29%), M. circinel-
loides (25%), L. corymbifera (14%) and Psendallescheria
baydii (14%). With occurrences under 10%, Rhizomucor
pusillus, F. verticillioides, Fusarium spp., Paecilomyces
variotii and Verticillium sp. were detected exclusively in
MS. As shown in Supplementary Figure 51, in mouldy GS,
P, rogueforti frequently co-oceurred with Saccharomyces
spp. (32%), G. candidum (21%), M. ruber (16%) and A,
Sumigatus (16%), while Saccharomyces spp. co-occurred
with A, fumigaius (26%) and M. ruber (26%) as well as M.
ruber with A. fumipatus (16%) and L. corymbifera (16%).
In mouldy MS, P rogueforti frequently co-occurred with
P oniveus (32%), G, candidum (295, M. ruber (29%) and
M. circinelloides (18%), along with M. ruber and P piveus
(18%} (Supplementary Figure 51).

Mouldy spots of MS presented significantly superior
total fungal counts, ie. the sum of moulds and yeasts
{p-value <0.001) and total mould counts (p-value < 0.001)
but not total yeast counts compared with the GS (Fig. 2).
Total fungal count ranged from 1x 10 CFU/g to
1.5 107 CFU/g in samples of GS and from 2.5 x 10° CFU/g
ter 2.2 % 107 CFU/g in MS (Fig. 2, Supplementary Table 1),
Mo statistical differences between GS and MS were observed
for the counts of other identified fungal organisms. The high-
est connts in mouldy GS were M. circinelloides, followed
by M. ruber, L. corymbifera, P. rogueforti and H. burto-
mii, which presented average counts of over 13 10° CFU/g.
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Compared to mouldy GS. the analysed MS samples dis-
played superior average counts of P bovdii, P. rogueforti,
P variotii, M. circinelloides, M. ruber, H. burtonii and G.
candidwm, F. verticillioides and another Fusarium sp.

Occurrence and concentrations of mycotoxins
and other secondary metabolites

General overview

A rotal of 106 and 83 secondary metabolites were detected
across all MS and GS samples, respectively (Supplementary
Table 51). To simplify the results” presentation along with
their interpretation, the detected metabolites were classified
by major producers based on previous reports with some
modifications (Szulc et al. 2009; Hajnal et al. 2020; Penagos-
Tabares et al. 2021} in the following categories: Afternaria
spp. (5), Aspergillus spp. (23), Fusarium spp. (31), Penicil-
fium spp. (16}, other fungi (8), unspecific (19) and ergot
alkaloids (EAs) (3). Figure 3 illustrates the occurrences and
concentrations (mean, median, maximum and minimum)
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of the mentioned groups. Ameong the identified producers.
metabolites mainly produced by Pemicillium spp. were the
most frequently detected and were found in all the samples
of mouldy MS and 95% of GS. The highly diverse fusarial
metabolites were positive in 100 and 89% of mouldy MS
and GS, respectively. Diverse metabolites from Aspergillis
spp. were also evident (Supplementary Table 51} but were
detected in a lower frequency across the evaluated samples
(82% in M3 and 63% in GS, Fig. 3). Lower numbers of
EAs metabolites, as well as metabolites derived from genus
Alternaria, and other fungi (Supplementary Table $1) were
detected in over 60% of the evaluated samples (Fig. 3).
When comparing the two silages, MS samples presented
significatively higher levels of total EAs (p-value =0.045)
as well as of total metaboelites derived from Fusarinm spp.
{(p-value < 0.001). Penicillium spp. (p-value =0.017) and
fungi (p-value < 0.001}). All samples contained considerable
amounts of unspecific metabolites, ranging from 602 pe/kg
(o] 3,400 pg'ke in GS and from 316 pg'ke to 17,500 pglkg in
MS (Fig. 3).
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Fig.3 Occurrences and concentration of grouped mycotoxins, other fungal and unspecific metabolites detected in mouldy spots of grass {green)
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Selected mycotoxins and fungal metabolites

The occurrence, concentrations {mean, median and range) as
well as the differences of selected mycotoxins levels between
both kinds of silages are presented in Table 1. Other less
known and lower recurrent mycotoxins and metabolites are
given in Supplementary Table 53. Regarding mycotoxins
cottemplated in European legislation, GS samples presented
relatively low frequencies (16% and 21%) of deoxynivalenol
(DON) and zearalenone (ZEN) in comparison with the M3
samples that were over 60% positive for both mycotoxins.,
Despite the low occurrence in (G5, the maximum concentra-
tion of ZEN (668 ug/kg) exceeded the EU guidance level of
500 pe/kg (for ZEN in complementary and complete feed-
ingstuffs for dairy cattle) (EC 2006), whereas ZEN ranged
only from 2.08 pg'kg to 53.9 pg'kg in MS. All samples were
negative for aflatoxin B1, ochratoxin A and T-2 toxin.

The fusarial mycoestrogen, alpha-zearalenol (o-ZEL)
(11% occurrence) along with HT-2 toxin (21%). types B of
fumonizins (FB) (1,2,3, and 4) (75%, 50%, 11% and 11%,
respectively), nivalenol (NIV) (89%), [usaric acid (FA)
{18%), butanolide (14%) and monoacetoxyseirpenol (MAS)
(4% ) were detected only in MS (Table 1). The most recurrent
Fusarium-related mycotoxin in (G5 belonged to the enmiatin
(ENN) group: ENN B (84%), ENN B, (68%) and ENN Al
(58%). In MS, DON, NIV and FB|, ENN A and B, beau-
vericin (BEA), siccanol, culmorin, aurofuesarin and apicidin
occurred in over 70% of the samples. The metabolites related
to Fusariuwm spp. with the highest average concentrations
were siccanol (8130 pgfke) and fusaric acid (83300 pg'ke). In
comparison with GS. MS samples showed significantly supe-
rior levels of DON (p-value < 0.001), NIV (p-value < 0.001),
FB| (p-value <0.001), FB2 {p-value <0.001), ENN A,
(p-value=0.041), BEA (p-value <0.001), aurofusarin
(p-value =0.004), bikaverin (p-value <0,001), culmorin
(p-value < 0,001}, and apicidin (p-value < 0,001}, Interest-
ingly, the concentrations of siccanol (p-value =0.015), ZEN
(p-value=0.0162) and chrysogine (p-value=10.016) were
significatively higher in GS samples.

Regarding Penicillinm-derived metabolites, andrastins
(AND) A, B, and C, marcfortine A, mycophenolic acid
(MPA), MPA TV as well as roquefortines (ROQ) C and D
were found in both silages in frequencies = 50% (Table 1).
Citrinin was detected only in one GS sample (99.7 pgfkg). The
Fenicillinm mycotoxins with highest average concentrations
in GS samples were AND C (95380 pg/kg), MPA (2530 pg/
kg), ROQ C (2270 pglkg) and AND A (1030 pg/kg). For MS
samples, the metabolites with highest average concentraions
were AND C (45,200 pg/kg), ROQ C (6360 pg'kg). ROQ
D (6220 pg/eg), MPA (5570 pgfkg), AND A (3860 poikg),
AND B (3670 pg/fkg) and MAC A (2030 pg/kg). The samples
of MS presented significantly higher concentrations of AND
A (p-value =00.003), questiomycin A (p-value < 0.001) and
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Fig. 4 Co-occurrence of grouped mycotoxing, other fungal and unspe-»
cific metabolites detected in mouldy spots of grass (green) and maize
silages (yellow)® Significantly different (p-valoe < (.05}

chevalone C (p-value < 0.001) compared to those in GS sam-
ples. The metabolite pestalotin was detected only in mouldy
MS (Table 1, Supplementary Table 53).

Three clavine alkaloids were found both silages: festu-
clavine (FES) (MS:R2%, GS:63%), chanoclavine (MS:54%,
(G5:58%) and agroclavine (MS:32%, G5:11%) (Supplemen-
tary Table 82). The concentrations of these EAs were gen-
erally higher in MS compared to GS, but only FES (most
produced EA in both groups of silages) reached significance
(p-value =0.026) (Supplementary Table 82). Tenuazonic acid
{TeA) was the most frequent mycotoxin produced by Alver-
naria spp. detected in both GS and MS (53% and 61%, respec-
tively) and with a lesser frequency alternariol (AHO) and
alternariol-methyl-ether (AME) (< 40% and the concentra-
tigms under 1000 pg/kg) (Table 1), Both silage groups did not
differ in the concentration of Alternaria-derived compounds.

Regarding Aspergillus-derived metabolites, the myco-
toxins sterigmatocystin (STC), bis(methylthio)gliotoxin,
gliotoxin, fumiquinazolines (FQ) A and D, fumigaclavine
{FM} and fumigaclavine C (FMC) were detected. Their
occurrences were under 40% for both GS and MS. FQA
and FMC were the Aspergillus-derived mycotoxins with the
highest average concentrations (over 3800 pg/kg) in MS.
Drespite having a higher average. sphingofungin B (7250 pg/
k) was found at a lower frequency (11%) (Supplementary
Table 82). Likewise, GS samples also presented a predomi-
nant production of FMC and FQA, corresponding to average
concentrations of 1800 pgfky and 433 pg/ky. Interestingly,
GS showed significantly higher contamination levels of SCT
than MS (p-value =0.0113) (Table 1), Other metabolites
prodduced by other fungi and by organisms from other king-
doms (such as Bacteria and Plantae) are included in the Sup-
plementary Table 51. Metabolites designated mycotoxins
but also produced by plants, such as emodin (GS:95%, MS:
89%) and 3-Nitropropionic acid {G5:26%, MS: 54%) were
also detected (Table 1). Differences between the mycotoxin
content in mouldy MS and GS during the years 2019 and
2020 were analysed via Mann—Whitney Test. The metabo-
lites with significant differences and the respective concen-
trations (average and median) are listed in the supplementary
Table 83.

Co-occurrence analysis of mycotoxins and other fungal
metabolites

All samples were co-contaminated with several mycotox-
ins and other fungal metabolites. Figure 4 shows the aver-
age, median and range of co-contamination (i.e. the number
of metabolites detected per sample) of different groups of
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metabolites per silage type. GS had an average of 20 myco-
toxins, with samples ranging from 12 to 27, whereas M3
presented a mean of 26, varying from 19 to 64 mycotoxins.
The number of Fusarium spp. metabolites (p-value < 0.001),
total fungal metabolites (p-value < 0LO01) and total mycotox-
ins (p-value <0.003) was higher in MS than GS. Figure 3
illustrates the most common combinations of mycoloxins
detected in GS and MS. Accordingly, the co-occurrence of
several combinations of metabolites derived mostly from
Fusarium spp. and Pericillium spp. in both mouldy silages
was evident. Particularly in GS, over 50% of the samples
presented a combination of ENN B and Penicillinm-derived
toxing AND A, AND B, AND C, ROQ C, MPA and MPA TV,
MS also showed co-occurrence of ENNs, NIV, DON, FBI,
ZEN = 50%, and many of the previously mentioned toxins
produced by Penicillium spp.

Relationship between fungal counts and concentrations
of groups of metabolites

Spearman’s correlations between total counts of fungi,
moulds, and P. rogueforti and the groups of metabolites
were mainly weak in G5, However, in M3, a positive
moderate correlation (p=10.68, p-value < 0.001) between
the counts of P requefort and the group of Penicillium-
derived metabolites was found (p-value < 0.05). According
to the mixed model analysis, as shown in Supplementary
Figure S2a, a significant increase in the concentration of
Penicillium-derived metabolites (60,000-65,000 pg/kg)
was found with the groups with medium (x 10° CFU/g)
and high {x 10f CFU/g) counts of P. regueforti compared
to the groups with non-detectable counts (0 CFU/g) and
the low count group (10° — 10° CFU/g) of P. roqueforti
(p-value < (0.05).

Relationship between concentrations and groups
of mycotoxins and metabolites

In G5, a strong positive correlation (p=0.81, p-value < (L0OO1)
between Penicillium spp. metabolites and total fungal
metabolites was evident (Supplementary Figure 52b and c).
Specifically, the total of Penicillinm-derived metabolites was
strongly correlated with AND A (p=0.81, p-value < 0.001),
AND B (p=0.82, p-value <0.001), MPA (p=0.72,
p-value <0.001), MPA TV (p=0.74, p-value <0.001) and
ROQ C {p=0.81, p-value < 0.001), However, only AND A,
B and C in addition to ROQ C and I showed significance
in the regression analysis, A strong relationship (p=0.80,
p-value < 0.001) between total Penicillium-produced and
total fungal metabolites) was detected for both MS and
GS (Supplementary Figures 52b, ¢ and d). Additionally,
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metabolites associated with Aspergillus spp. presented a
moderate relationship (p=0.73. p-value < 0.001) with the
unspecific metabolites (Supplementary Figure S2e). The
mycotoxing DON was strongly correlated with ZEN (p=(L80,
p-value <0.001) in MS (Supplementary Figure 521). The cor-
relation between FES and some of the Penictllinm spp. toxins
and metabolites (AND A, ROQ C and ROQ D) in samples
of mouldy GS was confirmed by regression analyses (Sup-
plementary Figure 52g).

Discussion

Mould contamination and associated mycotoxin production
in silapes are commonly oceurring concerns in dairy farming
and animal nutrition since mould growth deteriorates both
nutritional and organcleptic properties of silage. Our results
reveal the diversity of organisms co-occurring in individual
samples of mouldy silages from Austria dairy farms as well
as the presence of complex metabolites mixtures, which con-
tain dozens of compounds with toxic or potentially toxic
activity. Both toxigenic moulds, e.g. A. fimigatus, P nivens,
M. ruber, M. circinelloides, F. verticilliodes, and Acremeo-
nitm sp. as well as silage-spoiling non-toxigenic fungi such
as yeasts (Saccharomyees spp., G. candidum and H. burta-
nii} were detected in mouldy spots, which is in accordance
with previous reports (Hollmann et al. 2008; Robledo et al.
2016; Wambacq et al. 2016; Rodriguez-Blanco et al. 2019).
Silages comprise interesting microbial ecosystems, which
can have diverse profiles of secondary metabolites (Alonso
etal. 2013). Pre-harvest infestations of Fusarium spp., Alter-
naria spp., Aspergillies spp. as well as other endophytic sym-
bionts in pastures or cereals, such as Claviceps spp. and
Neotyphodinm spp. can generate contamination and accu-
mulation of the so-called field mycotoxing (Driehuis 2013,
Drichuis et al. 20018), Our previons work indicated that the
natural contamination of pastures with toxins derived mostly
from Fusarium spp., but also Alternaria spp. and Aspergillus
spp. in addition to EAs (Penagos-Tabares et al. 2021). Dur-
ing the harvesting and chopping processes, additional fun-
gal contamination from the environment (air, soil, and dust)
can take place. This newly established microbiota as well
as existing ficld mycotoxins are ensiled together with the
chopped raw plant materials (Mansfield and Koldan 2007).
Acrobic conditions and suboptimal silage management
promote to the formation of fungl and during the ensiling
process or the feeding out, Spots of dense fungal growth
(mycelia) can be routinary found in silos intended for live-
stock feeding worldwide, Such mouldy spots are heterage-
neous and not always visible, representing potential sources
of mycotoxins and bioactive fungal metabolites that are
associated with unspecific syndromes in dairy cattle (Santos
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and Fink-Gremmels 2014 ). This exploratory approach was
planned to cover a general picture of the dominant cultiva-
ble fungi and an extremely wide toxin diversity associated
with those visible or thermo-detectable common epicen-
tres of postharvest deterioration. This study indicates that
Penicillium-derived metabolites presented the highest mean
concentrations within mouldy spots of silages, coinciding
with the high frequency of P roguefort, the dominant spe-
cies in mouldy spots. This supports the previous indication
for the main role of P roguefori in the spoilage and toxin
contamination of silages of different countries as reviewed
previously (Alonso et al. 2013).

Moreover, we demonstrated that mouldy spots of MS
presented a significantly higher diversity and concentra-
tion of Penicillium-derived toxins than those of GS. These
fungal toxins are recognized as the most relevant post-
harvest toxins in conserved forages (Pahlow et al. 2003).
Various Penicillfum-derived compounds have been previ-
ously detected in silages, such as MPA, ROQs, AND A,
agroclavine, marcfortine A (MAC A) and FES (Gallo et al.
2015b; O'Brien et al. 2006, 2008; Storm et al. 2014). The
most studied Pemicillium-derived compounds in ensiled
products are MPA and ROQs (Gallo et al. 2015a). These
compounds were shown to be more concentrated on the sur-
face layer than in the core of silage (Dreihuis et al. 2008b),
and high concentrations of MPA in GS were found in vis-
ible aerobic instability and mouldy spots (Santos and Fink-
Gremmels 2014), likely due to the proliferation of acrobic
fungi Penicillim spp. In terms of toxicity, ROQ C has been
shown to cause neurotoxic effects. The clinical manifes-
tations observed in a herd of cows after the ingestion of
grain containing ROQ C (approx. 25,300 pg per kg DM)
involved extensive paralysis that did not respond to treat-
ment with calcium. The neurological signs disappeared as
soon as the cows were no longer fed with mouldy grain
(Higghlom 1990). In our study, the most common Penicil-
livm spp. mycotoxing and metabolites co-occurring in both
mouldy silages were AND C, followed by ROQ C, ROGQ
D, MPA, AND B, AND C and MAC A. Notably, the more
diverse Penicillium-derived metabolites in MS compared to
G5 cannot be explained by the counts of P, rogueforti. Fur-
thermore. the counts of P, reguefarti were positively corre-
lated with the concentration of Penicillium spp. metabolites
in MS but not in G5, The incidence of feed contamination
with Penicillium spp. reported in the hiterature is variable
{Auverbach et al. 1998; Gallo et al. 201 5a; Mansfield et al.
2008; O'Brien et al. 2006), and there is not enough data (o
link Penicillium spp. and their produced metabolites. How-
ever, different profiles of metabolites could result from the
same species depending on the high variability of strains
and sometimes lack of adeguate growing conditions. For
example, previous studies showed that different strains of
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P roguefors isolated from mouldy GS and cultured in vitro
presented remarkable differences in the profiles of myco-
toxins produced {(O'Brien et al. 2006, 2008). The agricul-
tural and economic relevance of Pericillium spp. mycotox-
ins 1% considered underestimated since they are beheved
o be rapidly metabolized by gut microbiota and hepatic
enzymes (Fochs et al, 2008; Oh et al, 2013, 2015), but the
detoxification process of mycotoxins can be disrupted by
their antimicrobial and hepatotoxic properties (Noto et al.
1969; Kopp-Heltwiesche and Rehm 1990; Bentley 2000):
Oh et al. 2015).

In the current study, many toxins were detected in the
mouldy spots of silages, including regulated mycotoxins and
related metabolites (such as DON, NIV, ZEN, u-ZEL. FBs,
EAs) as well as emerging mycotoxins from Fusarium spp.
{ENN, BEA, CUL), Alternaria spp. (TeA, AHO, AME) and
Aspergillus (STC) along with Penicillium toxins (e.g. MA,
ROQ C}) and other less-studied metabolites, Specifically, the
group of Fusarium spp. mycoloxing was the second most
abundant, especially in MS having almost 8 tmes higher
mean concentration compared to that of GS. One MS sample
surpassed the maximum concentration of Penicillium spp.
metabolites, Fusarium-derived mycotoxing such as DON,
NIV, ZEN and ENN B are commaonly found in whole-plant
maize, pastures, and their silages (Gruber-Dorninger et al.
2017; Panasiuk et al. 2019; Reisinger et al. 2019; Vandicke
etal. 2019). The levels of several fusarial mycotoxins (e.g.
DON, NIV, ZEN, FB1, FB2, 15-hydroxyculmorin, culmorin,
ENNs, equisetin, MAS and HT-2 toxin) found in mouldy MS
in the current study in Austria were still below the maxi-
mum values reported in 158 MS samples (not specifically
mouldy hot spots) from ten European countries (Reisinger
el al. 2019, However, in our study, fusaric acid (FA) was
found in high concentrations in the mouldy spots, especially
in the two samples contaminated with F. verticillioides
(precisely with 1.00x 107 CFU/g and 5.00% 10° CFU/g and
respective concentrations of 408,000 pg/kg and 7,790 pg/
kg), like previous reports (Brown et al. 2012; Merel et al.
2020). This could suggest that some fusarial potentially toxic
metabolites such as FA could be produced during ensiling
by Fusarium spp. (Wambacq et al. 2016). Interestingly.,
FA can enhance the activity of other Fusarium mycotox-
ins such as moniliformin, trichothecenes and fumonisins
{Bacon et al, 1996; D'Mello et al. 1999), Additionally, its
antimicrobial activity against Ruminococcus albus and
Methanobrevibacter ruminantium has been described (May
el al. 20000, possibly impacting the functionality of the
rumen microbiome. AFs, OTA and T2 were not present in
any sample, which was in accordance with previous Euro-
pean reports in non-mouldy sitage (Driehuis et al. 20008a, b;
Zachariasova et al, 2014; Panasiuk et al. 2019), Our study
found a high occurrence of emerging fusarial mycotoxins
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such as ENNs and BEA, in line with the results reported by
McElhinney et al. (2016). One of the most studied myco-
toxin combinations is DON-ZEN, which was detected in our
study with a frequency of 61% in mouldy MS, similar o a
previous European survey on non-mouldy MS (Reisinger
et al. 2019}, Considerably high occurrences of DON-ZEN
co-contamination in MS and dairy diets have been reported
by other authors (Kosicki et al, 2016; Panasiuk et al, 2019},
Several studies proposed that MS is a major source of DON
and ZEN in dairy feeds (Driehuis et al, 2008a, b; Panasiuk
et al. 2019; Rodriguez-Blanco et al. 2019). Vandicke et al.
{2021) proposed that, at the first phase of the ensiling pro-
cess, the levels of mycotoxins such as parent forms could
decline by elution, degradation, and absorption (caused by
lactic acid bacteria). Subsequently, during the stable phase.
under acrobic conditions (silos that are not properly scaled
off) silage can be colonized by fungi again, producing
additional mycotoxins, such as Afs, FBs, DON, ZEN and
related metabolites. While the presence of field, fungi like
Fusarivm and Alternaria could become less significant in
ensiled material as shown by Mansfield and Kuldauo {2007}
and the present study, our data further indicate that their
metabolites may persist longer in the ensiled material. Still,
available information about the effect of the ensiling on the
fate of Fusarium spp. mycotoxins suggests a possible reduc-
tion in levels ZEN, DON and FBs after fermentation is con-
tradictory (Richter et al. 2002; Boudra and Morgavi 2008,
Vandicke et al. 2021), while other reports showed that the
contamination levels remain unchanged (Gonzilez Pereyra
et al. 2004} or even increase (Gonzdlez Pereyra et al. 2008).
Jensen et al. (2020) swudied the fate of DON and ZEN as
well as their modified forms using laboratory-scale silos.
Comparing the concentration of mycotoxing before and after
ensilage, they found that the levels of ZEN, «-Z0L, p-£0L
and ZEN-4-sulphate were constant, but the concentrations
of DON increased significantly, whereas the levels of DON-
3-glucoside and acetylated forms decreased proportionally.
Additionally, to study the production of fungal secondary
metabolites and their influencing/associated factors, con-
trolled experimental approaches are needed. Studies under
controlled environmental and ensiling conditions would
reduce the external variation introduced by different loca-
tions, geo-climatic conditions, crop varieties, agricultural
practices {e.g. use of fertilizers and fungicides) and other
factors that influence the mycotoxing synthesis.

As found in previous studies, our resulls evidenced signifi-
cantly higher Jevels of contamination with total fungal metab-
olites, specifically those produced mainly by Fusaria and
Penicillia as well as EAs in MS compared to GS {Driehuis
et al. 2008a, b; Panasiuk et al. 2019; Venslovas et al. 2021).
In agreement with a recent study carried ont in Germany
(Dénicke et al. 2020), we also verified that mouldy spots of

MS showed a broader spectrum of mycotoxins compared to
G5, It has been described those high levels of water-soluble
carbohydrates promote the growth of P rogueforsi (Pitt et al.
1991}, Likewise, starch induces trichothecene production in
F. graminearum (Oh et al, 2016). Thus, the higher content of
water-soluble carbohydrates including starch found in maize
plants in comparison with grasses, legumes and their mix-
tres could explain the higher levels of mycotoxins and other
metabolites.

Regarding metabolites derived mainly from Aspergillies
5pp.. although the strictly regulated aflatoxin B| and other
AFs were not found, their precursors averufin and STC were
detected in both mouldy silages. The latter, STC is a carcino-
gen compound and has been associated with immunotoxin
and immunomodulatory activity, together with mutagenic
cffects, which justifies its toxicological interest (EFSA 2013;
Viegas et al. 2020). The levels of STC found recently in pas-
tures from Austria and in European MS presented a maxi-
mum concentration below 10 pefkg (Reisinger et al, 2019),
whereas the mouldy spots of GS and MS here studied here
presented maximum levels of 26.6 and 4.75, respectively.
It has been suggested that STC can be produoced pre-and
post-harvest {Mo et al, 2015). In general, the information
available on exposure data of dairy cows to the mentioned
precursors of AF is scarce (EFSA 2013; Gruber-Dorninger
et al. 2017). Concerning detected emerging Alternaria
mycotoxins, TeA, AOH and AME are considered to have
toxicological relevance (Solfrizzo 2017). Regarding toxic-
ity. the most important mycotoxin produced by Alternaria
spp. is TeA (Kumari and Tirkey 2019), which targets pro-
tein synthesis inhibition at the ribosomal level, while the
benzopyrene derivatives AOH and AME, known for their
genotoxic effects (Gil-Serna et al. 2014), also showed
strong synergistic estrogenic effects in combination with the
fusarial mycoestrogen ZEN even at very low concentrations
(Vejdovszky et al. 2007). In our study, levels of TeA in
mouldy G5 (range: 195 pg/kg -1920 pg/kg) and M3 (range:
57.2 pgike -7,.270 paikg) were considerably higher than lev-
els found in ensiled maize from several European countries
{maximum: 727 pg/kg) (Reisinger et al. 2019). Alrernaria-
derived toxins (AOH, AME and TeA) can be produced
on-field and post-harvest. Contamination with Alfernaria
metabolites has been detected in pastures and maize (Nichea
et al. 20015; Reisinger et al. 2019; Penagos-Tabares et al.
2021), and their production has been described during ensil-
ing (Dacero et al. 1997). In our case, the relatively low levels
of AOH and AME in mouldy silages (<50 pgfkg) seem tw
indicate that these metabalites are not major products pro-
duced during ensiling or in mouldy spots, fitting with the
findings of Storm et al. (2014). The current resulis empha-
size the role of TeA as the most abundant mycotoxing pro-
duced by Altermaria spp. in mouldy spots of silages (median
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concentration: 569 pug/kg in GS and 275 pgfkg in MS). while
it was not detected in pastures (Penagos-Tabares et al. 2021).
This may indicate that this mycoestrogen could be produced
post-harvest in mouldy spots. Furthermore, the information
is still scarce regarding the occurrence and toxic effects of
Alternaria-derived toxing in animals, and therefore, health
risks associated with these (oxing in feeds have not vet been
clarified (EFSA 2011},

Fungal biomass, DINA and colony counts are not directly
associated with mycotoxin production, and there is not
essentially a direct association between the presence of fun-
gal species and the levels of mycotoxins in silage sampled
at a certain point of time (Barug et al. 2006; Magan 2006;
Storm et al. 2008). However, there is emerging evidence
that they could be able to predict the presence of some
mycotoxins (Cheli et al. 2013). Except for P roqueforti and
Fenicilliwm metabolites in mouldy MS, our study found
generally no correlation between mould counts and cor-
responding metabolites detected, The increased counts of
F. rogueforn are closely related w supenior levels of total
Penicillium-derived metabolites (Supplementary
Figure 52a), fitting with the results of Auverbach et al.
(1998}, which indicated that the P requeforti counts can be
utilized as a criterion to predict the grade of contamination
with toxins like RO(Q) C produced by this mould. In addition,
these researchers emphasized that the feeding of silages with
mouldy counts > 10° CFU/g should be stringently avoided of
dietary rations of farm animals due to the possibility of con-
tamination with P rogueforti-toxing (Auerbach et al. 1998).
Moreover, other studies seem to indicate that ROC C has a
positive correlation with fungal growth because this second-
ary metabolite is produced by some fungi as a transport-
able extracellular nitrogen reserve (Boichenko et al. 2002,
Wambacg 2017). However, a recent study analysed the pres-
ence of Fusariwm mycotoxins in M3 from seed to feed and
found no correlations between fungal DNA and mycotoxin
concentrations ( Vandicke et al. 2021). Therefore, a simple
investigation of microbial population is not always a good
indicator of contamination with the most relevant regulated
mycotoxins (AFs, OTA, ZEN, FBs, and DON) (Schmidt
et al. 2015; Carvalho et al. 2016), which is in accordance
with our results.

Additionally, it is important to remark that traditional
and routinary techniques for the determination of myco-
biota in feedstuffs by dilution and plating used in the pre-
sent study, as well as in other studies (Baggerman 1981;
Skaar and Stenwig 1996; O'Brien et al. 2005; Richard et al.
20007; Schenck et al. 2019), Although dominant and typi-
cal mycobiota responsible for the deterioration of silages
such as Penicillium spp., Aspergillus spp. and yeasts could
be cultivated and identified (Mansfield and Kuldan 20073,
selective media may not indicate with absolute certainty

€} Springer

a complete profile of the mycobiota in the field or silage
(Storm et al. 2008}, The use of suitable and diversified cul-
ture conditions (different media and incubation in a modified
atmosphere) may expand the picture of the silage's micro-
biota, Thus, the development of standardized methods has
been strongly suggested (Storm et al. 2008). Furthermore,
molecular approaches could provide a more complete picture
of the microbial ecology of ensiling, asrobic deterioration,
and subsequently a more accurate taxonomical identification
(MeAllister et al. 2015). For instance, Mansfield and Kuldau
{2007} showed that a molecular approach using DNA
sequences detected a greater number of fungal species than
microbiological evaluation with selective media and mor-
phological identification. For instance, Alternaria spp. were
only detected with the molecular analysis. Also, consider-
ing the heterogeneity of mycotoxins in silages (McElhinney
et al. 2016), interpretation and extrapolation of our findings
may be limited to dominant mould species that colonize the
superficial surfaces of certain Kinds of silages.

The mouldy spots of silages investigated i this study
were found to harbour several opportunist pathogens such
as A, fumigatus, M. circinelloides, Rhizomucor spp., Lich-
theimia spp. and P, bovdii, pointing out an additional con-
cern regarding the health risks for livestock and humans who
are exposed to mouldy silages. These pathogenic moulds are
relevant epidemiologically as causative agents of respiratory
infectious diseases (mycosis), representing a higher health
risk to animals and humans (farmworkers) (Alonso et al.
2013; de Hoog et al. 2020; Eucker et al. 2001: Pal et al.
2013). Mouldy silages could also contribute to a form of
hypersensitivity pneumonitis denominated farmer's lung
disease (Wuhrmann et al. 1965; Cano-liménez et al. 2016;
Barnes et al, 2021) and possible cases of acute intoxica-
tions (mycoloxicosis) in workers handling high contami-
nated mouldy silage cannot be discarded (Emanuel et al.
1975; Gordon et al, 1993), Silages are economically relevant
forage sources in dairy production, but they also represent
sources of mycotoxin mixtures due to mould proliferation.
Considering that spoilage of silage is heterogeneous and
mouldy spots are not always visually detectable, the most
impaortant preventive measures thus consist of improving the
storage conditions and sensibilization of farmworkers for the
utilization of the respiratory protective equipment to avoid
the inhalation of fungal organisms with pathogenic potential
or their antigens (Cano-Jiménez ¢t al. 2016).

This pilot study provides insight into the most occurrent
fungal species spoiling GS and MS in Austria, confirming
the previously called status of P. requeforsi as the “silage
mould”. The co-occurrence of other toxigenic along with
non-toxigenic fungal organisms, some of them opportun-
istic pathogens of animals and humans was corroborated.
Data on the profiles of mycotoxins and other metabaolites
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contained in mouldy silages demonstrated high concentra-
tions of Penicillium-derived compounds and a considerable
amount of wide spectrum regulated, emerging, modified
and less known (potential) mycotoxins. The routinary fun-
gal counts and the levels of (loxic) secondary metabolites
in mouldy silages were not correlated, with exception of
FP. roguefori’s counts and some metabolites derived from
Penicillium spp. in M5, Several pre-and post-harvest fungal
toxing were detected in higher levels in MS compared to G5,
suggesting that GS could be a better option as a source of
animal feed in terms of lower mycotoxigenic risk. Further
research focused on the occurrence, dietary levels and toxic-
ity of mouldy silage-derived compounds, and their effects
on the rumen microbiota, “mounldy silage syndrome™ and
carry-over via milk are needed. Diagnostics, prevention and
remediation strategies for reducing at minimum the mould
growth and mycoloxin production in ensiled feeds as well
as the influencing environmental factors must be further
investigated.
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factors related o the dictary mycotoadn contamination of Ausirian dairy eabibe were recogmzed. We
eviderced that the diets of Austnian dairy cows presented ubiquitous contammsation with misbores
of mycotoxins and phytoestrogens. Metbolites denved from Pusoriom spp. presented the highest
conoentrations, were the most recurrent, and had the highest diversity among the detected fungal
comipaunids. Zearalenene, deoxynivalenol, and fumonisin BE were the most frequently oocurring my-
cotoxims considered an the EU legislation, with detection Frequencies =700 Amang the mvesbgated
dj.l:'ra.rg.r factars, inclusson of matee alage [MS) and straw i the dicts was the most influenbal factor in
contarmination with Fusariume-derivied and other fungal toxings ard motabalites, and Emperation was
the mast mfuenbial among the geo-climatic fackors

Keywords: myectoxing phytoestragen; crgot alkalodd; co-exposure; dairy larming: beed safely

Key Contribution: The ubiguitines presence o comples miskures of mycobeans {conssdened and
nan-considered in the EU legislation), phyteestrogers, and other less-gEnown secondary metabolites
in the dicts of lactating dairy cows 15 evadent. [hetary rabons with a high proporbon of maize
silage and straw tend o hove hoigher mycotoxn contamination levels. Dhetary expasure to the
here-reported cocldails of o, pmnnl:ull],' b, andd mdu-mn-n-dlﬁruptln,{ metabodites m the digts of
ford-producing animals can lead to onpredictable teacelagical interactions and may invelve health
risks for animals and humans.
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1. Introdwction

Dty production is the most important agriculturel sector in the RBepublic of Austria,
representing 18% of the nattonal agricultural production [1]. Animal feeding is a funda-
mantil element of milk production, affecting the rest of the productive chain, including
aspects such as animal health and F-:r'fmm:m A% vl ] the quality and ,-::tl:vrl‘].' af the derived
fods [2]. The composition of datry cattle diets varles widely among farmes and produc-
tion sy=terms worldwide, incarporating a broad range of ingredients including roughage,
cereal grains, and agroindustrial by-products [2], The phyvsiological nature of suminznts
makes forages (including pastures and conserved forages: silages, hay, and straw} the moest
adeguate and important feed souroos for dairy cattie 1], Additionally, the incorperation
of high-density enerry dictary sources {concentrate feeds) is essential to achieve the high
aullk vields demanded and expected in modeen daisy farming [24,5]. Such diversily of
ingredients contributes to the dietary exposure toa broad spectrum of toxic, potentially
toic, and endocrine-disrupting fungal and plant secondare metabaolites [6-10],

Crops and feedstuffs are susceptible to mould infection and colonization with sub-
sequent confamination with mycoloxins and other fungal secondary metabolites during
the feed-production chain, bath pre- and post-harvest, influenced by several biotic and
abwtic factars [11]. Probably based on the paradigm that ruminants are less susceptible o
the negative effects of fungal toxins [12], mest studies conceming mycotoxins and animal
feeds have focused en monogastnc animals and their main dietary sources (cereal grainsh,
However, a wide spectrum of fungal metabolites (several of them toxic and pofentiably
tosde), pelmartly produced by Fasarien, Alfeenarn, Aspergiflis, Peielliva, and other fun-
gal species, has been found in cattle feed sources beyond cereal grains [6,13], Some of
the mycobmdns are included in the European legislation, which currently establishes a
mmeaxarnieem it for aflaboxin B1 (AFB1) and guidanee values (GV) for zearalenone {(£ZEN),
deoynivalenal (COMN), T-2 and HT-2 texdns, fumonizins Bl and B2 (FEI and FB2), and
achratoxn A (OTA), and thus, their cocurrenaees and levels in fords and dicts have received
strong attention [Li-16]. More recently, monitoring studies on contamination frequency
and levels of ergot alkalodds {EAs) and emerging myootoxins in animal feeds have been
highty advacated [17-23]. Consequently, the characterzation of the implicated myootexin
mixfures needs o be performed with an innevative and holistic approach based on muolt-
metabolite analyses to achieve an optimal risk assessment [24]. Such mulii-metabolite
analyiic approaches are relevant becauze, additionally o single negative effects, there are
multiple toxicologrical interactions {such as addifion, synergism, potentiation, and antago-
nism} armong mixlures of mycedoxing and other metabolites, which could have implications
for hizalth ard reproduction. These interacticns require mene imvestigation [25.26]. Be-
vond toxic fungal metabalites, the dairy catile diet contains substantial bevels of plam
secondary metabolites, some of which may mduce anfavourable impacts on the health
and /o reproduction of livestock, such as pyrralizidine alkaloids, cyanogenic glucosides
(CGs), and phytoestrogens (PEs) [37] Phytoestrogens can act as endocrine disruptors, im-
pairing reproductive funchons, generating bemporal infertality, and potentally reducing the
productive efficlency of dalry herds [425-3 1] Interesting ly, mycocstrogens (sich as ZEM,
attermariol {AQH], and their modified forms=} and FEs (such as isoflavoncs) have synergistic
effiects [ 13-, which miest be considensd in the context of a complieb: sk assessment on
livestock reproductive perfermance [15-38]. Fungal and plant growth as well as concentra-
Hons of secondary metabalites in the dietary compoenent: and fnally in the complete rations
are influenced by multiple factors such as plant spedes/vareties, infecting/colimizing
fungal species / varieties, chimatie conditions, geography, parasitic/symbiobic interactions,
use of pesticides, and other agricultural practices whilized [359—6) The most influential
factors Favouring mycoboxin contamination and I'E production of feedstuifs and diets of
dabry cows should be studied. More data in this field would contrabuate to developlng pee-
and post-harvest preventive and management strategies to reduce exposure and optinnize
the health and productive performance of livestock farming [£,39,40],
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Several studies have analysed the coourmenos of seme mycetoxins in different types of
teed ingredients, includmg in pastures, cereals, and silages [(,7,22,42,47-449]. Research on
the incidenee of mycotuxing and cther fungal secondary metabolites i complete dics {Le.,
TWE} of cattle has been carried out during the Last decade; however, if 15 stll scarce | 50-56]
Targeting the dictary levels of toxims and endocrine-dismupting metabolites is vital to as-
sessing the risks for impacts an health, reproduction, and production [10,24]. Moreover,
the whole-diet approach applied across many farms with different farm characteristics
and feeding management could reveal true high-risk ingredients in dairy rations. Thus,
the current study determined the frequency, levels, and co-occumrences of a wide spec-
triim of myeotoxing, PEs, and other secondary metabolites in representative samples of
lactating conws” diets in 100 Austnan dairy farms, using & validated mulbi-metabolite liguid
chromatography /electmspray ionization-tandem mass spectromaetric (LC 7 Ehl-MS S MS5)
method. lnclusion levels of the basal feed ingredients and their characteristics {chemical
composition, particle size, hygienic stamus), dietary forage proportion, and geo-climatic
factors (zuch as altitude. temperature, relative air humidity, and rainfall) were evalu-
ated for their contrbution to the dietary concentrations of mycotoxins, PEs, and other
secondary metaboliles.

2. Results
2.1, Characterisbics of the Duets
L1, Tyvpe of Rations and Main Dictary Components

The participating ferms fed three kinds of digtary rations fo cows: (1) parbal mixed
ration (57} and (i) exclusively forage-based mixed rations {11%), both wilh separately
ted concentrate, as well as (i3] tofal mixed rations (2%, The requency and rate of the
incluriom bevels of the main I:liEI::Ir:,l' :ngﬂ!d:ienl:t im thee rations of Austrian d.li.r_l.-' CONWE Are
shown in Table 1, Grass silage (G5) and MS were the most common farages incorporated in
the rations of fhe visited Austrian dairy farms, presenting frequencies of inclusion over 8005
and representing maximums of around 87% and 59% of the rations, respectively. About
A% of the farms used straw in the ratlons, with maxsimal incluston of 100 ona dey-matter
asis. Hay was included in around 18% of the evaluated diets, representing from LA to
3% of the ration. Wt breweery's spent grains (BSG) were included in 37% of the diets, with
the maximal inclusion level of 13.5% of the total diet. Other salages (., wheat, oats, badey,
sunflower, and beep pulp) were included in 10% of the diets, with a maximal inclusion of
23,6% of the rations, The average forage-to-concentrate matio was §6;34 (Takle 1),

2.1.2, Chemical Composition and Farticle Size Distribution of Basal Kations

Farrns showed variation in the chemical (prosximate} composition of the basal ration
{Takle 1} The dry matter of the basal rations ranged from 257 to 546%, The basal rations
comtadned an average of around 500 neatral detergent fibee (NOF), cangging from 38% o
73.2%. Non-fibre carbobordrate {(NFC) ranged from 0:4% w41 3% (average: 23.3%), and
crade protein ranged from L0 to 2125 {average: 154%) Values of ash and crude fat
alse shoowed a wide TRMEE. Farm= used rations with considerablie variation m terms of the
disteibrution of fhe partcle sizes (Table 1). Large particles (=19 mm) represented the main
particle size in the ration, accounting for 46.8 + 18% (mean + 503 of the ration {as-fed
basis). Particles of B-19 mm and 1.18-8 mm represented similar proportions i the ration,
with averages of 2275 and 25.6%, respectively. Finally, the proportion of fine particles
(=108 mm} represented on average 4.4 of the ration. The value reached a maxitmum of
L3.7% {Tahke 1)
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Table 1. Potential factors influencong the bevels of fungal (beaic) metabelites and phytoestropgens:
Characteristes af the rations of fackabing Auwstrian dairy coses, the hygienic slabs of the awin
itredients, and geo-climabic paramabers of farins' lecations

Dietary Related Factors

Dietary Component Farm Frequency of Induazion {7} Average = 50F Eange
Carase aliage [0 YTE 44 + 163 14267
Baize silage (M) LB 224 1 143 1.7-5%.1
Hay (%1% 168.2 0%+ 3z {L.6-T9.8
Straw [600d) #211 (8 | {L0L=101p
B0 b | 73 $.11 4+ 24 A4-1358
CHher silages (%00} 1L T 620 4 567 147736
Forage ["=10d) 10 638+ 101 JL 459

Chemical composition
Dy matter (°5) F7L 47 25.7-54.4
Crude F-rm.-rn.-e'!.-ril.'-'l:- 154+ X0 9,533
Al %DM B+ 258 4. H-18.5
Crunde Fak {0} 2Frx05 1.2-46
Meutral deterpent fibre (% DM 4470 36,8752
Mun-fibre carbohwdrate (5 D) ALATS LE-413
Particle size
= 0% mEn |l 454+ IHH 2. 3941
=19 P [ nrtinz 2-53 A
1188 mm ) 256+ 93 16194
<118 mum [ 6429 1.3-13.7
s, Minor Significant 2 s .
Hygienic status Froper deficienicy e ficiencs Vast deficiency

Carass uilage '] 59 g 9H ]
Waize silage (%) 57 A3 37 7
Haw (%) ] 5.6 A i]
Shraw () ans 171 15 &
[ BR A 37 14 BA
Comretikrade (s W 1 1 1

Gien-climatic faciors

Average + S0 Range
Adfitude ma=1) 4503 4 621 262-13H
Temperatare {mean month of samiplmg) (70 # 1547 £ &.19 —[8-22.4
Tempersture {maize's growing season) (01" Wr+1a 13-22
KEelatve humddiby (%5 7.1+ 33 HYI-7H
Kaindall {rmm} @ BS54 603 {1o_504

* average lemperature of the maonth of sampling: " average temperature of summer fure—September, maes's
Erenwing seasem o average relative hoormlsty of semraer (Jane—Sepriemdas, majee’s growing: spasand; 9 eninfull
durng e sunews | June-Seplomben, mare’ s growing S|

213 Hygienic Status of the Main Dietary Ingredients

The hygienic status of the main components of basal rations (G5, M5, straw, hay, BS(G,
and concentrate) was determined by sensory evaluation and scored as “proper”, “minor
deficlencies”, ":‘i-IH:I'II.FiA'.'-.'Ii!I: defichencles”, and “vast defichencied” aceording to Ka n‘.phuEh
ebal, 2004 [57], Most samples {=80%) of dried feedstuffs including straw, hay, and con-
centrates showed a proper hygienie score (Table 1), Wet consernved foeds presented magor
hyghenic status concems. MS was the feedstuff omost offen foves 5I0%) detected for hygriene
deficiencies (minoe bo vast defliciencies), Bnsiled grass presented minor deficiencies in
hygienic stabus in 3% of the samples, significant deficiencies in 8%, and vast deficiencies
in 3 Around 4% of the BSG was not in proper hyglendc condibions.
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2. 1.4 Geo-Climatic Factors

The climate condibions of the pardopating dairy farms were retneved from bhe
database of the Central Institution for Melesrology and Geodynarmics of Austria and ane
shivwn in Table 1. Farms were in regions whithin altitedes ranging brom 262 o 130 masl,
Ihi averaje tempetature of the month of Hamp'ling [H-'[n:.r R ﬁt-_Fl'E'mher 2020 mnlq_rd
from —0.8 °C to 224 °C The average emperature durlng malze's growlng seasan
{lune=5eptember) varied bebween 13 °C and 22 °C, with an average of 187 “C, The relative
air humidity during the maize’s growing season was on average 70,1%, Auctating from
H0.3% to Fa%. The accumulated rainfall from June to September during the masze growing
sedson was on average 2945 mm, with mmimum and maximum valoes of 178 mm fo
394 i, respectivedy (Tabke 1)

22 Ovvurrence and Concentrations :‘f e Dhedierted Adetalnedihes
221 Groups of Metabolites

In bstall, 155 out of 863 fargeted fungal, plant, and unspecific metebolites were detected
bn e analysed diets of laclating dadey cattle {Supplementasy Table 510, consisting of
121 fungal compounds (including over 40 known mycotoxins), 17 plant metabolibes, and
18 wnsperific metabolites (Takle 21 Their accurmences and respective average (with S0),
msedian, and range of concentrations fexprassed onoa dry-matter basis in gk ane
imdicated inm Table 2 The detected metabolites were categorized in groups based on their
mam producers, consisting of Altermari, Aspergiius, Fisarma, Periciliiam, behen-assocaated
Fungd, other funggal species, other plant metabobites, and unapeatic {(Le., denved from fungi,
Bacterial and /or plants) metabolites, or corresponding to the kind of metabolites, such as
EAs and I'Es, according to previous reperts [42.55.59], Fusarial metabalites were detected in
all mamples anad with the highest grade of diversity, with 35 different compounds identificd
{Tabsle 1) Lowes numbers of detected metabolites were derived frorm Pexicillinm {235, other
fungal species {21), Aspergilles (18], Alterneria (11}, and EAs (133, High ocourremces { =805
weirre detectisd for the Fraps af I"unlgul metabolites (Fisariane, Alferier, .-"I.ipr@f]n'ux. andd
Penicaliva), except for the total EAs (32.3% of total samples) and compounds produced
by lichen-associated fungi {16.2%) {Takle Z). Regarding the dietary contamination levels,
the group of fungal metabalites with the highest average concentration was Fasorivem
(1380 po ke, dollowed by Alterarn (445 pgdkel, Penicillion (205 pe kel Aspergilins
(177 pg gl other furgzd (E15 g Skl EAs (195 g Akel, and minar grade lichen-associated
fungi (4.57 wgd kg (Table 20, As displayed in Figure |, the distribution of the concentrations
arncany groups of metabolites vaned widely.

As presented in Table 2, ten different PEs and six additional plant metabolites were
idenitified across all samples. Maost of these plant metabolites socurred in high frequens
cles and high concentrations, with average concentrations of total PES and other plant
metabolites above A0 g kg and 300 up s kg, respectively. A high degree of variation
among the samples was marked (Figure 1), with ranges from 1080 pg /&g bo 41000 pg ke
bor tofal I'Es and from 5.37 g kg to 24 500 ug kg for the botal of other secondary plant
metabsolites (Table 2). All diels were detected for unspecific metabolites (Table 2} The total
concentrations of this cotegory presented an average of 200000 pg /kg and ranged from
70 pg R to 52,400 pg kg The concentration heterogeneity was evident for this group
of metabolites {Figure ||
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Table 2. Ulccurrence and concentration of mycotexine, phytoeitrogens, and other fungal, plant, and
unispedific secondary metabalibes deteced in representative aamples of whole dicls of Bactating cows
{rr = 19] from A=t

Concontration (pefkg DM 2

Group Metabolite Positive Samples (%) ©
Average = 5D Median Range
Allernariol * 155 R55 o 138 545 .o — 118
Alternatalmethviether ? 424 566 L+ 3a 550 LoF - ML
Altenuzsol 1.0 153 + 53 153 Gm - 26
Alterzetin A7.0 343 4 w4 p ) L16 143
fnfn'r-:lp:crn:mn TH-3 E + K] 1 f1. 9% - 10
Aleriaiia Pyrenaplusral L5 g3l + 94 4005 L% - 275
Badicinin 1.0 44 £ 27 444 LF2: — AT
Tenboxin s T £+ 22 141 LIs - 121
Tenwagie aeid ? Tha i+ i 153 el - Ea
Zarndinl 1.0 98 + 19 19.8 lrs - 217
Aarminl 15 200 £ 257 A4 224 - BTH
Tiatal ! 45 445 t 41 ud 2RE - L kTN
Adlatosin B1 ¥ [ - - -
Averufin il 260 = 14 295 LiF - 803
Risimethylthiolglotesxn .0 125 . ] 1.2 ST = AT
Denxwyperfelin in 937 £+ 115 ix4 nrs a0
Creoeeynarirypioguivalin 15 m + o0 g5 M - 330
Flavasglawcan JRE 214 + 432 4 mEs - 368
Fumigaclavine 1.0 g = 11 fi (18 0 - TS5
Fumigaclavine C n B4 £ XY Mz .52 - 54.6
Asprrgilhin Fumiquinaxalin [3 i 207 ! 15 ot 143 = HLe
g Infegracin A | =8 B 195 1 - 275
Integracin B 116 ST 219 187 LG - B
Evjac aoid 56§ 165 =+ &2 L5 132 - 5la
MMethylsulochrin 1.0 IR £ 19 1=2 &3 - Akl
Wevmalin 14.9 i 4+ 3632 Pt ] 120 = 150
Sterigmatocystin © 172 3e0 + 13 145 Lis. - 103
Trypacidin k5 L 278
Versicolorin C 15 RED O+ 1.3 T&) .75 - 57
Tokal * A4 41 £ 139 15 LiE - 168D
Uhmeon lay ke 182 a0+ 120 313 k% - 558
Festucdavine 1.0 114 + &A 114 =T . | 11
Ergocornine 41 hdld = T3 A2 L¥ - 54B
Ergacorninine fi.in 583 £ &7 135 L i |
Ergacristing 15 T 4 34 [ 1] 1.5101 F 13.5
Ergocrstinine 15 Bixr + Z#8 414 1.3 - K53
I-_rgul Ergocryptine B Tk * 1141 2] (HL - 3.2
alknlaids Ergq.h.'rypl:inim: 0 fi. ol : 4.4 SAT 149 - 13.00
Ergomelring b5 . 718
Ergasire 8 | afe + 44 543 a0 - 172
Ergaosinine i am + Al 15] k3. -  Md
Ergotamine fi.fi 96 = 154 14 L&l - 623
Ergotaminine fi.l CIR L R T 144 1w 2 - 5.1
Tkl * 3.3 i - T - will ey - 21
15-Hydrexyculmosin 444 13 + 156 b s - 1§
Acurmmatum B Th 75 & 187 A 1F - BT
Antibiatic Y ad 35F 4+ 3xl M4 B.52 175
Apicidin ThH &1+ 150 12 i R ||
Apsadin D2 41 47 =+ 151 (] 695 - 572
AeiFoliasarin ¥ LT fal =+ 423 JhH9 i - Y
Beauvericin 100 3y = 91 738 ks - 717
Bikaverin ? Bl ME +  MA 184 g - 16l
Chrysogine f.6 2o o+ 334 Rk ] 1&g - 136
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Table £ Cowi
T
Graup Bletabolite Positive Samples (T} Cﬂ““mﬂ"m_‘ tgfig DM)
Average = 5D Median Range

Lulmarm i Al 4+ 34 72 83 - 2952
Do ymivalenol {50003 ° arg 153 1+ I3 14 148 - 2900
RO 3-plugnside © 41 31y 4 414 150 1500 195
Ermiatin A * 852 1L + 32 107 k20 - 3L1
Eniatin Al* 945 692 4+ 57 LT 40 - 323
Enmdatin B ({EL 402 4 28] 34 1M - 175
Ermvintin B1 7 {EL 259 1 Q8T By 243 - 126
Frmdatin B2 7 [ 134 <+ (] 107 | W] hEl
Epicquisetin 515 SpE + 82 Ein o7 - k34
Erquisein® 4 n 134+ 23 773 166 - 224
Fumonism Al {precussor) 1.0 aqr 4 04 397 3462 - 432
Pumiosiksin Bl M7 12X + 114 L5 265 - 1121
Fuminisin B2 5 5.4 514 + 324 453 170 - 243
Fumicnesin B3 i1 433 + M4 M5 19y 2%
Funvosik=in B 45 X9 L 349 1= 1400 - HRY
Fisapruliferin 45 184 + TaH 174 A - 338
Fusapyron - an e 4 94 fad2 K 1 B .
HT-2 glucossde © 1.0 144 + =4 144 RO - 227
HT-2 tosin * 7R 73 4+ 2832 Hi5 37 27
Mooiliforrmn - a4 234 + 24 141 461 - 148
Monoacctonyecirpenal it 136 £ T4 10 5.5 205
Mhwvalenal i i i 47 o] A = W
Sheeanpd & 40 o+ RS A I - 7220
-2 domin * | 497 + 25 435 LBy - i4e
W55 5.7 217 + 699 S6d Lo - &7
Fearalenome [5H) Y TR L S 147 (T} Er
Sgin, i enniating 100 R0+ Hi4 IR ¥is - 324
- d k| ks
?;"Jf? LA iRk 123 153 4+ ¥4 1 113 - U7
Sum of fumomisine 7.2 150+ i Lk 185 1540
3‘;’;;;‘;;;?";""”“" Bldnd ik 145 4+ 149 e 5 - 1
KO8 PYRE 369 /0 4+ WA 190 L3 - 246
trichisthecenes
Sum nl'q,-wﬂ-tm'lmlhvmm- 419 184 &+ Zhi (RE] 145 S
Tokal 4 {EL] 13+ a5 im0 I - 178
F-Hydvarsy pastaletin 0 43% + T4 1l L0 - HATF
Andrastin A 167 285 * - 120 180 - 140
Andratin B a.n [ S &4 165 - 138
Andrestin C 15 am 4+ 17 27 434 &3
Barcoloreic acid 142 Jnd 4 e R 247 TR = 133
Cibrechybndumn: Lo =B ke 16 - 538
Cikrimin L0 7 4+ MO w7 BEF - T
Curvularin i1 407 + 643 142 1= - 182
Dehypdrscurvulann 1.5 MR 4 352 x5 55 104
Felluganine A i 4.3 + ALK T IT - dbe
Giriasafulvin 05 - -

I Hydrosvandrastin © an e + 7 941 i - 208

Pemuciliing  y g efortine A 232 949 4+ 154 388 045 - ELD
hlarefortine O i1 i + 32 157 45 - 121
My;'nphpnnl:u' wod * 21.F 475 4 104 158 .52 - sl
Ochratoxin A (2500 5 1.0 ¥s0 o+ 03 7.5l 76 - TH
Mestalotin 14.1 F5e 4 I8 ] Les - 1113
F‘Iu-rlml.v.-rn'mlll ar = Rl i 354 427 (NER = 32
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Table X Cowni
x I
Coraup Setabolite TFasitive Samples (%o Lw“""dim_. Hpfieg DM
Average = 5D Median Ranmge
Cruestiomyan A 5.1 271 * 141 208 11.1 - 4.5
Crueshiomyom Derivat 187 SR ! 153 114 G RX - 73
Crastinmycansg Ard Bt7 £ 93 85X 1.80 = 4832
Rogualartine C 187 W3 o+ T 145 35 - 3
Foquetartine [ 15 969 + ¥ 25 435 - M6
Tiwtal + Gu 5 M5 £ 1% 154 171 - 680
Lichen- Lecanaric acid 1 a7l £ A L5 145 - 181
asxocialed snic acid 11.4 183 - T 25 50 127
fungi Tkl ! 161 4.57 44 147 50 - 8%
Abamnethicing 15 655+ 4l 712 w8 - 11F
Asepchlorin W6 135 0+ 33 2 115 - 136
Anoafuranome L5 - - 357
Bassramalide 0 L I ¥ ] 190 FEQD - 244
Calphcetin in 2 ! 25 (1] (5] 554
Cytochialasin B 131 43 = 532 Ha BET - IH
LUytchalasin Lo L T S S 1 Ly A8 - 94
[estrixin B 273 S * TA 3% k2 - .1
Ernestrin 15 12 & 1143 23 30 - 3ln
Fposyoy tachalsin € TR 89 o+ 57 L] [k - 2.3
[t A 131 &5 L+ 14 142 51 - 1K1
Otr Fnkl  geitin 12 &7+ A3 1% L@ - 365
[Micwcolm E SR .53 t 34 193 b0 - 1.2
Hicucolen FL 272 ([ L XM s k50 - 123
LL-Z 1272 1.5 14 L B3 A 13 - 1.3
Mlonocerin 33 i1 TR S [ 13 e - 54
Myricein 1.0 414 + T4 414 174 - &53
Rubellin [ 571 HE £+ 32 [55 s - &
Mepoechinulin A ARG 276 + B2 177 00 420
:‘;-FI|_|I1|.'||.'\1I'11|.||'||'.|H Il .5 hf.E + 114 T s - w17
Ternatin 15 E L R S .39 k35 - 16l
Tkl LI 115 = 177 451 LIS - M0
Sum o fungal metabolites 100 2250° + LEelH 1993 oz - 19,100
Bicwhani (TEL] Nwng + 158 23060 pl - 2080
Cimirnasstml B1E 514 + 1140 11 50 - Bzun
[hasd:zein ag.5 57RO i 7 Mia 50 - 45,90
[Midzin Ba% 4537 & 45ED 300 138 25,500
Pl Formanetin 21.2 THIO 4+ A7 5.4 1380 - 2HY N
‘-Ih;[.'.tﬂﬂ Gentslein 1043 Sapi + - Beh0 | (I, 52,6001
Lienistin 34 IO £ G130 3Rl an - 36,50
Gilyrifein 510 9930 = 102 dA5F] 13 = 44,1
Glhycitin BlLE 1205 SO B T ] 125 TRAG
o a7 435 + 1460 FaL 140 - 11,540
Tokad ! [ET] FRI00 + A0 500 1m0 - 411,001
Abscinic acid R4 78 L+ 352 67 1% - 4315
Chaconin 116 ild + 413 750 SE0 - 14l
Coldheone 15 7.2 4+ /P4 14 125 - 282
Qther plant | 40 marin 0 MWED L+ 2eGh IS B2S - 14200
metabolitsf | australin 4z 30+ Fek B 181 - 13m0
Kanthidosin RLb 4 o+ M2 1na mea - 450
Tirtal 4 Ga.n MO0 4 d26D 152 L 24,400
Sum of plant metabedites (KL} 7500 4+ 673 5500 120k - 413,00
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Table L Cowi
Comcentration (ughg DM1 ¥
Group Mletabolite Positive Samples () ! B
Average = S0 Median Hange
F-Nitroprepionic acd Bl 434 + 4132 08 nr - 158
Asperglaucide 27 582 <+ 125 1 el = 136
.-'-.:-;Fmrphn;'n.:lm.l.fr H92 3.41 | 24.1 -t [LE0 - 26
Brovianamid F 10 1 I R LT 15 1F0 - #w4
Chryaophanal 515 5Ae + 1300 i} 1%0 - 12,500
Citreorosein 18.2 178 & 197 s 283 - 54
cyeln(L-Pro-L-Tyr) 1043 100 4+ X320 17N eSS - 15,4000
ovelofL-FrosL-Yal) 103 13,700 4+ A% 12,75 T - i, 5100
> Emudin urn 4%+ 355 Wi4 426 - 1457
J i
Unepecilie g docesein 96 292 o+ 258 15 405 - 100
zo-Rhodaptilemetrin 455 207 t 1 I x2 k40 — 4
- Benaoyl-Pherlalanine L) 2He 4+ F7M 142 1141 111
Maoglichiexanthong 258 MmE: + 13 (155 1 - T4R
Uhiyskyrin 5 - - f.3k
Physcion 20z LEE] +  AR3 £55 47 - 2560
Fugulusovine 100 271 + 132 7 186 - RI7
Skyrin 450 1.2 ! 4.1 192 k15 2REB
Tr'!.'FIh!pl'u.ﬂ e 101300 T {1 Ay a5 r - HAHD
Sum of unspecific metabodites 100 0000 4 BETT LB &DD a7dn - 52,400
Sum of alf detected metabalibes 10 95400 4+ GRS TEIN 15100 - 43200

! sath wakues = lemit of detechon (DO © computahions prrfommed withosl data < LOTY In case values = O
Ard o lires ol queaitifea i {FO0CF, LOCE T wis wsed fiee caliulakion; = glassifind a3 arrsrping pcebanms |42
! accumsulative valoes of eoctsreences and oomoentratias of all e metabalibes befonging Lo the group, % elassiied
ag regulated mycoboxins and their respective mavmmam bevel (foe AFBL and gusdance levels (for the other
Enycobonire Fexpresoed i HELI_F- for a dairy cattle feedstuf with o messture contentof 125 {European Comamiss on
20, G, T T, gnd ® modified mpcoboems [£3]
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Figure 1. Scativr plot for concentrabons (logpsd of metabolite groups detected mo whele diets of
Tactating covwes {n = 198} from Austrian dalry farme The total nomiber of mstabolites detected pie
group is shawn in parentheses.
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222, Mycotoxins Included in the EL Legislation and Related Compounds

The mycorbosxins with GV in the European legislation but not the strongly regulated
AFB1 were found in the dietary rations tested in the present study (Table Z). The level
of cocurrences and heterogeneity in concenteations scross samples differed amaong these
mycertirins (Figure 2A) Accordingly, DOM, ZEN, and FBL were the most abundant and
frequently found regulated mycotoxins (Tebie 23 Type A trichothecenes, T-2 toxin, and
HIT-2 toxim were detected in frequencies <300, Metabolites stracturally and toxicologically
related to the regulated fusarial metabolites, including DON-3-glucoside, nivalenal [NTV),
monsacetoxyscirpenol, HT-2 gluceside, FAL FB3, and FB4, sccurred in the studied diets
bt at lower frequency compared to their parental form (Table 2, Figure 1A} OF these, NIV
shonwed the highest concentration frange; 346-80; mean 311 pg kgl The myoetoxin COTA
{produced mainly by Penctiliun spp. but also by Aspereillis spp.) was detected only in
1% of the s=amples and in low concentrations (<8 ug kel In total, 13 different EAs were
identified. The individual levels of EAs detected in the evaluated samples of diets” averages
were below 12 ug kg and presented maximum concentrations less than 63 pg/ kg, and
their occurrences were lower than 200 (Table 2. The concentration disteibution acress
samples was similar among the EAs (Figure 2H)

2235 Emerging Mycotnxins

This study detecled 20 compounds classified as emerging toxins [60-62] {Table 2),
Emerging mycotoxins were denved mainly from the genera Fisarivm (15) and, to a lower
degree, from Allermarn (33, Aspergeling (1) and Peercellinm (1) (Table 2} In total, five forms
of enraling (ENMs) were delected, including ENMN A, ENN A1, ENN B, ENN B1, and
ExP BI, Al of them ocourred inat least 657% of the toral samples, ENMN B, ENN B, and
EMM Al presented the most frequent detection. The average levels of the individual ENN=
were 402 pp ke, and the maximum levels were not superior bo 180 pg Sk, The sum of
EMMs presented an average of 75 pe ke, ranging from 7236 pe ke fo 3248 pg kg Other fre-
quantly found metabolites (presented in more than 8% of analvsed dictsh were aumofusarin
{AUR), brauvericin (BEA), bikaverin, culmuorin, 15-hydrosyeulomonn, eplequiseting, equi-
setin, and siccanol. Despite the high frequency of contamination with Fasarie-produced
emerging mycotoxing in the sammples, the mean and median concentrations remained below
A0 g Mk, except for siccanol (mean: P08 gk median: 494 o ke canges 106 pgf kg
F2H0 pp kgl All fusanal emerging myootoxing showes] noticeable variations amang
samples (Figure 200, The emerging toxins and mycoestrogens derived frome Alfermarin
were detected, consisting of AQH, alternariel methy | ether (AME], and tenuazonic acid
(TeAl These metabolites were detected at rates bebween 0%, and 80% of the samples, with
average concenirations below 180 pg kg Amoeng the Alferanrin matabalibes, Ted presented
the highest frequency (TR.8%) and contamination levels (rangs: 761 ug/kg-549 g/ kgl
(Takle 1), but s concentrations across samiples were more homagenows than infectopyrane
{Figure 2[¥. For Agwergillvs-derived emerging myootoxing, the carcinogernic and aflatoxin
precursor stengmatocystin (510} was detected in 17.2% of the samples, with an average
concenttation of 3.6 we ke, ranging from 108 g Sk to 1003 wg ke (Table 25 Mycophe-
nofic acid (MPA) and roguefortine (ROCH C were detected with frequencies around 209,
showing concentrations varying from 152 pg/ kg to 6681 pe kg and from 3,56 pg kg o
387 pg kg respectively
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2.2.4, her Mycotosuns and Metabolibes from Fusarnor, Alfernaris, Asperqilins, and PondenlTinm

ﬁ.ddir’:nn.ull}', rmany other loss-known my ook ins and maetabelibis associated with
Fusnriwm, Altevsaria, Aspergiilas, and Pedcillinm were found in the diets of Austrian daiey
cows (Tabde 2, Figune 21, BMetabaolites produced by Fusarpm, incleding 15hyd rospculmoring,
antibiotic metabolites, and W493, were found in maore than J07% of the samplex, whiereas
acuiminatuem B, apicidin D2, chevsogine, fusapraliferin, and fusapyreone had lower vocus-
rences at below 1F: Concerning other compounds derived from the genus Afferneria,
infectipyrone (78,3%) and albersetin (475 ) were the most I'r:h:[urnﬂ!.r touand metabolites,
after the previously mentioned TeA [Table 23 In terms of concentzations, infectopyrone was
thie major contaminant prodoced by Allermeria (Figure 20 Multiple compounds produced
by members of the genus Aspergillos and Prniciiliem were detected in diverse frequencies
of oocurrence and contamination levels. Most of the Asperyillis and Pendcillive secondary
metabolites were detected in rates lower than 100 of the samples and presented average
and miedian concentrations below 100 pg/ kg Por Aspergilivs-derived metabolites, while
kojic acid showed the highest mean concentration (165 wg kgl lavogluacin was the most
frequently found metabolite and presented high concentration heterogeneily scross saim-
ples (Table 2, Figure 7E). Fellutanine A and phenopyrrozin were the most frequently found
Permieillizne metabedites andd had relatively high mean concentrations as compansd to other
Pesticilli mielabolites | Table 2, Figune 2F),

225 Metabolites from Lichen-Associated Fungt and Other Fungi Genera

The acvurrence of the mmdividual matabolites le:luc\ﬂ:l b\-’ othier :l"unt;'il S WA
unider 40%, with the exception of rubellin T (57.1%]) and :prdm-.;lbdn.- [T (51.5%} (Table 2),
Meonocerin was the most abundant compound in this group (average: 681 pg ke rangge:
(1.A5-893 pgg"hg]. The ilicicedins A, B, I, and H occumed in concentrations below 135 HES kg.
The two lichen-derived metabolibes detected wese wsnic achd {11.6%, 050127 ug k) and
lecanvric acid &%, range 145181 pg/kp). Despdte relatively low concenteations, the
comernitrations of other fungi- and lichen-derived metabolibes varied considerably among
=amples (Figure 3A).

2.2.6, Pland Secondary Metabolites {Phyloestrogens and Other Plant Metabolites)

The detected PE= in the mtions consisted of nine i=oflavenes, namely binchanin,
daidzain, daidzin, formonetin [.i':,-"nuh".'rn formuononeting, genistein, genishing El'.-‘cii:in bl'l’-l:
itin, and ononin, and a coumestan {Coumestrol), With the exception of formonetin (21.275),
all of the phytoestrogens occurmed in = AP of the samples (Table 2). The contamination
lewisls oof isoflavones biochanin, daidesin, daidzin, geni.-:-i'ein,grni::l:in,and t;E_'prll:l.-'in WETE
higher than 4500 g ke, The metabolites with the highest contamination levels found
im this study were formoenentin faverage: 78700 pe/ ke range: 13, 800-289000 ppg kgl
andd binchanin taverage: 219X |.|.E.-"|:g; range 23652100 g/ kﬁl‘. Rl.-ln;arding ather Plan!‘
metabolites, abscisic ackd, lotaustralin, and xanthotoxdn oceurred In more than 80%, of the
evaluated dairy cattle diets, whereas linamarin, chaconin, and colchicine presented Linaer
occurTences (47%, 11%, #7%, and 4%, respectivelyl. The cyanogenic glycosides linamarin
faverage: 2850 pg ke, range: 82 5-14.200 pp Ak and loasstralin faverage: L300 pg/ kg
range: 18 1-123,700 g/ k) presented the highest levels within the category of other plant
matabolites (Table 1, Pigure 3B),

227 Unspeditic Metabolites (Derived from Multi-Kingdom Producers)

Unspicific metabolites can be produced by different and unrelated organizms be-
longing to diverse kingdoms (Plantae, Fungi, and /or Eubacterial, [n this category, four
metabalibes, namely brevianamide F opelo {L-Pro-L-Tyr), evelo {L-Pro-L-Val}, and ruguluso-
vine, were evidenced in all the assessed diets. The mmpﬁu:bdﬁ asperglaucide, asperphena-
mate, chysophanal, crmodin, and tryptophaol occurred at a rate superior o 509 Skyrin,
ixn—ﬂ'mdnpﬁlnmﬂrrin,ci{'rrnmwln, naorlichexanthons,. and Fh:.'s.ci-::qn wers distacted in bre-
quencies between 15% and 50%, Low rates (<10%) of 3-nltroproplonte acid, endocrocin,
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andd M-benzoevl-phenvlalanine were detected in the samples, The superior concentrations
in the category of un=pecitic metabolites corresponded fo the bioactive cvclic dipeptides
t'_:,'rJ.u {L-Pro-L-Wal) fu\.'r&rﬂ;.;c:: 13,700 ugfkﬁ; K. 30, W0 p.;.;.l"kgj, atud -:.':.-'1.'h.1 I:L-]"'m-L—T}:r]
average: $100 we ke max.: 15400 pg kg, as well as the aleohol tryptophol (average:
1030 pg Sk max.: G380 pe kgl The other metabalites of this group presented average
concentrations lower than 350 |.|.;|5.-"1i;|3 (Table 1, F:igun:' ML
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Figune 3. Scatter F-Inh,' iIIu-Tra.I'rr:.g the distribuhan of sdividual concentrations |'Inﬁ||.| of metabidibes
produced by (A lschen-asseciate fung and other fungal species, (B] phytoestrogens and ather plani-
derved metabalites, and () m‘l::pe-:i.l':c mestabalites prmﬂu..'r:d b} fung, F-I.m#s. and /o bacteria)
presenbed in cn:rnplﬂ: diets of Austrian d.:ur'lv cows. The exacl average, 50, median, mmimum, and

maximum values are presented in Table 2

23 Co-Opgwrrence o Migcodorins, Pligoestrogens, omd Obher Secomdiny Metibolites

Apparcnt differences im the number of detected metabolites per szample were sheerved
{Figriire 2 &!.I.'I.'IFII&- were oo-conbumdnated with 29 to 851 mustabalites, with an average
of &1 co-contaminating metabolites per sample. Considering metabolites derived from
fumgi, the number per sample ranged from 12 to 38, with an average of 31 compounids,
On average, each sample presented a mixture of 8 PEs. The samples contained @ mean
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aof [l plant-derived and 10 unspecific metabolites, ranging from 3 to 14 and from 5 o
16 metasbolites per sample, respectively (Figure 43,
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Figure 8, Scatler plots shawing the mumber of metabalites per sample e each metabolite greup
detected in whale dicts of lackbing dairy cows in Austria. The grey lings mdicate the average numbers
all detedted metabolites per sample

The frequesscies of co-ooourmence analyses bebween myvcoboxing are presented in Figune 5.
The mos=t recurrent cembinations of myvootoxins detected in the compliste rations of dairy
cows were bebwesn fusanal emerging my cotoxins (ERM AL ENN B, EMN B, 15-hidroxy-
culmaonn, AUR, and equisetin] (1%, which presented co-ocourmences over 305, ENN Al
and ENMN B (9270), EMMN AL and ENN B (%47 and ENN AT and ENN BE were widespread
combinations, The combinations of the ather Frsarioe regulated myootoxins ZEMN and
DO (75%), DO and FED (6870, and ZEN and FBT {539%) were considerably frsquent.
Aspergillps-derived metabolites swch as flavoglascin and kojic acid presented co-occurrence
with fusarial metabolites up fo 79% Remarkably, mope than one-third of the samples
showed co-contamination beteeen several emerging Fuseriuer (NN BEA, AUR) and
Allermarnur (ACH, AME, and TeA} myootoxina.

The co-ocowrrence rates of PEs, other plant-derived metabolites, and mycoestrogens
CADH, AME, TeA, and XEN) are illestrated in Figure 6, All tested samples prosented oo-
conbaminstion between biochanm and gencdein. Samples often presented with mistures of
PE= with high oecurrences (=700, including the mctabolites coumestrol, daideein, daidzin,
genistein, and genistin,. Many of the PE= co-occurred with the mycoestrogens ino more than
30%% ot the samples. Parbieulardy, ZEN and TeA showed relatively higher co-occurmences of
I'Es compared with the myosestrogens from Allermaria,
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24, Dietary Compesition and Geo-Clismtic Factors im Relotion t the Concesrbration af Mewotoxins,
Pinptoestmsgens, amd Cther Seovardinry Mstabalites

Correlations bebween recorded dictary and geo-climatic factors (see Table 17 with the
contamination with fungal (foxich metabolites of interest were screened using Spearman
cnrrelation :na.l_-,-'.si._':. Rased on this ﬂppnuch, wir ohserved some pnlnnh'al factnrs (e,
Spearman rank correletion coefficient (o} = 03). Among distary ingredients; we found that
M5 showed the highest correlations with the concentration of Fusadiog mycodoxins such as
M (p = D48, < (LO01 ], sum of type-B trichothecenes (p = 036, p o< (001 ), ZEM (p = 0.3,
= L), CUL (p = 0.32, p < 04013, BEA (g = 042, p < (L0, and total Faseriem metabohites
tp =026, p < 0001 The content of straw i the ration showed a significant positive
corrclation with intectopyrone {p = &L, < (00T), total Allrmaonis-derived metabolites
(r =053, p < U0T), and botal fungal metabolites (p = 033, p= < Q001). The diskary
propariin of BSG presented a significant posstive correlation with the contamination levels
aof many Frisprinpr-derived mycotonins such as ENMN AL (p = 047, p < 0001), ENMN B
= 038, p < 0001}, and total ENNs {p = 0.35, p< 0,001}, The proportion of feed parbicles
with size between 115 and § mim presented a low positive correlation with the presence of
Fasarial metabolites (p = 033, p<c (L] ], whereas the proportion of ration with a size longer
than 1% mm correlated negatively (p= —033, p < 0001} OF the geo-climatic conditions
shudied (see Table 1}, the lemperature during the maize’s growing season showed a posiiive
correlation with bype B trichothecencs (p= 0036, p < 0.001], AUR (g = 033, p< (001}, BEA
=37, p < .00}, and total fusarial metabolites {p = 0.3, p < 04000),

Multiple regression models of the log-transformed concentration values of compounds
derived from species of Alterer, Fusarinm, and Pesacillioo, total fumgal and some in-
dividual mycotoxins such as ZEN, DON, ENNs, BEA, CUL, as well as the sum of FBI
ard FB2 are presented in Table 2 Influences of some digtary factors based on the simple
correlation method were confirmed by a multiple regression approach. Importantly, the
multiple regression approach revealed a joint effect of multiple factors attributed to the
dictary concentration af myeotuxins. nclusion levels of MS and straw, the proportion
of parlicles =19 mum, and dietary NFC contenl affected tolal concentrations of Fasarium
metabaalitos, Together, these factors explained 52% of the vanance, which is the highest
value observed in this present study. Specifically, the proportion of M2 and its combination
with steaw positively influenced the contamination levels of Fraamii-denved metabolites
(shope = 0,004, 1r = (M2, Takle * and Figure 51). As shown in Figure 7, at the same level of
W5 farms usiTg moTe straw showed hi.ghl;-r Fusmriem contamination and vice versa. Inter-
estingly, a quadratic effect of the proportion of MS was observed, and the total Faserem
metabralibe peaked at an M5 level around 30-35% of the basal diet D befere dropping s a
higher M5 level (Fgure 7). A smilar ontcome was observied via Ingistic regression analysis
that estimated an odds rabio of 1.05 (95% confidesce limits: 1.01-2.08) and predicted a
Close to 75% chance for high loads of Fusrriom metabolites at MS inclusion level of 30%
of the diet DM (Supplementary Data Table 52 and Figure 51). For individual fusarial
m].'r.'v::«h:l:cin:., thie inclusinn of WS |:||.|5|I:i:'\..'|.-|}r influenced the contamination level of DO
and emerging mycotosins BEA, CUL, and SIC, while the proportion of particles >1% mm
megatively imfluenced the contamination of ZEN, CUL, 5IC, and todal Fusarivm metabolites,
However, this depended on the inclusion level of M5, As shown in Figure 7, when no M3
wies weed, the contamination of Fuseriam metabolites inereased with an dnerement o the
proportion of particles =19 mm, With the inclusion of M5, the effect of M5 dominated the
effect of the proportion of particles =19 mm. Only ZEN was refated to the level of sther
extract (Le., crude fat) of bazal diet and hyglene score of G5, In agreement with simple
correlation analysis, the inclusion level of straw affected the comtamination level from
Alternaria but with a significant quadrafic offect. The influence of the temperature during
e magze’s prowing season was only confirmed for the BEA contamunaton. The pifluence
of the dietary proportion of BSG on the total ENN commination was confirmed by the
multiple regression approach; however, it explained only 19% of the vanance, Inaddition
o the fackors listed above, the ash content in basal diets [with a pasbive quadrabic response|
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contributed to the concentration of ttal fungal metabolites. Mone of the facters studied
=ubstantially explained the concentration of phytoestrogens and plant metabolites (data
mot sheown).

Tabla 3. Influctces of the dietary parameters avd gec-chimatic Fachor an the concentration of myoo-
toinia, fungal metabolites, and FII'IE|'|LIE51I"I'IEU‘|'I?|.

Lancentration
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semsonl; Ruinfall = sconmrmulated rainfald] (o) dusmgs the semmer fune-Sepbendber, mare's gmoviading season),
Huiimiddy crop = average molative huemidily (%) odsuemnier Juie-Seplombner, mai2es grving season Hy gl
Bz = iy glenic sooee of maice silage, Hyglone G5 = livgienic scane of grass silage
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Figure 7. Scather plots in 30 of the combined inflaenes of dietary factors e ihe bevels of Puaseum
wsebaknlites {Log-je /gl bnadiets of daley cows i Austia, Q) Tnfuere of conbend (% D0A) of malze
atlage and particle saze = 19 e ) (B Enfleersce of the goobent (%6 D3] of naakee sdlage and straw

3. Discussinn

Frsariunr metabolites were the maost relevant fungal contaminants in the rations of
dairy catthe surveyed in the present study, corroborating 2gain the importance of Fugarium
as oo e the most widespread myeotoxigenie species in crops and the main contributer to
mycotoxin contamination i animal feeds |7,64,65] Among the EU-regulated mycotoxins,
the type B trichothecene DO (necurrence: 92%) was predominant, followed by the myoose-
strogen ZEM (77%) and FBTT1S) The tvpe A trichothecenes, T-2 and HT-2 tosin, which ane
more cyloloxic than the type B irichothecenes [66], ware detected in low (requencies (12%
anal 18%, respectively) and concentrations {on average < 30 @g kg, The contamination
lewels of these regulated mycotoxing wene not over the guidance values of the European
Uneon for feeds of dalry caltle, However, it has been proven thatl even dictory contaming-
ticn under the EL values can negatively affiect the performance, digestion, and immumi by
of dairy az well as beef cattle [67]. We showed that numerows non-regulated emerging
and modified toxing produced by Fusiriim spp. were even more necurrent and presented
higher contamination levels. Although the tngible implications resulting from exposure o
maodified and emerging myootoxins are not properly characterized, it is known that these
compouds interact with other well-recopnised fungal toxins, increasimg their tosecologneal
activity [24.25), The high occurrences, concenteations, and diversity of metabolites derived
from Fusaripm spp. confirm the omnipresence and relevance of this genus in the mycotoxin
contamination of crops and animal feeds [04,05]. Emerging Fiseriue mycotuxins ENNs
and BEA have antibacterial and cybedoxic properties; however, their implications for health
and performance i muminants are underexplored |21,65], Research on the impact of such
kinds of compaunds on rumen ecelogy and functionality is crecial [12,6169], Mates silage
and shraw wens the maln forage components that deove the increasing concentration of
Fiesarinar metabolites, which lined up with previous studies in the Netherlands [70.71]
and Spain [50]. Viable Fusarion spp. is rarely isolated in ensiled maize, suggesting that
Fiesarins apecies do not grow properly during the ensiling process [72]. However, it has
been widely proposed that mycotoxins of Fuserivm spp. are maindy preduced during crop
growing [73,74] and, therefore, ficld conditions such az temperature influence meuld pro-
Tiferation acd mycotoxin synthess, supporting the noteon that global warming promotes
myCelon contarmination in crops and feeds [46,75-77] Various studies mark the key
cffects of temperature and humidity on mycotoxin contamination [39.42,46], Based on our
correlation analyss, envirenmental bmperatune increments during the crop’s late growing
season (fune to September) and the sampling menth were associated with a higher accu-
mulafed conoentration of some Fisaripen mycotexins (bype B trichothecens, AUR, and BEA]
and Pereeillinar metabolites, respectively. However, its signiticance was not confirmed by
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the multiple regression approach, except for BEA. We also did not oheerve significance for
humidity, This might be explained by the ccuracy of available climatic data when studying
dw.-d.:rn, comstanimatiogs comeng trom rnlu.l‘HFllE SOMIICES E-I-u]f—'Frudu:m! and 'Pun.'lr.:wd fed
as well as different time of storage). This means that spot or average climabic data do not
match the concentration at sampling as precizely as studivs of zingle feed sources such az
pasture [12].

In general, we did not observe dietary concentrations of regulated mycotoxins ex-
ceeding the EL maximum limit and Vs Compared to the earlier stody inm Spain by
'It|1|:|.|-i5'uq'1-ﬂ1ana1 et al. (20X, we observed higﬂmr GoCuUTTETICES GOf mg'ulah'd Firatrinm
mycetoxing, The researchers studied a similar number of total mixed rations (n = 143}
friomy different areas of Spain during the peried from Febrwary 2006 to January 2005 and
found that EOMN {16.6%], AEN [14.0%], and the sum of FEB1 and FEX {34.27%) Frr.:sl._u'llnd
lower occurrences and slightly higher average concentrations than these found in our
study. Howewer, all the samples showed values under the EU recommendations |74, Other
mycotoxin surveys performed in several European countries have also evidenced high
eccufrences and contutmination kevels of Fusiroom mycotoxin i MS [81,79]. Dreihis et al,
{2004) estirmated the dictary intake of four mycotoxins { DO, ZEN, ROCC, and M) of
high-producing dairy coows in different regions of the Netherlands, The detected mcan con-
centratbons of DON, ZEMN, ROCKC, atnd MPA in complete dizts wene 273 ug kg, 28 pg kg,
114 pg kg, and 54 ug kg, respectively. Consistent with our findings, they reported that
WS was the major feed source of these mycotoxing in the diet [70]. Similarly, other stud -
ies undderline M5 as the potential feed source of Fieserius mypcotoxins [61,758]. Matching
ouf results, Frsarinn-derived mycotoxins were the most recurrent fuhgal contaminants
with the highest concentrations detected in total mixed rations of Brazilian teedlots [54],
Eurepe-bazed studies, induding the present research, rarely report the detection of AFEL
Mevertheleas, this was the case ina recent study on Lithuanian dalry facms [56], In thai
study, the analysis of total mioed ratioms (0 = 515 collected in 2009-2020 showed that &0.8%
oof the rations were pasitive for AFEL, 54.9% for DON, 49% for ZEN, and 29.4°% for T-2 towan,
and AFB] exceeded the maximum concentration limits in haylage samples [56], Monsover,
the maximuwm average concentrations of AFBT and T-2 toxin were found in the G5 samples,
while some samiples of ensiled maize had ZEN and DO concentrations exceeding the
El GYs fte]al:ihg o bevdic ml'npuu.hrlu F-.L'udt.n:l.-d I:r}r A_'a:p-el‘-la;tlh, this absence of HII'I.1I.‘IH|!|-'
regulated AFBY and otiver AF: was expected, becase the occurrendce of these myootoxins
in central Eurnpe has been considered rare [46]. However, we ditected precursors of AFs,
such as averuting 5TC, and versicolorin C [P9,80], albeit at low frequencies (=200} and
woncentrations (<11 pg/ kgl Regarding STC, It has been suggested that this mycotoxin
can be produced pre-and post-harvest [F1]. Like AFs, STC is a0 known carcinogenic with
immunrotoxic and ||11m1.|nnmn|:iu!1hrr} activity. In genrr.ll the mformation available on ex-
posure data of datry cows to these precussers of AT is still very limiled [15,60], Fusgi of the
genies Bipwlaris, Claetomiim, and Eariricaln are able to synthesize STC |42), OTA, considered
in the liumpran r\vl,--g'l.ll..1|l'|n|'|ll is pnn:lu::rd |:|_1.' Perrclfem and Aqmr_gr!l'lfs PP anid F-rl,-._\cnl'gd
very low cocurrene and contamination levels in the present survey, which suggests that
this rvooloxin presents a minor nisk for Awstrian dalry herds, Additionally, kaojic acid,
produced primarily by Aspergillus spp. but also by Pemicilleem and Aretobocter fungi [23],
b b shown te have low toxdaity for buman maceophages, along with antbacterial and
immunerod ulatory properties [24-=6] In the present shedy, die to low frequencies as
well as high heterogeneity of the metabolite composition among farms, we did not identify
facters associated with the contamination of Aspergillie: metabolibes.

Other potentially harmful confaminants occurring in daiey cows” diets were com-
pounds derived from the genus Altermnie, some of which are considered emerging myco-
toimis, such as ACH, AME, and TeA, Our study indicates that they are commonly presented
i e diets of Austrian dairy cows, Alteriiria spp. can grow and produce boxins in various
crops in the feld and post-harvest stage, cousing considerable osses due to decomposi-
tiom 57,58, Char anabysis further indecates that strase contributes b contamination from
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Altermiria, Data and information regarding ocourrence in the feeds and toodeological im-
plications of Alfernaria toxins for livestock systems are still missing [85=-90], Chur survey
sugprests that thie occurrence of mctabolites of Alferraria should nob be ygnosed, For instance,
TeA was the most frequently detected Alferroric metabsalite in the diets of Austrian dairy
cows, This mycoestrodeen targets protein synthesis inhibition at the dbosomal level and
i consadered, concerming toxicty, the most important metabolibe produced by Allvrrari
spp. [Y1] The benzopyrene denivatives AQOH and AME are not related toacule toxiclty
but are known for their genotoxic effects [92-94], Moreover, AME, AQH, and TeA are also
classitied ax miyroestrogens, e-:-!u:lw‘ing sirong synergishic estrogenic affects in combination
with mycoestrogen ZEN even at very low concentrations [32,32,95]. Chuk co-oocurrence
anaby=is showed that 300% bo 807 of the samples displayed co-contamination between ZEN
and Alferrinrie-derived ADH, AME, and Ted.

The analysed diets presented sevecal Peaicilffine-derived toxins, which are consadered
the mest relevant post-harvest mycotoxins contained in silages [6,9—=100]. However, the
praduction of such toxins is also possible in the field [72,001], MPA and ROCs are cone
sddered the most investigated Peeiciliun metabolibes ocournng inosilage {8]. A commaon
featre of many Popicillinm-derived exometabolites such as MPA, ROOs, CIT, and OTH
is their immunotoxde propertics [102,103], which could interfere with the activity of in-
nate and adaptative immune responses, predisposing the antmals to secondary infectious
diseases [ 104]. Penicilliim toxins have been linked with appetite reduction, affecting nutre-
ent efficiency, and increasing the incidence of abomasal wlcers, laminitis, gastroenteritis,
abartion, and paralysis | 105). Additonally, toxins produced by Peocilltom spp. Such ax
ROQ C have neurstoxie activaty [106]. Despite their abundance in feeda and thelr polential
harmiul properties, the economic relevance of Pericillinm mycotoxins m livestock farme-
ing is considered underestimated, because even though mycotoxins are belioved o be
rapidly metabolized by gut mierbdota and bepatic enzyvees [TH07-109], the detoxtica-
tien process of mycofoxins can still be distupted by their antimicrobial and hepatotoxic
properties [104,107,110=114], Pericilfimae-derived mycotoxins are mosthy associated with
storage, being detected frequently tn mouldy spots of silages [100,115,116]. Although
the temperature of the samplings’ month presented a negligible coreslation (p = (.20,
o= 0,0 moour study, several studics performed under controlled conditions have proven
that Pesticilliom growth and toxin production were strongly increased by higher tempera-
tures [LI7=1200 Penicillionn ruprefieti has been described as the most predominant fung|
in mouldy sections of silages in Austrian dairy farms [100], Contamination with storage
mycotoxing {mainly asociated with Peeiciilivem can cocur evenin good-quality silages,
since agrobic spollage = practically unavoidable during feed-out [ £21]. Our (ndings did not
revel relationzhips bebween the hygienic status of the main feedstuffs (G5, M5, straw, hay,
B50, and concentrate) and the contamination levels, which has been reported previously
in forages [122]. This can be explaimed by the fact that texin production by a fungus does
mot correlite directly with its growth [123] Ohver 30% of the evaluated diets contained EAs,
tondc compounds associated with diverse endocrine, vascular aned neumlogical effects [124],
These can be commonly dotected in coreal graing as well = in pastures [42,125,116]. Dietary
exposure o EAs in dairy catfle can produce unspecific effects such as reduced productive
and reproductive performance and acute climical signs of ergotism including hyperthermia,
convilsons, gangrens o distal portions of the body, and Satalities [127-12%], b was stated
that feed= exceeding 250 wg kg of EAx should not be fed to pregnant or lactating animals,
because it could increase the nisk of abortion and agalactia syndrome |1 26], Additionally,
further less-known metabolites are produced by other fung detected inthe dists of daicy
cows, Some of them hove antibacterial activity, for example, the anthraguinone rubellin
£ [130,131], illicicalins [132], momocerin: [133,134], and cvtochalasins [135,1236),

Interestingly, the recent analyvsis indicates that as compared with contamination from
other fungal groups, contamdnation of Fusariuor melabolites can be explained toa greater
extent by dietary factors that are mainly related to forage compaonents. We demonstrated
a complex relationship berwesn M, straw, and proportions of WFC and large particles
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(=19 mmi) that drives the contamination of Fuserinsn metabaolites bn dairy cow diets, With
our multyple regression approach, the independent factors can explam 507% of the vamance,
substantially higher than o previous study thal used a simple correlation analysis [157].
Az ewplained before, other studies have underlined MS as o potential feed source of
Fusaripm mycotoxing. This cosld be explained by the fact that starch induces mycotoxin
production (e, fichothecenesh in £ gramiogaruen [137] Thus, the supenor content of
noi-fibre carbohydrates (such as starch) in maize and cereal plants compared to other
torages swch as G5 and hay could explain the efevated levels of myeotoxins and ather
wecnndnr].' metabalibes. Furthermore, we found that, i addabion to M5, straw was likewise
an influcntial forage component. Straw is often added to dairy cow diets conlaining high
grains and high M5 to compensate for physical charactenstics {long fibrel of the diel, As
minor dietary components, the hvgienic as well as chemical characteristics of straw likely
recelve less attention as compared to main forage sources such as M5, G5, and hay, Moukd
infection could be present in straw but might not be screened out before feeding, We found
that, in addition to Fustmome metabolites, straw was also a determinant for contamination
weith Alterngrw metabolites. The black mould BETInS Altersaraa mndudes variows :'upu'uph_'.l'ﬂr.'_.
endophytic, and pathogenic species, which occur sworldwide in different habitats such az
soile ns well as on dead or dyving plant tissues such as straw [138], A rocent Swiss survey
targeting a broad spectrum of myeotosns in bardey products found higher concentrations
of total fungal metabelites in straw than In grains [139] Interaction of dietary lacge particle
size with M5 and with straw partly represented shifts in the physical characteristics of thie
diist bamed on the combination of fd:mgﬂ: chanices. I'Jil.-tar_l,- ash content did oot influsnce
concentrations of metabolites from Fresariom, Altermeria, or Periciliter, but it did influence
total fungal metabolites. Tts positive quadratic effect indicates that high fungal metabaolite
leadis are azsociated with high dietary azh content. High dictary ash contents ane an
inalicator of contaminativa with sotl, which affects the hygienic guality of the feedstufis,
Allin all, althowgh the current data coubd prove partial roles of the main dietary factors,
the cuteomie underlines that there is no single factor that domimantly influences the dictary
contamination. Rather, the dominant influence comes throagh the combination of forage
choice, management (particle lengthl, and the hygienic status of feed sources,

Amothier novel outcome of the present study was related o 'Es, which constitute the
extensively recumment class of metabolites contained in dalry rations, PEs are of concern in
veterinary medicime and public health due to their endocrne-disrupting activity These
substances especially affect the reproductive organs and process, inducing infertility in live-
whoack (100101 ] These metabolites are found F-l.'.irn.:ril}- in J_r'gummm'.'m planb:_, such asx 0w,
But also in clovers (Triolhom spp. and alfalfa/ lecerne (Medicage salinag) |4,28,142], Coume-
trans such as coumestrol seem to be more potent in estrogenic activity [5,31] The levels
of coumestrol detected in dicts of Austian dairy herds in the present study wene below
the reported citical cange (181580 myg kg [141]. Thelr interaction with other estrogendc
substances {such as mycoestrogens) i= currently the focus of interest [24] ther plant-
detived compounds such as the cyanogenic glucosides limamarin and lotawstralin shserved
i the present study did sob exceed the maximum limk (50 mg/kg) of tokal cyanogenic
compounds establishied by the European Union [ 143]. Beth compounds (limarmarin and
letansstraling have a relatively broad distribution in the plant kingdom, being found in
high concentrations in cassava, =oy, cerval, dovers, and other plant species [53,144]). In
general, levels of these compounds in clover are not high enough to cavse acube tosicity,
Sommee clinical manifestations include dyspnoca, muscular contractions, and cedemas in
mucoas miembrames | 145]. Nevertheless, reports of cyantde poisoning of hivestock are rane,
supggesting that bevels of cvanide- or HCN-producing compounds in the feed are geseeally
I [143], @15 15 also the case for the present study, The inclusion of hay shewed a mager cor-
ridation with both limamarin and lntastratin in this study, Among the unspecific metabalites
detected were molecules of somie biologieally active toxdns, which inerease the toxloolog-
ical complexity of the cocktails of secondary metabolites evidenced. These include, for
instance, emodin (antbacteral and mmunosappressive) [149,147] 3-nitropropionic acid
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(menurotoxic) | 145, 149], skyrin | 147] brevianamide F (oyclo-L-Trop-L-T'ro) {antifungal and
antibacterial} [159], crelo {L-Pro-L-Ter), and cyclo (L-Pro-L-Val) fantibacterial) [151,152].
Tha: |:|:n|:'|.'|:|||.=x i:ln:-l".i!l.-.\\nf coecimtamination with different myeotuxing, PEs, Cig, and othar
metabolites oceurring in the diets of high-vielding dairy cows sugzest unexploved and un-
predictable synergistic as well as ankagonistic foxic effects. Most of the detected metabalites
represent unmgu'l.sl:rd r.'u:'u'n.pﬂ-und.—i with a J'u.lqh. dt-..'l.-nicll'}‘ of h:il:ldnﬂ;ir.'ll and toesie activity,
indicating that the characterization of the vegulated contaminant in dadey feeds s only the
tip of the iccherg of fungal and other environmental toxins

4. Conclusions

This study underlined the omnlpresence of a broad number of mycotoxins (most of
them unregulated), Pes, and other metabolites ocoarring in diets of dairy cows in Auwstria,
Chverall, thie Avstrian d:ii.ﬂ_l,r rations are safe when i:\-:m::idi:rlng that the detected comtami-
mation levels were below the guldance values of the EL commuission. Nevestheless, a vasd
majority of mycotexins and metabolites are emerging ones, as well a3 less-known and less-
studied fungal metaboldites, Cheerall, Fassrinr-produced metabolibes and myootesing wene
the deminant fungal contarninants. Additonally, we found that dietary factors related to
the wss of Forages, rather than concentrating sources, contribute to increased contaminabion
of mycotoxing in Austrian dairy rations. Among tvpical forage sources, the content of
M5 and straw were the most influential factors linked to the concentrabtion of Fiesarde
metabedites in the complete rations. The analysiz further addressed the influences of charsc-
teristics of diets and hygienic substandard of forages. Individually, the detected myentoxins
:Eg:!ruxunbud: a rvl.lliaﬁ'l.'l:!l'_'.l' Lo or safe level based on EU regulation and Literatuns. Howeves,
the eo-exposure o mycoloxins and osther (fungal and plant] secondary metabolites has un-
predictable effects. Dur Andings make clear that the evaluation of contamination with anly
regulated myentoxing affers a limited picture of the possible toxicological misks o animal
bealth, reproduction, and productivity. Therefore, it s crucial to elaborate susvedlanee and
maonitenng pregrams for a broad spectrum of metabalites in the dairy feed chain and o
understand their tosdcological effects. Furthermone, thens is a need fo increase awateness
of the importance of feed management and nutrition as reduction and prevention mei-
sures for mycetoxin contamination indairy production, Monitoring and further research
bazed on multi-metabaolite approaches in the daicy industry in other geographic regions

are shill necessary.

5. Materials and Methods
5.1, Swwpling and Snogile Preparation

Under the agreement of weitten inforimed consent with the farmers, 100 dairy farms
located in Lower Auwstria (n = 33), Upper Austria (r = 511 and Styria (n = 16}, representing
fhe 3 provinees leading the country’s dairy production, wene involved in the sunoey, lasting
From 20842020 {Figure 5A). The herd sizes inumber of lactating cows) dunng both visits
were on average 5% + 15 S50 lactating cows per farm, varying feom 32 o 1460 lactating
cows pur farm, Each representative sample of complete dicts (i = 198) consistod of at least
30 incremental samples of mixed rations from the feeding table (feed bunk), and at least
30 subsamples of comeentrate feed on the automatic feeders were collected. The final sample
amount was 1=1.5 kg of each kind of sample (basal feed mtion and additional concentrate)
(Figure 5B). An additional sample of basal ration {approx. 1 kgl was coliected for particie
size determination, The samples were immediately vacuum-packed {—0.7 pai} and stored
in the dark at — 20 "C te aveid subsequent microbial spoilation until sampling preparation
(Figure 500 Sampling was performed durmg the perod April 2019 to September 2020,
at two e poanls with a divergence of at least six months between the first (2 = 100)
and the second sampling {7 = 98; two farms did not continue in the study), Since the
formulations, feed components, and batches of the different feedstuffs vaned bobween
the two visits, both visits within each farm were treated independently (n = 198). The
froden Basal feed samples were thawed at roomm temperatire for 24 h and air-dried at
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&5 *C for 458 h. The average drv-matter content of basal feed samples was 37.06% £ 4.72%
fmean & S0, range: 25.73-54.72%). The dried samples were sequentially milked toa final
particle size of <05 mm. Firstly, they wene mulled in @he cotbing mill (5M 30, Retsch
GmbH, Haan, Germany) at 1500 rpm for approximately 1 min. The non-milled residuwes
fmostly hard fragments of seeds) wene subsequently milled using an ultra-centrifugal miil
(20 200, Retsch GmibH, Haan, Cermany) at 10000 rpm For approximately 30 5. AN malled
fractioms of each kind of sample were combined, homogenecusly mixed, and packed in
plastic baps (Figure 500, Twenty grams (000 g of the whole diet representative samples
was obtained by mixing proporiionally milled basal and the sddibional comcentrated feeds
(supplemented based on the daily milk production} according to the average intake of
each farm provided by the farmers {see Section 5.2), Then, five grams {00 g of each
hl‘ll‘l’llJﬂ_l.‘!l‘lImd rﬂp:rl_*s-n:ntnliw-: sarnph-. of the disks intended For mu |Ii-:1nr|.|.\r$is Wis wu:i.p;h:'\d
in 50-mL polvpropylense conicsl tubes (Saratedt, Numbrecht, Germany), and 100 g of basal
feed was ufilized for the chernical (proximate) analvsis and stored at — 200 unbl analysis,

Figure 8. (A) representative sampling and sample preparation of whole diets of lactabing dairy cows
inberaded for muilti-metabolite analysis vin LU-MS WS, (A Map of lacations of the selected dabry
farmes £ = 10 involved im this sarvey. (B} The reprosentabive sampling corststed of basal feed (total,
|:|.:|:1i..l.'|. or Forage mixed ration} collecked fram the fﬁdlq Eabde ") as well as :-;rlmpiﬁ of comeeritrated
feeds 7} (C) Vacwum Purl:mg and preservation al -0 " umdal r.tmplc pT(:'Fnrnhnnawd.wh:equnnr
analysis. S:lrn.pli..ng prc-puarjum cunsisbed of drying, (D) milling {tea p::rl'i..'l.r sime o < 5 mml), and
subsequent {E) pooting and homagenization according te the reported average intakes of basal feed
and addrbanal concentrabe

2 Dheta Collertion

Information ngrardmy the kind of fanming system (organic or conventional), the com-
position of the basal feed (major ingredients and their proportions), and total intakes of
basnl fowds (forage, partial, ot total mived rations), x5 well a5 the amount of additional com
centrate and feed supplemented (based on the daily milk production) were obtned from
theose respensible for feeding management via personal interview guided by questionnaire,
et farm, the hygienic status of comserved forages and concentrates incloded in the rations
of e lactating cows were evaluated, For the hvgienic stafus assessment, representative
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samples (of at feast 10 subsamples) were composited and immediately assessed. The
=ensory evaluation was performed considering characteristics of the appearance [colour
wis comsdidered alonyg with the presence of mpureities), odowr, and exbune based on the
methodological approaches described by Kamphues et al., 2014 |57]. The geo-climatic
data, including altitude, average air temperature of the month of sampling, the average air
temperature, rnelative |:'|.1.1m1|:|i|::|.'. and the arcumulated rainfall d:l.lI'|I'IE this Brinwing season
of malze (June-September of the previous vear); average relative humidity of surmmer
{Junc-Soptember, maize’s growing season); rainfall during the summer {June-September,
matze's growing season); and averages of the air femperature of the municipalities S districts
of the farms, were vetrieved from the websile of the Cenlral Insttution for Meteorology
and Gecdynamics [in German: Zentralanstalt fur Meteoraslogie und Geadynamik—~EAMG)
{available at |1:1T-~.':.-' Swwwerampacat/cms S de S kdima S klimaoebersichien Sjahrbach) (ag-

cessed on 1 June 2021 ) Summarized data are Hlustrsted in Table 1

5.3 Chewiical Proccimate Awalysts iond Portécle Size Disteibution of the Rations

The chemical proximate (nutrient) analysis of the samples of basal feed rations was
conducted according to the protocols of the Asseciation of German Agricultural Analytic
and Research Institutes (WVDLUFA, Darmstadt, Germany, 2012) [153]. The dey-matter
comtent was determined by oven-drving the samples at 103 “C for at beast 4 h fmethod 3.1).
Ash was analysed by eombustion in a mutfle furnace at 550 °C overnight {method 8.1).
Crude protein was determined using the Kjeldahl method (methed 4,110 and ether extract
using the Soxhlet extraction system (methaod 5.1.2), Analyvses of NDF and the estimation
of WNFC were pecfarmed following the methods described by Van Soest et al, (1991 [154],
Particle size distribution of the basal eations was determined using a manually operated
Tenn State Particle Separator (PSTS] {model C2I682M, Masco, Fort Atkinson, WIL USA) with
thiree sieves with aperture diameters of 19 mm, 8 mm, and 1.18 mm in diameter, according
o Lamumers eb al {1996) [155] and Koonooodf et al, (3003 [ 1548]. Par each visit, the dest was
pertormed in duplicate, and the skeve fraction values (") were averaged

5.4 el Exbraction awd Maodti-Medobalite Analysis (LO-EST-MSMS)

For simultaneous mulb-metabolite quantification, five grams (001 g of each homog-
enized sample was extracted in 2 ml of the extraction selvent {acetonitrile/water facetic
acid P:2k1, /v /0) and following the procedures reported by Sulyok et al. [157]. Glacial
acebc acid (poah and methanol (L gradient grade) wene acguired from Merck, Darmstade,
Cermany ), and the water was reverse-osmosis-purified using an Elga Purelab ultra-analytic
system (Veolia Water, High Wiycombse, UK). Then, for sedimentation, the samples were
put i a vertieal posthon for 1015 min. A supecnatant of 500 pl of the raw extract was
diluted 1:1 with a dilution solvent (acetonitrabe Swater facetic acld 200091, o/ v/v) in vials,
The injection volume of both raw extracts of the samples and standard solutions of the
dl.u]].'lr: wirs 5 pl These volumes were put into 'I:h.*QTr.aF 5500 LC-MS /WS system (Ap-
plied Biosystems, Foster Citv, CA, USA) equipped with a Turbol electrosprav lonization
{EST} source, which was coupled to a 1290 series UTHPLL system [Agilent Technaologies,
Waldbronn, Germany] a= described by Sulvek et al., 2020 [157]. A subsequent quantification
froam external calibration by serial dilutions of a skock solution of analysed compounds
waz completed. Finally, the results were adjusted for apparent recoveries defined throwgh
spiking experiments according to Steiner [158]. Standards of fungal, plant, and unspecific
secondary metabolites were purchased from several commenial suppliers or obtained via
a donation from different research imstitutions [ 157,158], This analytical methodobogy has
been validated [157.158] and has been emploved to study multi-mycotoxin occurrence
i l:um]:!il.-.'-'. feedstuff matrices such ax .~:IJ:|E|.-. pasbures, conoentrate tmeed, amd tokal mix
rations [51,61,15%,150). The accuracy of the method s verified ona routine basis by par-
ticipation i praficiency testing organized by BIFEA (Genneviliers, France). Satisfactory
Z-seowres babwern —2 and 2 have been obtained for =95% of the =170 reswlis submatisd so
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far. In particular, 17 out of [8 resalts submitted for a sample of MS woere in this range, the
exception being zeamlenone exhibiting = = —2.05,

5.5, Shatisteoal Aminlysis

Frequencies of contamination focourrences) and the descriptive statistics of the concen-
trations of metabolites faverage, 503, median, and range values) were caboatated considering
values over the limit of detection (LD, Values lower than the limit of quantification {LOCH
were processed as LOC 2. Concentrations of metabolites are expressed in g Sk parts per
Billion (ppb) on a dry-matter basis and plotted on a logarithmic scale (Loge) where appli-
cable. The co-occurrence a.n:nt:,.'m.'.:.' it miyeokixing and F-l:rl.l: kbl pbes wene ]:||'|.'F|.1rm|.~|:|
separately using Microsafl Excel, constructing matrices that included metaboliles with
detection frequencies over 3%, Spearman’s correlation coefficients were computed, and
heatmaps were plotted using GraphPad Presm (Prsm version 9.1, GraphPad Softwars, San
Dege, CA, USA) The correlation analysis was interpreled considering only sagndficative
correlations with ¢ = 0.3, based on Hinkle et al. (2003) [161] Multiple regression analysis
was performed wsing 5AS {version 9.4; SAS Institute Inc., Cary, NC, USA) fo investigate
the influences of dietary and geoclimatic factors on dependent variables of interest: con-
centrations of fofal metabolites produced by fungy, plants, Alterrario, Aspergillies, Fusarinm,
Prwicillivm, Eds, TN, ZEM, FUM (the swm of FBEL and FBZ), BEA, ENNs, CUL, siccanal,
and phvtoestrogens. Data wene log-transformed to normalize the data, For some vanables
(0, FUM, sicearl, total Altermiria metabolites, total Peadcilio metabolites, amd total
fungal metabilites), extremie data that still led to screwed data were manually excluded.
The n|.1rm.|1|i1':,r if data based om the Hhaplrn—'i-"i'il.k bt g = 0.05) and Q—Q—FII:I: woore erecured
Before further data analysls. For each dependent variable, a sel of independent variables
inclhuding dietary proportions of M5, straw, hay, BSG, feed particle size = 19 mam and
between 81,18 mm, the content of crude protein, ash, ether extract, ash, and non-fibre
carbubivdrate, the hygiense status of M5 and G5, altilude, fempersture, relabive humidaty,
and rainfall were tested, and the candidate independant varazhbes wers selected based
om A step-wise selection using the procedure SELECT of A5, All candidate independent
varlables passed the collinearity test, having o verlance inflation factor less than 10, Mext,
the effects of candidate variables, including their squared terms and interactions, werne
investigated using the mixed procedure of A5, The model alse included the mndom cffect
of twios rounds of visits. Backward elimination was performed to obtain the fnal model
using the protocol described previously [162] Additionally, £ and RMSE of the final
mende] were calonlated. In addition, the odds ratio and predicted probabilities far high
comtamination of Fesarius metabalites due bo the melwsion levels of fl:u':LEL- SOTLLTTE WoETE
determined wsing PROC LOGISTIC (SAS version ¥.4; SAS Institute Inc., Cary, NC, USA)
For this analysis, data classified as low {25 percentile, o1 = 49) and high Fusnriam maetabalite
concentrations (75 percentile, i = 403 wene used. The model ingluded dietary levels of M3,
G5, steaw,, hay, BGS, other silages, and gquadratic terms of MS, becaise they wiese found to
show significance in multiple regression analyses,

Supplementary Materals: The fallowing are avatlable snline at bitps:/ Swavwemdpieom farticle
13350 ot DATTTHSD fa L Tabde 51, List of 8463 targeted metabohites via a validated multi-metabalibe
liquibd chromatography felectraspray benization-tandem mass specinometmic (LU ESEME 7 Ms)
marthod Table 520 Oddds ratio estimates and gralile-Ekebilvod comdidenee inbesvals of fosage inclusion
leveds ns dietary risk factors for high Pasarum mycatesin rads fabove 75th percentile cioncentrations),
Figure 51. Predicted probabititics for Frssriem myeotoxin loads (aboyve 75th percentile concenlrabions|
relabed to the proportian of {a) mazee silageand (b straw in the dictary rabions of Ausinan dairy cowws.
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Cocktails of Mycotoxins, Phytoestrogens, and Other
Secondary Metabolites in Diets of Dairy Cows in
Austria: Inferences from Diet Composition and Geo-
climatic Factors

Felipe Penagos-Tabares, Ratchaneewan Fhiaosa-ard, Marlene Schmidt, Eva-hMaria Bartl, Johanna
Eehrer, Veronika WNagl, Johannes Faas, hMichael Sulyok, Rudolf Krska and Qendrim febeli

Table 51. List of 8563 targeted metabolites via a wvalidated multi-metabolite liquid
chromatography/electrospray  icnization-tandem mass spectrometric (LCESMS/MS). 7

Compounds found in diets of Austrian dairy cows (values = the LOD)

10-Norparwulenone Aflatouin M2 Apicidin Burantine
15-Acetyldeowynivalenal Aftatouin P1 Apidicin C Burzntioclavin
15-Desowyosslicine B Aftzrtouin 01 Apidicin D2* Burzntiogliociadin
15-Hydirowpculmorin® Afiatrem Ariztodochic acid & Burzsperon B
15-Hydirownypculmonon Afizvarin Ascochlorin® Burzsperon
16-Ketoaspergillimide BAgistatin B Azcofuranone® Burasperon G
1-Deowypebrolide Aristatin ¥ Ascolactone Bureobasidin
2-Chiorunguinol Bgistatin E Ascomycin Burofussrin®
2-Methyimitorubin Azrodavine Azparason & Bustalide &

3.4 15Trizcetyinivalenal Bizuslonmycin D Aspercolorin Bustzlide B

3 A-Diacetylnivabenol BJ 256 Azperfiavine Bustslide Derivative
F-hcetyldeooymivalenol Alamethidn® Azperfuran Bustzlide F
F-Acetyineosolaniol alpha-Zearalenol Azpergamid & Bustamide:
F-ficetyl-T-2 Towin alpha-Zearzlenol Glucoside Aspergillicin Derivat Bustdiol
F-Hydrowy-F-acenyd-T-2 Toxin  Abteichin Acpergillimide Bustinel
F-Hydromy-HT-2 Towsin Altenuene Azperglzucide” Bustocystin &
F-Hydrocyverphenyliin Aiteruisol* Acperizctone Bustocystin B
3-Mitropropicnic acid ® Alterusin Azperiocne & Bustocystin D

4.7 15Trizcetyinivalenal Alternarian sod Aspermmytin & Bustocystin |
A-Hydrosyziternzriol Alernarienaic acid Aspernigrin & Bustralide D
A-Methouyoypclopeptin Alternariol ® Azperphenamate® Bustralide F
4-Monosoetoryscinpenal Ahternariol-3-Glucoside Asperthecin Bwerantn
SHydroxyculmorin Alternariol-S-Glucoside Azpiralic B Bverantinmethylether
SMethyimeliein Alernanolmethylether® Aspinonere Bverufanin
T-Hydrocgksurenolide Aternariolmethylether-Glucoside  Aspochalasin © Bverufin Derivat
T-Hydrooypestalotin® Altersetin® Azpochalasin D Bverufin®
Efcetyineosolaniol Atersolanol Aspochalasin H Bacitracin
E-D-Methylavensfin Altertoin 11 Azpochalasin | Bafilomiycin A1

A T3187 Altertosin-l Azpochalasin | Banksizlactone &
AXMTT1B Arnauromine Azpochradn Barceloneic acid*
AAL TA-Towin Amidepsin B Aspterric acid Bassiznodide®
AAL TB Towin Aminodimethyloctzdecanol Azpulvinone E Beauwericin®

AAL TD Towin Amoarycillin Aspulvinone O Banzomalsin &
AAL TE Towin Armiphotericn Azpyrone Benzomalyin B
Absrizic acid ® Arzcin Asteltowin BanzomalsinC
Acetyichaetoglobosin I Andrastin &* Astermic acid Berkedrimzne B
Achaetolide Derivat Andrastin B Astemiquinonedimetindether Berkeleyacetsl B
Acuminatum B* Andrastin C* Azzonapyrone & Berkeleylctone E
Acuminatum C Ardrastin I Atlartinon A Barkeleyictone F
Aflatoxicod Andrastin Derfvative Atpenin A5 betz-Zearalenal
Aflatonin B1 Anisomycin Atropine betz-Zearalenol-Glucoside
Aflatomin B2 Anthiotic L 656374 Atroventinmethylether Biksverin ®
Aflatondin G1 BAntibiotic F 1545 A Aurantiamin & Biochanin®
Aflatomin G2 Antibiotic PF 1052 Aursnticin A Bis{methylthiojgliotomin*
Aflgtomin M1 Antibiotic ¥* Aurzmticin A Bonghkreiic 2od
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Botryodiplodin
Brasiiamide &
Brefeldin &
Brevianamid F*
Brevicompanine B
Butenolid
Butyrolacton 11l
Butyrolactone |
Butyrolactone I
Butyrolacton]imethydether
Byssochlamic acid
Calonectrin
Calphostin
Calphoestin C*
Cahpeanthone:
Carmeguinazolin 4
Cephalochromin
Cercos poramicde
Cercosporin
Cereulide
Cerulenin
Chaxconin®
Chaebocin
Chaetoglobasin A
Chaetoglobazin C
Chaetoglobasin I
Chaetolobasin F
Chaetominine
Chaetowiridin &
Chanodzwin®
Chetomin
Chetoseminudin &
Chevalone B
Chevalone C
Chevalone E
Chizmydospordiol
Chizmydosporod
Chloramphenicol
Chlorodtrearosein
Chloronectrin
Chlortetracydin
Chrodrimanin
Chromomycin A3
Chrysogin®
Chrysophanol*
Cinereanin
Citreshyhriddinne
Citrechybriding
Citrepindole
Citrecrosein®
Citreowiridin
Citreowiridin C
Citreowiridino
Citrinin®
Citromycesin
Cladozporin
Cladosporone Derivat
Clonostachydiol
CHNM 115443
Cochliogquinone &
Colchicne®
Communesin B
Cordyoepin
Coumestrol*
Culmarin®
Curvularin®
Cureulin
Cyclo[Halz-L-Pro)
oychofL-Leu-l-Pro)
cyciall-Pro-L-Tyr )"

oychof L-Pro-L-Val)*
Cycloaspeptice A
Cychoedchinulin
Cycloheximide
Cyclopenin
Cychopenol
Cydlopeptine
CychopiazonsSune
Cychosporin &
Cychosporin B*
Cychosporin C*
Cyclosporin D
Cychozporin H
Cylindrominpaon AL
Cylindrol B
Cytochalaszin A
Cytochalasin B
Cytochalasin C
Cytochalasin I
Cytochalasin E
Cytochalasin
Daidzein®

Dizicizin®
Dauncrubidn
Dezcenyineosolanial
Decalonectrin
Dechloroeriseofubsin
Dechlorogriseofubyin

Dechlorpispchromaophilon [V

Dechloronomidulin
Deepomy-rienuymivabe nol
Deepooy-T-2 tomdn
Dimeposry-T-2 tetraol
Debrydroawstinal
Defrydrocunaularin®
Debrydrocyclopeptine
Delrydrogriseofulyin
Demethonyiridol
Demeshydasteltoxin
Dermethnyisubochrin
Deccyhltmrsolanal
Deocybrevianamid E
Deoxyusapyron
Deoxcyperfelin®
Deccynivalenod®
Decocynortryptoguivalin®
Deancytrypbogquizdanine
Deoooyirypboquivaline A
Desoorypaxillin
Desoopwerrucosidin
Destruxin A

Destruxin B*

Destruxin CHL
Destruxin D
Destruxin-Ed Derivat
Deshinsecosmestrin
Dizcetouyscrpenol
Diacetylosroosporin
Diacetyinivalenol
Dichlordizportin
Dichlormethylasterric acid
Diffractaic acid

Dibrypd rocsprynomne
Ditwydrochilanmydocin
Dibwyd rocitrimone
Dibvpd recompactin

Db by ross s
Dibypd roergotamine
Dibwyd rogriseofulvin
Dikwydroinfectopynon

Dibydrolysergal
Dibvydrosterigmatooystin
Dibydrotrichotetronine
Dibrydrosoycalonectrin
Dibydroeoymellein
Dibydrosy Z0NMeshydethear
Dinzctin
Diplodiztoxin
DON-F-glucoside*
Douorubicin
Dooyoydin
Drimane &
Drimane &
Dusclaunin
Echimidin
Elvrmioclavine
Elymoclavine-Fructaside
Emericellamide A
Emericellamide C
Emericellamide E
Erreestrin®
Emindode 54
Emodin®
Endocrocn®
Enniatin &
Enniatin A1*
Enniztin B*
Enniatin B1*
Enniatin BE*
Enniatin B3
Epiequisetin®
Epowyazroclavin
Epoxyoytochalsin C*
Equis=tin®
Eremofortin &
Eremofartin B
Ergine
Ermocormine*
Ergoscorninin®
Erpocristine*
Erpocristinine®
Ergocryptine®
Erzocryptinine®
Ergometrine
Ergometrinine®
Ergosin®
Erpoeinin®
Ergotzmine®
Erpotzirminine*
Ergowalin
Erucifolin
Erucifolir-i-Ouid
Erythronmydn
Ethylorsellinic acd
Europin
Eurapin-N-Owid
Expansoiid

FD1 1358-&
Fallacingl

FEL Methylaster
Fellutznine A*
Fellutmnnine B
Festudanvine"®
Filipin

FK 506

FKSTT5 A&
FKS775 B
Flavipudin
Flavogizucin®
Folipastin

Fonssdn
Formanetin®
F&2£

Fulvic acid
Furnzgillin
Fumarprotocetaric acid
Furmnifungin
Fumnigzclavine C*
Fumnigaciavine®
Furniquiniazolin &
Furniguinazolin D*
Furniquinazolin Dervat
Furnigquinazolin F
Furnitremargin &
Fumnitremnorgin B
Fumnitremorein C
Fumnaonisin A1
Furnaonisin 41 (precussor)®
Furnanizin 43
Fumonisin AKZ
Furmnonizin B1*®
Fumaonisin B2*
Furnonizin B3*
Fumonisin B4*
Fumaonizin B&
Fungerin
Fusaproliferin®
Fusapyron®
Fusarenon-X
Fusaric add
Fusarielin &
Fusarin C
Fusarinolic acid
Fusarizetin A
Fuscofusarin
Galbiric zcid
Geldanamycin
Genistein®
Genistin®
Geodin

Geodin hydrate
Gibberellic acd
Gibberellin A12
Gibberellin A14
Gibberellin A4
Gibberrellin A7
Gibepyron D
Gigantenone
Gliodadic acid
Gligboxin
Glisoprenin Ot
Glyantrypine
Ghycitein®
Ghycitin®
Graymnotoxin |
Grizeofubvin acid
Griseofubvin®
Griseophenons &
Griseophenons B
Griseophenons C
Harzianopyridine
Harzianum A

HC Texin
Hedigtrin
Hediotrin-M-0wid
Hehvolic acd
Hebwoliric zcid
Heptaibin
Heptelidic 2cid
Herquline &
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Botryodiplodin
Brasiiamide &
Brefeldin A
Breviznamid F*
Brevicompanine B
Butenaolid
Butyrolacton Il
Butyrolactone |
Butyrolactone |1
Butyrolactonl Imethylether
Byssochlamic acid
Calonectrin
Calphostin
Calphostin C*
Cahyxanthone
Carmeguinazalin 4
Cephzlochromin
Cercosporamide
Cercosporin
Cereulide
Cerubsnin
Chaconin®
Chaetocin
Chaetoplobasin A
Chaetoplobasin C
Chaetoglobosin I
Chaetoglobosin F
Chastominine
Chaetoviridin A
Chanodavin®
Chetomini
Chetoseminudin &
Chewalone B
Chewvalone C
Chewvalone E
Chlzmydospordiol
Chlzmydosporol
Chloramphenicol
Chlorodtreorosein
Chloronectrin
Chlortesrsiopciin
Chrodrimanin
Chromormycin A3
Chrysogin®
Chrysophznol®
Cineneanin
Citreohybriddione
Citrechybridingd ®
Citregindole
Citrecrosein®
Citreowiridin
Citreowiridin C
Citreowviridino!
Citrinin®
Citrormycesin
Cladasporin
Cladosporone Derivat
Clonostachydiol
CHM 115443
Cochlioquinone A
Colchidne®
Communesin B
Cordyoepin
Coumestrol*
Culmaorin®
Curvularin®
Curvulin
Cydo(-alz-L-Pro]
cycio{L-Lew-L-Pro)
cyciofl-Pro-l-Tyr|"

oyciof L-Pro-L-Val)*
Cycloaspeptice A
Cycdloadhinulin
Cyloheximide
Cyclopenin
Cyclopenal
Cyclopeptine
CyclopizzonsSune
Cyclosporin A
Cyclosporin B*
Cyclosporin C*
Cyclosporin D
Cyclosporin H
Cylindroczrpon AL
Cylinadral B
Cytoschizilasin &
Cytochalasin B
Cytochalasin C
Cytochalasin D
Cytoschialasin E
Cytochalasin )
Daiczein®

Daizin®
Dauncrubicn
Dezcesyinecsolaniol
Decalonectrin
Dechlorogriseafulvin
Dechlorogriseafulvin
Dechloroisedhromaghilen IV
Dechloronomidulin
Deepooy-checuynivabenol
Deepoosy-T-2 toadn
Deanoony-T-2emtraol
Defrydroaustinol
Defrydrocunvularin®
Dehydrocyclopegtine
Dehydrogrissofulvin
Demethowyiridol
Demethydasteltoxin
Demethyisulochrin
Deowplitersotanol
Deosybreviznamid E
Deoyfusapyron
Deoxygerfelin®
Deoxynivalenol®
Deowynortryptoguivalin®
Deowytryptoquiztanine
Deowytryptoquivaline &
Desouypasillin
Desoywerrucosidin
Destruxin A
Destruxin B*
Destruxin CHL
Destruxin D
Destruxin-Ed Derivat
Dezhiosecoemestrin
Diacetouysarpenal
Dizcetylcercosporin
Dizcetyinivzlenal
Dichlordizportin
Dichlormeethylasterric acid
Diffractaic acid
Dibydrocspyrone
Diteyd rechitanmpdocin
Dikydrocitrinane
Dikypd rocomipactin
Dibvyd roerepsine
Dibypd roereotamine
Ditwyd rogriseofulvin
Ditweyd roinfectopynon

Dibydrofysenzol
Dibydrosterizmatooystin
Dibydrotrichotetronine
Dibydrosycalonectrin
Dikypdrosymiellein
Dikydrosy Z0MMesmdether
Dinzctin
Diplodiztoxin
DON-3-glucaside*
Donorubicin
Dowyoydin
Drimane &
Drimare B
Dusclaunin
Echimidin
Ebyrrioc]avine:
Elymoclavine-Fructoside:
Emericellamice &
Emericellamide ©
Emericellamide E
Emestrin®
Emindole 54
Emodin®
Endosrodn®
Enrmiztin A®
Enniatin A1*
Enniatin B*
Enniatin B1®
Enniatin B2®
Enniatin B3
Epimquisetin®
Epowyagroclavin
Epoweyoytochalzsin C*
Equisetin®
Eremofortin &
Eremofortin B
Ergire
Ermocornine®
Ergocorninin®
Ergocristine®
Ergreristinine*
Ergocryptine®
Erzocryptinine®
Erzometrine
Erzometrinine®
Ergosin®
Ergosinin®
Ergotzmine*
Ergotzminine®
Erzewadin
Erucifalin
Erucifolir-f-Owid
Erythrommydn
Ethylorsellinic add
Europin
Eurapin-N-Owid
Expansolid

FO1 1358-A
Fallacing!

FE1 Mathrylastar
Fellutzmine A®
Fellutznnine B
Festudawine®
Filipin:

FiK 506

FKST75 A&
FKS7T75 B
Flavipucin
Flavoglaucin®
Folipastin

Fonzedn
Formonetin®
F&2

Fulvic acid
Furnagillin
Fumarprotocetaric acid
Fumifungin
Fumigaclavine C*
Fumnigaclavine®
Furniquinazolin &
Fumniquinazolin D*
Fumiguinazelin Dervat
Fumiguinazelin F
Fumitremorgin A
Fumitremorgin B
Fumnitremaorzin C
Furmnonizin A1
Fumonisin &1 |precussor)®
Fumonisin AZ
Furmnonisin AK2
Fumonisin B1*
Fumonisin B2*
Fumonisin B3*
Furnaonizin B4*
Furnanizin B6
Fungerin
Fusaproliferin®
Fusapyron®
Fusarenon-X
Fusaric acd
Fuzarielin &
Fuzarin C
Fuzarinalic add
Fusarisetin &
Fuscofusarin
Galbinic scid
Geldanamycin
Genisbein®
Genistin®
Geodin

Gandin Fypdrate
Gibberellic acd
Gibberellin A12
Gibberellin A14
Gibberellin A4
Gibberrellin A7
Gibepyron D
Gigantenone
Gliodadic acid
Gligtoxin
Glisoprenin D
Glyzntrypine
Glycitein®
Ghycitin®
Gray=notoxin |
Griseofulvin acid
Griseofulvin®
Grizeophenone &
Grizeophenone B
Grisepphenons C
Harzia nopyridine
Harzianum A

HEC Towxin
Heliotrin
Heliotrin-M-0nid
Hehwolic acid
Hebwolinic acid
Heptaibin
Heptelidic acd
Herguline &




116

Sphingofungin B
Sphingofungin I

Spiculisporic acid

Spiranmycn
Spirodibydrobenmofuranlactam
N

Sporidesmaolide I1®

Stemphylpergdenod
Steripmiatocystin®
Sticite sod
Hrobilactone &
Subochrin
Surfactin &
Surfactin B
Sydonic aod
Sydonol
Sydowinin &
Sydowinin B
sydorinol

T-2 Gluooside
T-2 taxin®
T2-Tetraod
T2-Tiricd
Tanzawaic acd B
Tamol

Tenedlin

Tensidol B
Tentonin®

Tenuazonic acid®
Termnatin®
Terpendole C
Terpenicole £

Terpendole |

Terphenyliin
Terragine E
Terrecydic acid
Terrein

Terretonin
Terretonin F Derivat
Territrem &
Territrem B
Tetraacetinivalenol
Tetrascetyl-T-2 Tetraol
Tetracycline
Tetrahydrobostrpdn
Thailandolide B
Thaxtomin &
Thielzwin B
Taxofavin
Trizoetowyscirpenol
Trizcesyl-Deowoynivalenol
Trichatasin B
Trichodermamide C
Trichodermin
Trichodesmin
Trichsdimerol
Trichostztin A
Trichotetronine
Tricheothecin
Trichotheoolone

Trichowerrin &
Trypaidin®

Tryprostatin &
Tryprasi=tin B

Tryprophol®

Tryptoguialanine
Tryptoguialanine Derivat
Tryptoguivaline &
Tryptoguivalire F
Tryptoguivaline &
Tylosin

Ulodzdol
Uniguinol
Urugisin E

Usnic acid®
Ustilowin &
Ustiloxin B
Ustiloxin D
Ustuzol &
Valinormadn
Vancomrycin
Vermistztin
Verrugrin &
Verrusgrin )
Verrucrol
Verrucofortine
Verruoosidin
Verrsoubogen
Vernsoubotoin
Versicolorin &
Versicolorin C°
Versiconal Acetat | Hemizostal)

Versiconol
Vertidllin &
Violaceic acd
Violaceol |

Violaceol Il

Viomellein
Viowanthin
Viridicatin
Vindicatol
Viridicatum toxin
Viridibouin
Viridol

Vulpinic add
Wia3®

WM 68577
Wik-64E21
‘Wortrrannin
Kanthomegnin
Kanthotoxin®
Xantocillin X1
Taeguinolons |2
Zearalenone®
Zearalenone-14-glucoside
Zeralenone-16-Glucoside
Tinnadind*
Onniamide
dnnicd*
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Table 52. Odds ratio estimates and profile-likelihood contfidence intervals of forage inclusion
levels as dietary risk factors for high Fusarium mycotoxin loads {above 75th percentile

concentrabions)

Forage sources Estimate 95% confidential limits

Maize silage L.O8S 1007 L1686
Cirass silage [0.966 0.908 L023
Straw 2.004 1.372 3.193
Hay 0.997 0.850 L215
Brewer spent grain silage L056 0.792 1446
Other silage 1.624 1.086 2.689

Figure 51 Predicted probabilities for high Fusarium mycotoxin loads (above 75th percentile
concentrations) related to the proportion of (A) maize silage and (B) straw in the dietary

rations of Austrian dairy cows.
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3.4. Publication 4:

Mixtures of mycotoxins, phytoestrogens, and pesticides cooccurring in wet spent brewery

grains (BSG) intended for dairy cattle feeding in Austria.

Felipe Penagos-Tabares, Michael Sulyok, Veronika Nagl, Johannes Faas, Rudolf Krska,

Ratchaneewan Khiaosa-ard, Qendrim Zebeli

Food  Additives and  Contaminants:  Part A  (2022) 39:11, 1855-1877.
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Mixtures of mycotoxins, phytoestrogens and pesticides co-occurring in wet
spent brewery grains (BSG) intended for dairy cattle feeding in Austria

Felipe Penagos-Tabares® @, Michael Sulyok™ @, Veronika Nagl®, Johannes Faas’, Rudolf Krska™2,
Ratchaneewan Khiaosa-Ard® and Qendrim Zebeli*®

‘Department for Farm Animals and Veterinary Public Health, Institute of Animal Mutrition and Functicnal Plant Compounds,
Undversity of Veterinary Medicine, Vienna, Auwstria; l'1}4!13-a||'t1'r|ent of Agrobiotechnodogy (IFA-Tulln], Institute of Bloanalytics and Agro-
Metabodomics, University of Natural Resources and Life Sclences, Vienna [BOKL, Austriz; “05M Animal Mutrition and Heafth — BIOMIN
Research Centar, Tulin an der Donay, Austria; “institute for Global Food Security, Schod of Biological Sciences, Queens Uindversity
Beffast, University Road, Beffast, LK "Department for Farm Animals and Veterinary Pubdic Health, Christian-Doppler-Laboratory for
Innowvative Gt Health Concepts in Livestock f0DL-LiveGUT), University of Veterinary Medicine, Vienna, Austria

ABSTRACT ARTICLE HETORY
Spent brewery grains (BSG) are the main by-product of beer production and are inconpo rated Reesived 15 June 2022
in rations of food-delivering animals, mainly dairy cows Like other agricuttural commodities,  Acopied 28 August 2022
B5G can be contaminated by a broad spectrumn of natural and synthetic undesirable mubstan- e

ces, which can be hazardous to animal and human health as wdl as to the endronment. The
co-poourrence of myootoxdng phytoestrogens, other fungal and plant sscondary metabolites,
along with pesticides, was investigated in 27 BSG samples collected in dairy farms in Austria.
Far this purpose, a validated mutti-metabolite liquid chromatography'electrospray ionisation
tandem mass spectrometry [LOESI-MS/ME) was employed. Metabolites derived fronn Fusarium,
Aspemillus Affernana and pesticide resdues were ubiguitous In the samples Zearalenone
(£EN], T-2 and HT-2 toxins were the only regulated mycotowin detected, albeft at concentra-
tions baow the European guidance values for animal feeds. Ergot alkaloids, Penicilium-derived
metabolites, and phytoestrogens had oooumence rates of 90, 48 and 20%, respectively.
Penicilivm matabolites presented the highest levels among the fungal compounds, indicating
contamination during storage. Aflatoins (AFs], ochratcedins and deognivalenal [DOMN) were not
detected. Out of the 16 detected pesticides, two fungiddes, ametoctradin (95%) and mandi-
propamid (14.3%) revealed concentrations excesding their respective maximum residue level
{MRL) (007 mg kg ") for bardey in two smples. Although based on European guidance and
MEL values the levels of the detected compounds probably do not pose aoute nisks for cattle,
the impact of the longtime exposure to such mixtures of natural and synthetic tosicants on
animal health and food safety are unknown and must be slucidated.

Distary exgrsume; fead
sty minkims Lo ology,
Ty o, peshcide
resluesy pitosstmgens;
apen1 hemwesry grim

Abbreviations: ES5G: Spent brewery grains; ZEW: Zearalenons; DM Dry mattern OTA:
Ochratowin A AFs: Affaboxins; DOM: Deosynivalenol EDCs: Endocrine disrupting chemicals;
ZAME Agency of Meteocrology and Geodynamics, Zentralanstalt fir Meteorologie wund
Geodynamik LOD: Limit of detection; LOG: Limit of quantification

Introduction

The use of agro-industrial by-products as valuable
feeds in dairy farming is a strategy that can reduoce

conversion ratio (Bocquier and Gorzalez-Garcia
2001 Ertl et al 2015) Beer is the most consumed
alcoholic  beverage in Europe and worldwide

the direct dependence on whole cereals grains and
oilseeds, which are essential in human nutrition
Due to the low cost of by-products, their incorpor-
ation into livestock rations improves the economics,
also contributing to increasing the edible feed

(Violino et al. 2020; Ambra et al. 2021). Spent hrew-
ery grains (BSG) are the main by-product of beer
prodoction, accounting for around 85% of its agri-
cultural waste and allowing the availability of this
by-product throughout the year (Mussato 2014
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Petit et al. 2020). Most of the generated BSG are
utilised in animal nutrition; however, this product
has also been used for biogas production or, in a
minor proportion, simply disposed of in landfill
(Bianco et al. 2020), The vast potential of this by-
product as a valuable feedifoodstuff in animal and
human nutrition s because of a high content of
digestible fibre (usually fuctuating from 30 o 50%
on a dry matter (DM) basis), good quality protein
(varying from 19 to 30% on DM basis), lipids and
several minerals (José et al 2013; Mussatto 2014;
Lynch et al. 2016). Additionally, the BSG contain
arabinoxyhns and f-glucans, which can be used as
prebiotics, promoting the activity of beneficial bac-
teria, such as Bifidobacerium, Enterococcus, and
Lactobacillus species in monogastric livestock (Lao
et al. 2020} In the feeding of ruminants, wet BSG
are ideal for mixing with forage rations, offering
high-quality protein feed, which is inexpensive and
can reduce the dependency on commercial concen-
rate feeds (Gonzaler Pereyra et al. 2011). Although
BSG have been fed to beef cattle, horses, pigs, sheep
and pouliry, the primary market for wet BSG is as a
dairy cattle feedstuff (Westendorf and Wohle 2002;
Mussattn 2014 Kamboh 2017; Pack et al. 2021).
Like other agricultural products, the presence of
contaminants and residues in BSG is associated
with feed safety issues. Potential hazards of feed-
stuffs can be of natural (eg. mycotoxins and plant
toxins) as well as synthetic origin (like pesticides)
(FAOQ and WHO 2019). Safety of wet BSG can be
jeopardised by hundreds of fungsl toxic com-
pounds, which can be produced pre- and postharv-
est (especially during storage on the farms).
However, most studies have investigated only a lim-
ited number of them in feedstuff (including BSG)
and other agricultumal commodities. Specifically,
research on mycotoxin contamination has focused
mostly on a limited range of mycotoxing such as
aflatoxdns (AFs), fumonising (FBs), trichothecenes,
ochratoxin A (OTA) and zearalenone (ZEN)
(Lynch et al 2016 Cinar and Onbasi 2019
Bartilani et al. 2020; Pack et al. 2021), which are
regubited by European legislation (EC 2002, 2006,
2012, 2013), Barley is the main cereal utilised for
beer prodoction (Palmer 2018). Like other cereal
grains, barley is susceptible to mould infection with
subsequent myycotoxin contamination and other
secondary metmbolites during the complete feed-
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production chain, pre-and postharvest (Pascar
et al. 2018). Thus, research concemning other fungal
towins such as emerging and modified mycotoxing
from  Fusarium, Altermaria, Asperpillis  and
Penicilliten s stll Emited but often advocated
{Battikani et al. 2020; Lao et al. 2020). Additionally,
other compounds of natural origin like phytoestro-
gens can occur in feeds, affecting animal farming.
For instance, these plant secondary metabolites are
known endocrine disruptors that, at certain levels,
can impair reproductive functions and reducing the
productive efficiency of dairy herds (Wockawek-
Potocka et al. 2008, 2013),

The pre- and post-harvest use of pesticides under
conventional farming systems protects crops, like
barley, from insects, pests, weeds and plant patho-
gens, improving the production yields. Residues of
such pesticides can be accumulated in crops and the
ervironment, with potentially toxic effects on human
and animal (including wildlife) health as well as on
the soil microorganisms (Igbedich 1991: Damalas
and Heftherohorines 2011; Cozma et al 2007)
Additionally, pesticide applications can generate the
presence of residues, which are usually at lower lev-
ek than the mycotoxins and phytoestrogens, but
which should be analysed in order to address the
exposure to entire mixtures of toxdcants and endo-
crine-disrupting dhemicals (ED{s), which can have
public health and environmental Implications
(lghedioh 1991; Connolly 200% Rivera-Becerril et al,
2017 Guo et al, 2020; Geissen et al. 2021; Pires et al.
021). Like some mycotoxins, pesticides are also
regulated by European Union legislation (specifically
by Regubtion (EC) No 3962005) (EC 2005). Thus,
this study aimed to analyse a broad-spectrum profile
of mycotoxins, phytoestrogens, other secondary
metabolites, and pestidde residues in wet BSG
intended to feed Austrian dairy cattle, This was
achieved using a validated multi-analyte method
based on liquid chromatography-electrospray jonisa-
tion tandem mass spectrometry (LC-ESI-MS/MS).

Materials and methods

Sample collection and preparation

Representative samples of wet B5SG intended for
dairy cattle feeding were collected from batches

acquired by farmers fFom regional breweries
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Figure 1. Represenfatie sampling of wet barley breweny's spent grains (BS@ intended for feed dairy cattle in Austria. &) The samples
were collected from piles or silo bags which were stored for @ maximum of 2 weeks [Picture gently provided by Mr. Alsander
Kq:pu'ﬁj.ﬂ}'lhﬁm i =21T) were in Lowsr Austria (p =9), Upper Ausria (n =1 and Styria (n=4}. {] Subsamples were collected
manually {around 20— 30 handfuls} from the next-to-befed section of the BSG charge of each farm, for a final ample of 1— 1.5kg.

(Figure 1{A)). The sampling was condocted
between June and September 2020 from 21 con-
ventional dairy farms located in Lower Austria
(n=19), Upper Austria (n=28) and Styria (n=4)
(Figure 1{B}). Upon sample collection, BSG
batches had been stored for less than two weeks
at the respective farms. Each representative sam-
ple was collected manually, consisting of 20-30
incremental subsamples (randomly selected hand-
fuls) wsing nitrile gloves, collected superficially
(pot deeper than 20cm) from the next-to-be-fed
secion of the wet BSG (Figure 1(C)). The incre-
mental samples were composited, giving a final
sample amount of 1.5kg, vacuum-packed in plas-
tic bags and stored at —20°C in the dark until
sample preparation. Subsequently, the samples
were thawed for 12h, freeze-dried in a
SCANVAC CoolSafe ™ freeze (Labogene, Lillerod,
Denmark) for 24h, and milled through a 0.5 mm
sieve using a cutting mill (M 300, Retsch
GmbH, Haan, Germany) at 1500rpm  for
approximately 1 min. Five grams (£ 0.01 g} of the

homogenised samples were added to 50 ml poly-
propylene conical tubes (Sarstedt, Nimbrecht,
Germany) and stored at —20°C until analysis.
The DM content of the sampled wet BSG was, on
average, 25.3%, Huctvating from 209 to 30.6%.
The farms were in altitude ranges between 266
and 814 m. The temperature during the months of
sampling of participating farms fuctuated from
148 to 21.57°C, being on  average 18.4°C
(According to the Agency of Meteorclogy and
Geodynamics, Zentralanstalt fir Meteorclogie und
Geodymamik (ZAMG),  hitps://www.zamgacat/
cms/de fklima ‘klimavebersichten/jahrbuch),

Analysis multiple of metabolites and pesticides

The previously dried and milled sample (5 £0.01 g)
was placed into a 250ml Erlenmeyer flask with
20ml of extraction solvent according to the proto-
col described by Steimer et al. (2020). After agjta-
tion with a GFL 3017 rotary shaker (GFL,
Burgwedel, Germany) for 9 min, the solvent
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solution-sample mixture was centrifuged for 2 min
at 20012 x g on a GS-6 centrifuge (Beckman
Counlter Inc., Brea, CA). The extract was diluted
1:1 with dilution solvent The injection volume of
both diluted extracts of the samples and the stand-
ard amalyte solutions was 5Spl Identification and
quantification of each analyte were performed in
the mode of muliple reaction monitoring with
positive and negative polarity in two separate chro-
matographic runs using a QTrap 5500 LC-MS/MS
system (Applied Biosystems, Foster City, CA)
equipped with a TurboV electrospry jonisation
(EST) source coupled to a 1290 series UHPLC gys-
tem (Apilent Technologies, Waldbronn, Germany).
Quantitative analysis of all the analytes was per-
formed using a validated method based on LC-
ESl-MS/MS described by Sulyok et al (2020)
Quantificaion was based on edermal calibration
using a serial dilution of a multi-analyte stock solu-
tion, Results were corrected for apparent recoveries
determined during method validafion according to
Steiner et al. (2020). The values of the method per-
formance (apparent recovery, limit of detection
[LOD] and limit of quantfication [LOQ]) of each
analyte are presented in Table 1. The apparent
recovery for each pesticide was calculated using the
equation proposed by Awapak et al. (2021} The
method's accuracy is verified on a routine basis by
participating in a proficiency testing scheme organ-
ised by BIPEA (Genneviliers, France) with current
z-scores between —2 and 2 indicating > 95% con-
fidence, All values submitted for a sample of wheat
chaff were within this satisfactory range.

Data analysis

Concentrations of all detected contaminants, resi-
dues, and other non-regulated membolites were
presented on a DM basis in ug kg ', Descriptive
statistics, Le. frequencies, mean, median and
ranges of the concentration of analytes, were cal-
culated considering only the positive results (x =
limit of LOD}. Results below the LOQ were com-
puted as LOO2. All statistical evaluations, tables,
and graphs were performed using Microsoft
Excel® and GraphPad Prism® vemion 9.1
(GraphPad Software, San Diego, CA).
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Table 1. Performance walues of LC-M5/MS analysis tangeting
fungal and other contaminants as wadl as pesticde residues
detected in wet brewery's spent grains intended for dairy cat-
the nutrition.

Method pedormance

LoD [ al4]
haye Agpamnt recovery (8 fug kg™ lug Ag ™)
15-Hytharpeu bmasin 100 03 0
Abernariol 5 Ef ] n3
Aernariabmeiylethes ¥ 33 1
ARersstin -] a7 3
Alertoin-] 26 ) 73
Ammetac tssdim 57 27 a9
Anchsstin A ] 43 14
Andzastin B ] o4 12
A eiton C 41 35 12
Antibwotic Y &0 ai 04
Agicitdin a3 az k]
Amecihin D2 ral a4 28
Regrerph emam ste 75 o1 04
Anrakisitin =3 Q& 19
Ay ste ben ] 17 56
Besisrwerican 103 oans a2
Benzewin diffu gy 73 08 218
Bavesn 72 a 30
Boxaden 55 25 93
Bers e 41 7 a9
Brevianamid 7 4 ik Al
BTS 44595 &7 13 43
Burtenafd a3 T it |
Thanoc bivin & i as
Chassagine a5 57 19
Giesarossin 3 2 (1]
Culbmasn &5 as 15
Cyeh IL-Pro-i-Tydl i 15 )
Cyeln fL-Pro-L-Val] ki 15 52
Cycibsporin A 55 49 1654
Daiclresin L ¥ 50 180
Decmymodrgmtaguivain 52 18 fid
Decmytpiouinsine A, 52 0a 11
Emadin 7 21 T
Ermistin & ar &2 139
Ennitin Al 52 as 1.7
Ermiatin 8 75 2 ]
Ennatin 81 51 17 58
Emiatin 82 a9z az 24
Expequinetm 138 1 32
Eepuis fin - 1 32
Emocarmane a5 a3 as
Emgacfistine &3 11 IE
Exjocstinine 6 08 7
Expacypfine 55 ol a4
Emometsneg &1 [a¥il} a2
Emgometsnine 7 o3 1
Trgerin 8 0z s
Emyasmin &5 02 0
Txatamine 65 al a4
Emotaminin &5 ail 04
FO 1355-A 100 1 3
Fesudlawing 50 as 15
Fvaglaucin w7 a4 13
Tuomgymm 6 23 75
Tl sy s 57 22 53
Fumiguinambn D 53 1 32
Fumgesin 72 o4 13
Furspmilerin 100 10 30
Furatic &t ] L] 30
Genistein &2 b ] az
Gabhemdin A12 57 12 &1
Ght Hein k] 3 105
HI-2 m=n T4 25 iS5
Hydrayand testin A 52 135 a5

{continued)



Table 1. Continued.

Method performanc

100 Log
Apperert recvery B (pg k") g g™

Anste

Hydmamndnestin C -4 1 A
Infeciopyrane 210 azr 25
apyranm 75 1.1 i7
Hatsmm A 55 15 5
M somparin T 2 &7
Mandiptapamid 51 4 78
Maxionine A 56 12 a2
Maxiadtine C E] 19 &2
Metaf=none &4 as 15
Maonacesn a7 13 a2
Mycemhenalic adcd 52 s 12
Mymphenolic acd vV 57 s 19
Meoedhimuln A k-] 4 14
Pauln ] s 1
Phenagyrrasn 75 ik} as
Physcinn o5 1" a7
Pinsefin 57 13 4z
Pioeanyl butaxide jLt] 5 15
Primiphos-methyl a7 1 i3
Poematin A 56 74 18
Pyradasimbin &z 3 7
Pyrenaphonol 74 24 &l
Chussiamydn 4 8 a
Qunsdaiine A 11z s 6
Roquetaine C 58 as 31
Roqueltine D ] 13 Ll
Rubedin D & 1.7 56
Auguibe avin 55 1 2
Sacdanal 72 13 76
Sporidesmaids B 100 o s
T-2 tamin m 7 3
Tehucon amse 2] 1.1 37
Tenkxin 58 12 75
Tenuimn i ackl 150 12 30
Trifeocystralen a7 12 4
Trymtophal 3 100 00
Trypoquislanine deshoae 35 1 i3
Trytoquivafins A E ] 18 &
Vesumimtine 57 15 5
WVisdiksin 100 25 75
Wl 195 1 7
Leamlenane 70 8 az

Results and discussion
General overview of detected groups of analytes

Analytes of naturml orgin were categorised into
groups: Alternaria, Aspergillus, ergot alkaloids,
Fusarium and Penicillium mycotoxins, other fun-
gal species, phytoestrogens and unspecific metab-
olites, as in previous reports (Szulc et al 2019
Hajnal et al. 2020; Penagos-Tabares 2021). Table
2 shows the occurrences and respective average,
median, and range concentrations (ug kg ' DM)
of observed secondary metabolites. A total of 107
out of more than 1400 targeted secondary metab-
olites and pesticides were detected: 78 fungal
compounds, three phytoestrogens, 16 pesticides
and 10 unspecific metabolites (Figure 2). The
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categories of fungal metabolites with the highest
number of detected metabolites in this explora-
tory study were Fusarium spp. (26 metabolites),
Penicillium (18), Aspergillus (11}, ergot alkaloids
(10}, Altermaria (9}, with fewer metabolites from
other fungal genera (4} All the samples con-
tained metabolites derived from Aspergiflus,
Alternaria, Fusarium and other fungal species,
while ergot alkaloids and Penicillium-derived
metabolites occurred in 90 and 48% of BSG,
respectively. Phytoestrogens were found in 29%
of the analysed BSG, and the detection of pesti-
cide residues was ubiguitous (100%). In this
study, Fusariwn metabolites showed the highest
level of diversity, which has been previously
observed in other maturally-contaminated samples
from Austria and Europe (Reisinger et al. 201%;
Penagos-Tabares et al. 2021, 2022), This again
suggests the status of Fusarium as the most wide-
spread fungal genus in cereal growing areas and
as a significant contributor to mycotoxin contam-
ination in animal feeds (Mesic et al. 2014).
Additionally, it also corroborates the widespread
occurrence  of other mycotoxigenic genera
(Aspergillus, Altermaria and Penicillium) (Grenier
and Oswald 2011). Regarding the detected levels,
the group of unspecific metabolites showed the
highest average concentration (7010 ug kg '), fol-
lowed by fungal metabolites (5140 y kg '), phy-
toestrogens (957 g kg ') and pesticides (208 g
kg™'}). Specifically for the fungal metabolites, the
highest average levels were for the category of
Fenicillium (5600 ug kg ™'}, followed by Fusarium
(2200 pg kg '), Alternaria (107 ug kg '), ergot
alkaloids (69.5ug kg '), Asperpillus (79.6 ug
kg ') and metabolites from other fungi (15.5 ug
kg ') (Table 2, Figure 2(A)).

Regulated mycotoxins and related forms

Among the mycotoxing included in the European
legislation were detected ZEN, T-2 toxin, and
HT-2 toxin, which have recommended GVs (EC
2006, 2013). ZEN was the regulated mycotoxins
that occurred the most, detected in 57% of the
samples with a maximum concentration of
323 ug kg™', whereas T-2 and HT-2 toxins were
detected in only one sample (5%), showing con-
centrations of 38and 225 pug kg ' respectively,
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Table 2. Occurrences and levels of fungal and other natural contaminants detected in wat brewsry's spent grains intended for
dairy cattle nutrition,

Conenration {pg ka~'1*

Group Metshabte Deusence 9" Mean +50 Medien Range 1GVT
Abermiada Altesnagial &1 5991141 565 565115
Eo At ssia bme thethe B 5500 550 5.50-50
Altersesin 14 156+ 14 ] 685-319
Atestosn- 3 = 65
Inletiopyrane 100 FE2+ 31 T2 259141
Masrosparin 52 364+ 037 i75 151-375
Pyrenogharal 5 49
Tentazin 5 115
Teonuom i bl A M6+ 168 118 150-56T
Totl 100 107 £ 523 5.1 3129
Asper gilless Deaxynoftyp/iogu nadin i3 iM+a ix 23N
ipp Deaxgtrypaquresims A a0 %5+ 151 na 155-532
i lcin m 182+ 142 1635 LE5-5.19
Fumiquinaalin D 12 4R+dT 492 1.60-8.25
Kaotanin A i 250+0 150 250-250
Pingedin L&} 440+ 353 155 1.55-103
Faematin A 3 nr
Quenasdaline A bl 131 +59 na 52-M8
Trypoquislening dervat L] 1M6+509 nz 507-x049
Tryplogusatine A 14 300x0 300 300
Virditoain &8 653+ 259 &5 W16
Tate 100 TI6+ 458 28 3318
Engat Crgammine 52 97T L 495 267 Ar-n7
alicalonds Exgoaistine 85 HAr22R 26 TH6-104
Exgaoistinine o] 133+ 142 135 135470
Ergadryptine a0 139+83 124 337-330
Ergametrine a3 011 004 a1 W10-375
Drgametrinine 5 162+ 102 153 037-175
Exgasm a0 TE+ G624 T2 030-233
Ergadarniin 57 192+ 156 124 L30-562
Drgatamine T 128+ 706 10z 438279
Exgataminin | 37+32 241 S4-123
Tatsl a0 B5+527 574 140-210
Fursariam 15 -Hydmxyculmanin 14 N7xd nrz 13117
in AnEhiotic ¥ 5 950
Apaddin 57 1512133 254 174430
Agiddin D2 5 695
Aaimahe ain 100 137 £ 107 & 15.4-354
Besuvercn 100 637625 437 1.80-324
Bikavesrin 100 1BH+593 1A AE1-2 4
Butenaid 5 7
Chrysagin 19 346+ 165 iT4 1.20-5.17
Cutbmein 100 320+ 210 ] 118-802
Enriatin A 100 5561 183 512 106-8.73
Enniatin A1 100 3S0+128 o 122-60 9
Ennistin B 100 XN +T773 173 Ba4-380
Envnistin @1 100 171 615 151 &5 2321
Enriatin B2 100 440 + 167 L 188711
Epequietin 4 1600 150 150-1.60
Ejuisetin a5 IgNxAl8 160 160-290
Fungedn 43 I3+ 23R 141 E5-7I7
Fuiigraile fn 4 G2+ 249 s 15.0-75:1
Fuisinie sk 10 481 £ 617 a1 £5.1-7
Gibrbereliin A12 95 189 & 896 168 45 1-39
HT-1 tenin 5 380 2500
Saccanal 100 966 + 297 989 175-1503
T-2 hamn 3 A 25 (2500
Wl 14 1841163 158 3S50-357
Zesmlenane 57 132+ 892 ns A50-323 (500)
Tatl 100 300+ 579 43 1043-3100
Penicillium Andrastin A 19 910 + 4540 lazd 14.7-9570
on. Andrastin 8 10 5990 + 5430 3990 2160-9830
Andrastin C 1 G400 + 3630 5400 ZRA0-89T0
Chanadkin 3 a5
FO1 1358-A 5 18z
Festuclsvine 5 T
Hydmrgendrastin A 5 #5949
Hydmxsndrastan C 10 154+ 125 154 G50-242

{continued ]
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Tahle 2. Continued.
Coneentmtion jug bg” T
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Figure 2. {A] Distribution of concentrations and (B} co-contamination grade (detected analytes per sample) of major categories of
analytes detected in wet breweny's spent grains intended for the nutrition of dairy cattle in Austria
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The observed concentrations were still under the
GVs of the European Union, which are 500 ug
kg™! for ZEN and 250 ug kg ! for the sum of T-
2 toxin and HT-2 toxin relative to a feed with
moisture of 12% (EC 2002, 2006, 2013). The
findings align with a previous report, which
detected ZEN contamination in beer (Bauer et al,
2016). Other regulated mycotoxins such as AFBI,
decxynivalenol (DON), OTA and FB1 and FBZ,
which are regulated in Furopean legislation for
dairy cattle, were not detected. Regulated myco-
toxing are known to cause adverse health effects.
For example, ZEN is linked with hyper-estrogen-
ism, reduced milk production, early abortion and
other reproductive abpormalities (Hussein and
Brasel 2001; Marczuk et al  2012)
Trchothecenes, Iike T-2 toxin and HT-2 toxin,
are known for inducing inhibition of DNA and
ENA synthesis, which can be a secondary effect
of the inhibition of protein synthesis or due to
apoptosis (Cope 2018). Fusarium head blight is a
common disease in bardey associated with ZEN,
type A trichothecenes and other mycotoxins, This
disease is a significant threat to the brewing
industry, with Fusarium graminearum considered
the predominant causal species worldwide (Bai
and Shaner 2004; Starkey et al 2007; Schwarz
2017). Other species like Fusarium culmorum,
Fugsarium poac and Fusarfum avenacewn have
also been described as some of the most widely
occurring in Europe (Becher et al. 2013). F gra-
minearum and F. culmorum are important pro-
ducers of ZEN, DON and nivalenol (Bottalico
and Perrone 2002). F langsethize and F. sporotri-
chioides are producers of HT-2 and T-2 toxins
(Thrane et al. 2004). It has been suggested that
low levels of fusarial mycotoxins like ZEN and
type-B trichothecenes (like DON, 15-acetyldeoxy-
nivalenol and  3-acetyldeoxynivalenol)  are
retained in BSG (Pacl et al. 2021}, Previous stud-
ies found that the residval concentrations of sev-
eral fungal toxins including OTA, AFB2, FB2,
AFGI1, AFB1, ZEN and patulin decressed to less
than 20% during the brewing process (Inoue
et al, 2011; Piacentini et al. 2019). Althoogh T-2
toxin has received special attention in the malting
barley chain, due o its occurrence in this cereal
crop and its toxic potency, the contamination
levels of this toxin generally decrease during the

126

brewing process (Edwards et al. 2009; Malachova
et al. 2010). A stady of mycotoxins in BSG in
Argentina  evidenced FB1  (100%; range:
104-145 ug kg ') and AFB1 (18%; 19-445ug
kg™'), whereas AFB2, AFGI, AFG2 and ZEN
were not detected (Pereyra et al. 2011},

Regarding ergot allaloids, which were detected
in high occurrence (90%), the European Union
recommends the monitoring of these metabolites
(Recommendation 2012/154/EC) (EC  2012).
There is no specific guidance value for ergot alka-
loids in anmimal feeds. Still, the limit of 1000 mg
kg ' rye ergot (Claviceps purpurea) represents a
maximum value relative to a feedstuff with a
moisture of 12% described in the directive 2002/
3ZEC (EC 2012). Stricter regulation is in place
for foodstuffs. Since January 2022, the
Commission Regulation (EU) 2021/1399 estab-
lished a maximum level of ergot alkaloids in cer-
tain foodstuffs. For instance, for milling barey
products intended for human consumption (with
an ash content lower than 9000 mg kg '), a max-
imum level of 100ug kg ' (50ug kg ') will be
implemented from 1.7.2024). For milling barey
products (with an ash content equal to or higher
than 9000 mg kg ') or badey grains placed on
the market for the final consumer, the maximum
level set is 150 ug kg ' (EU 2021).

Moreover, our results show that members of
the ergopeptine class alone, induding ergocryp-
tine, ergosin and ergocristine, presented with
occurrences of over 85%, The average concentra-
tons of individual erpot alkaloids were under
30pg ke ', and the maximal accumulated con-
centration of total ergot alkaloids was 210pg
kg ™', which should not be ignored. Feed conta-
minated with 250 pg kg ' of ergot alkaloids
should not be fed to pregnant or lactating ani-
mals due to a higher risk of abortion and agalac-
tia syndrome; even low concentrations of
allcaloids in the diet (<100kg ' total) can reduce
the growth efficiency of livestock (Coufal-
Majewski et al. 2016). Some members of the
ergot alkaloids such as ergotamine, ergocristine,
ergosine, ergocornine, ergocryptine and ergova-
line are responsible for the majority of nervous
or gangrenous syndromes in humans and ani-
mals, which consume grains, grmin products or
grasses contaminated with the scerotia of the
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fungus (Gupta et al. 2018). Ingestion of this kind
of alkaloids by livestock can trigger a range of
impacts from decreased performance and reduced
fertility to acute clinical signs of ergotism, includ-
ing nervous or gangrenous syndromes, hyperther-
mia, convulsions, necrosis of the extremities and
death (Evans 2011). According to the scentific
opinion of EFSA, ergotism in ruminants is uso-
ally a chronic disease and the resalt of continued
ingestion of minor quoantities of the fangus on
grass (EFSA 2012). A large proportion of the ord-
ginal peptide akaloids can be removed during
brewing which is believed to result from thermal
degradation (Schwarz et al. 2007). However, our
data confirm that the reduction is not absolute,

Other fungal toxins and metabolites

Emerging mycotoxing are the focus of high scien-
tific interest. They are defined as commonly
occurring in feed and foods (agricudmural com-
modities) and are legislatively unregulated and
non-regularly tested (Vaclavikova et al. 2013)
We showed that several emerging and non-regu-
lated mycotoxing and metabolites were detected
in samples of BSG intended for canle feeding on
Aupstrian farms. Several Fusarium-derived emerg-
ing mycotoxins indude culmorn, siccanol, auro-
fusarin, beauvericin, bikaverin and enniatins (A,
Al, B, Bl and B2), were detected in all the sam-
ples. The enniatins B and Bl presented the high-
est  concentrations  among  the  fosarial
mycotoxing, with averages exceeding 170 ug kg,
Enniating and beauvericin have haematotoxic,
immunotoxic and antibiotic  activities  (Sy-
Cordero et al. 2012; EFSA 2014; Juan et al. 201%;
Kfizovd et al. 2021). Research on the impact of
such fungal antimicrobial compounds on rumen
ecology and functionality is essential (Fink-
Gremmels 2005, 2008; Reisinger et al. 2019).
Siccanol (also called terpestacin) (Chan and
Jamison 2003} was the fusarial compound with
the highest concentration {average: 966 ug kg ')
in BSG. Another fusaral metabolite, fusaric acid
occurred with a frequency of 19%. This com-
pound can increase the foxicity of other
Fusarium mycotoxins such as moniliformin, tri-
chothecenes and FBs (Bacon et al. 1996; D'Mello
et al. 1999),
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Emerging Altermaria mycotoxins, such as alternar-
iol (B1%), alternariol methyl ether (86%) and tenua-
zonic acid (48%) were detected in relatively low
concentrations. It is known that these compounds
have estrogenic activity and pgenotoxic effects
(Escriva et al. 2017; Aichinger o al. 2009, 2021). The
genus Alfermaria is widely distribited in the environ-
ment and is one of the leading causes of disease in
cereal crops like wheat, bardey and sorghum
(Deshpande 2002). However, information is still
missing regarding Akernaria mycotoxins in the feeds
and their todcological repercussions on  animal
health (EFSA 2011). Infectopyrone was found in all
the BSG samples and the compound with the high-
est average and maximum concentration among the
Alternaria-derived metabolites. Is a potential myco-
toxin whose biological activities are unlmown and
should be further explored (Andersen et al. 2002;
Larsen et al. 2003} Altermaria-derived compounds
like akersetin, altertoxin-1, pyrenophorol and ten-
toxin were also found Although at this time, there
are no global regulations establishing limits for these
toxins in food and feed, the European Food Safety
Anthority  (EFSA) has  mised concem  about
Alternaria mycotoxins in relation to public health
(EFSA 2011; Escriva et al. 2017). Aspergillus-derived
compounds were omnipresent in Austrian BSG eval
uated in this study, The most frequenty-ocourring
metabolites from Asperpillus were decxytryploguiva-
line A, tryptoquibnine derivate, flavoglaucin and
quinadoline A, detected in frequencies above 70%.
Viriditoxin and deoxytryptoquivaline A presented
the highest average, median and maximum concen-
tration of Asperpillus-derived metabolites. Other mol
ecules  produced by this genus  incdluding
deoxynortryptoquivalin - (33%), fumiquinazolin D
(10%), kotanin A (33%), pinselin (43%), pseurctin
(5%) and tryptoguivaline A (14%) were also found
in BGS (Table 2). Viddioxin, fumiquinazolin D,
quinadoline A exhibit antibacterial properties (Qlan
et al. 201% Urquhart et al 201% Almeida et al
2021} Tryptoquialanines belong to the group of
remorgenic myoioxing that can be produced by
species of Asperpillus and Penicillium (Chrdy et al.
1975; Ariza et al, 2002).

Strongly linked to postharvest contamination,
Penicillium-derived metabolites presented an
occurrence of 48%. This category of fungal com-
pounds showed the highest average and maximal
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concentration (average: 5604 pg kg % max:
30,300 pg kg '). The metabolites verracofortine
(29%) phenopyrrozin (24%) were the more recur-
rent compounds from penicillia, but their mean
concentrations were very low (<10 pg kg '), The
Penicillium-derived metabolites detected in high-
est concentrations were andrastin C (average:
6400pg kg ', occurrence: 10%), andrastin B
{5990 pg kg ', 10%) and andrastin A (2910 pg
kg™', 19%). These compounds, among other
Penicillium-derived substances, are commonly
found in silage, with higher concentrations in
mouldy hot spots (Reisinger et al. 201% Gallo
et al. 2021; Penagos-Tabares et al, 2022; Manni
et al. 2022), The complete spectrum of the bio-
logical activities and toxicological effects of the
andrastins has not been elucidated It is known
that the andrasting are protein famesyltransferase
inhibitors, which can inhibit the efflux of anti-
cancer drugs from multidrug-resistant cancer
cells and are devoid of antimicrobial activity.
They are commonly found in European bloe
(mould) cheeses (Uchida et al. 1996). Other com-
pounds detected in this study were mycophenolic
acid, and roquefortines, the most investigated
Penicillium metabolites in silages (Gallo et al
2015). A common feature of many detected
metabolites like mycophenolic acid, roquefortines
and patulin, is their immunotoxic properties (Oh
et al. 2012; Brenman et al. 2017), which could
interfere with the activity of innate and adaptive
immune responses, predisposing to secondary
infections diseases (Oh et al  2015)
Phenopyrrozin, along with marcfortines A and C,
were also detected in the analysed BSG samples.
Several  researchers have  proposed  that
Penicillium toxins can induce unspecific cinical
signs like appetite reduction, affecting nutrient
efficiency and increasing the incidence of abo-
masal ulcers, laminitis, gastroenteritis, abortion
and pamalysis (Dzidic et al. 2006; NMielsen et al
2006; Fink-Gremmels 2008; Alonso et al. 2013;
Gallo et al. 2015). Additionally, further less-
known metabolites produced mainly by other
fungal species were detected in this study.
Rubellin I and sporidesmolide occurred at a fre-
quency of 90%, whereas cycdosporin A and
monocerin were detected in only one sample
(5%). The guantified levels of these metabolites
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were below 15 pg kg ', except for cyclosporin A
(222 ug kg'l} (Table 2). Rubellin D is an anthra-
quinone derived from Ramularia collo-cygni with
antibacterial activity (Walters et al 2008
Miethbaver et al. 2009). Cycdosporin A has a
potent immunotoxic activity, which has even
been used commercially in human and veterinary
medicine as an immunosuppressant (Laupacis
et al, 1982; Shevach 1985; Stahelin 1996).
Postharvest infestations with moulds proliferate
under aerobic condiions, producing potent tox-
ins, disruptive endocrine substances and anti-
microbial compounds. Moreover, fungal growth
leads to spoilage, thereby reducing the nutritional
value, DM content, intke and palatability
(O'Brien et al. 2006). The high proportion of
moisture in wet BSG makes this product espe-
cially susceptible to microbial growth and spoil-
age in a short period (7-10 d) (Lilly et al. 1980;
Stojeeska and  Ainsworth 2008; Chanie and
FieVez 2017). Strategies suggested for preserving
wet BSG incdude drying with solar radiation and
ensiling, Drying by solar radiation is found to be
challenging due to costs (Conrad and Rogers
1977). Alternatively, the ensiling of wet brewery
grain alone or mixed with dry fodders is the pro-
posed practice for dairy farmers, especially in
developing countries (Kindbom 2012; Souza et al.
2012). The preservation of wet BSG by lowering
the water activity of the material using beet
molasses (30%) and further stabilising the mix-
ture by incorporating an anti-mycotic agent
(0.3% of potassium sorbate) has been achieved at
both laboratory-scale and pilot-scale. For practical
preservation, the stabilised grains should be
stored under anaerobic conditions in plastic bags,
squeezing the air out and sealing tightly (Lilly
et al. 1980). However, more applied research on
preservation strategies for BGS is still required.

Contamination of phytoestrogens and other
secondary metabolites

In the present research, three isoflavones were
detected in medium-low frequenciess Daidzein
(24%), genistein (29%) and glycitein {10%) (Table
2). The predominant daidzein and genistein pre-
sented average concentrations above 500 ug kg '
and maximum above 1600ug kg . These
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metabolites are found primarily in Leguminosae
plants, such as soy (Ghoine max) but also ocour
in dovers (Trifolium spp.) and alfalfafucerne
(Medicage satiwa) (Reed 2016). Glycitein pre-
sented an average concentration of 93,6 ug kg ',
ranging from 525 to 135pug ke ' Liggins et al
(2002) reported daidzein and genistein in cereal-
derived products for human consumption. ln
pearl barley, only genistein was detected with an
average concentration of 86 ug kg ', The concen-
tration of the two isoflavones in the remaining
foods ranged from 33 o 11,873 pg kg ' (Liggins
et al. 2002). Coumetrans like coumestrol, which
were not found. seem to have a more potent
estrogenic activity than the detected isoflavones
here (Romero et al. 1997), The detected concen-
tration of phytoestrogens (isoflavones) found in
our study apparently does not represent a poten-
tial risk for cattle (Grgic et al. 2021).

In addition, several unspecific secondary
metabolites were detected. These analytes can be
produced by different and unrelated living sys-
ters belonging to diverse kingdoms (Plantae,
Fungi, Animalia and/or Eubacteria). Several of
the unspecific secondary metabolites detected in
our study are biologically active molecules. These
compounds could influence the toxicological
complexity of the complete cocktails of secondary
metabolites evidenced in this investigation. They
included, for example, emodin (antibacterial and
immunosuppressive) (Kiyoshi et al. 1984; Dong
et al. 2016) as well as the diketopiperazines cyclo-
(L-Pro-L-Tyr) {synonynz macolosin) and cydo-
(L-Pro-L-Val) (antibacterial) (Park et al. 1993;
Rahman et al. 2020; Zin et al. 2020; Paudel et al
2021). Other detected unspecific metabolites were
necechindin A, physcion, rugulusovine and tryp-
tophol. The most predominant unspecific metab-
olites {detected in all the samples) were
tryptophol, cydo-(L-Pro-L-Tyr} and cyclo-(L-
Pro-L-Val), which also showed the highest avee-
age concentrations of this group (>1900 pg
kg™ ') (Table 2),

Pesticide residues

All the samples presented residues of pesticides,
varying from six to twelve different biocides per
sample (Figure 2(B)). No illegal compounds (EU-
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MRL-Database 2022) were detected. In total, 16
pesticides were found; 14 fungicides, cne insecti-
cide (pirimiphos-methyl) and an insecticide syn-
ergist (piperonyl butoxide) as dassified in
previous  studies  (Table 3) (Huang and
Subramanyam 2005 Opalski et al. 2006
Lamberth et al. 2008; Scovili and Koppel 2011
Harp et al. 2011; Lazzar et al. 2012; Rodrigues
et al. 2013% Kanungo and Joshi 2014; Rumbos
et al. 2016 EFSA 2017, 2018, Mclean and
Hollaway 201%; Xu et al. 2020; Basak et al. 2021;
Yao et al. 2021; EU-MRL-Database 2022; Rathod
et al. 2022). Occurrences along with the corre-
sponding average, median and mnge concentra
tions (expressed in pg kg™ ' DM) of the detected
pesticide residues, their respective uses, the max-
imum residue levels (MRLs) in barey, and the
proportion of samples above the respective MRL
are presented in Table 3. The most frequently
detected pesticides in the analysed BSG samples
were flucpyram, piperonyl butoxide, fluxapyr-
oxad, bixafen, mandipropamid and tebocunazol,
which were seen in =B85% of the samples. The
fungicides azoxystrobin, benzovindiflupyr and
boscalid as well as the insecticide pirimiphos-
methyl showed occumrences between 43 and 62%,
Residues of ametoctradin, isopyrazam, pyraclos-
trobin and trifloxystrobin were found in less than
40% of the evaluated BGS samples. The pesticides
with the highest average levels of residues were
piperonyl butoxide (116pg kg '), metrafenone
(30.4 pg kg ') and fluopyram (247 pg kg')
(Table 3). Notably, 9.5% and 14.3% of the sam-
ples exceed the respective current MRLs (0.01 mg
kg ') of ametoctradin and mandipropamid for
barley. The other pesticides were detected in
amounts Jlower than the MPLs [(EU-MREL-
Database 2022), Piperonyl butoxide occurred fre-
quently and presented the highest levels among
the groups of pesticides. Piperonyl butoxide
enhances the potency of certain pesticides such
as carbamates, pyrethrins and pyrethroids but has
no pesticide activity of is own (Basak et al
2021}, It has been demonstrated that this insecti-
cide synergist can induce the formation of liver
turmonrs in mice via the constitutive androstane
receptor, which is qualitatively not plausible for
humans due to the lack of effect on replicative
DN A synthesis in human hepatocytes (Lake et al.
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2020). This insecticide synergist is not a cholin-
esterase inhibitor and has low toxicity; it is also
employed for other purposes than crop protec-
tion, It may also be used in conjunction with flea
or tick dips, collars and oral medications in farm
animals (Keane 1999). A widespread use of fluo-
pyram, a pyridiny]l ethylbenzamide, applied as a
broad-spectrum fungicide with nematicide activ-
ity (Becker et al. 2020; Rathod et al. 2022} was
recorded in this study, because it was detected in
all the samples. The literature sugpgests that the
high persistence of fluopyram in the environment
(s0il and waterfsediment) can present risks for
human, animal and soil health. The fate of this
fungicide in diverse soil enwironments is still to
be studied (Rathod et al. 2022} Fluopyram is
authorised for use on crops that might be fed to
livestock (EFSA 2020). A feeding study
(Schoening and Wolters 2008 Ref: MR-07/367
{unpublished) cited by Lunn (2010} investigated
the residue depuration of fluopyram in lactating
dairy cattle, finding fuopyram and its membolites
in milk and different tissues. Bardey has fre-
quenty been found contaminated with traces of
fungicides (Palladino et al. 2021). In terms of
risk, according to the WHO, five of the detected
biocides here (benzovindiflupyr, prochloraz [con-
firmed by its metabolite of BTS 44595], isopyra-
zam, pirimiphos-methyl and tebuconazole) were
classified as moderately hazardous (1I) (WHO
2020), The last three are included in the list of
highly hazardous pesticides (HHP}) of the
Pesticide Action Network (PAN  2021),
Isopyrazam was added to the HHP list in 2011, it
is considered likely carcinogenic for humans,
very persistent in water, soil or sediment and
very toxic for aquatic organisms (<50ng/L) (US
EPA 2017; Yao et al 2018). Pirimiphos methyl
was added to the HHP list in 2009, which is con-
sidered highly toxic for bees (Bamett et al. 2007;
PAN 2021). Also, in the HHP list, tebuconazole
can induvce acufe toxicity and long-term effects
(PAN 2021) and can have ecotoxicological effects
on an agquatic decomposer-detritivore  system
(Zubrod et al. 2011} Other detected pesticides
like ametoctradin, fluopyram and fuxapyroxad
are classified as slightly hazardouws (I11). In con-
trast, azoxystrobin, boscalid mandipropamid,
metrafenone, piperonyl butoxide and
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trifloxystrobin are grouped as unlikely to present
acute hazards (WHO 2020). It has been suggested
that reduction in pesticide levels during the malt-
ing and brewing processes reduced considerably
the risks of contaminating beer with pesticides
and only a few pesticides remained without being
removed or resolved (Navarro et al. 2007; Kong
et al. 2016). Several pesticides found during beer
production are adsorbed onto the spent grain
after mashing. Moreover, some pesticides are
degraded or ransformed during boiling and fer-
mentation, indicating that such reduction was
caused primarily by adsorption, pyrolysis, and
hydrolysis (Inoue et al. 2011; Xi et al. 2014). In
the European Union, pesticide residue levels in
particular plant and animal-derived foods and
feeds, have been set by the Commission (EC) No
396/2005 (EC 2005). Information concerning
MRLs and toxicity is available in the EU
Pesticide database (EU-MRBL-Database 2022).

Co-occurrence of fungal toxins, phytoestrogens
and pesticide residues

Bicaccumulation rates and effects of long-term
exposure o contaminant mixtures are unpredict-
able and should be investigated through the feed
and food production chain. The co-contamin-
ation of several matural and synthetic contami-
nants was found (Figure 2(B)). All the samples
presented co-contamination with several fungal
secondary metabolites, fluctuating from 22 to 51
fungal metabolites per sample; 34 on average.
Similarly, a broad spectrum of co-contamination
with fungal and other metabolites has been
observed in different complex matrices of feed-
stuffs such as silage, pastures, concentrate feed,
and total mix mtions (Shimshoni et al. 2013
Michea et al. 2015 Kemboi et al. 2020; Awapak
et al. 2021). Interestingly, we generated data con-
cemning pesticide residues, which occurred with
an average of nine compounds per sample, rang-
ing from six to twelve (Figore 2(B))
Additionally, Figore 3 illustrates co-occurrence
matrices of mycotoxing (with recurrence over
25%) and phytoestrogens (Figure 3(A}) as well as
pesticides (Figure 3(B)). All the samples evi
denced that three fusarial emerging mycotoxins,
aurofusarin, beauvericin and enniatins, were
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well as [B] of pesticide residues detected in wet brewerny's spent grains intended for the nutrition of dairy cattle in Austria



detected and co-occurred with ZEN in 57% of
the samples. More than 50% of the BSG pre-
sented co-contamimation with several ergot alla-
loids Combinations between mycoestrogens
derived from Alternaria AOH, AME, and TeA
with ZEN were 43%, 52% and 33%, respectively.
Co-occurrences between the mentioned mycoes-
trogens and the detected phytoestrogens (daid-
zein, genistein and glycitein) were lower than
30% (Figure 3(A)). Concerning pesticide residues,
over 60% of the samples presented mixtures of
fluopyram, fluxapyroxad, mandipropamid, metra-
fenone, piperonyl butoxide and tebucomzole. All
the samples containing the insecticide for sinrage
pirimiphos-methyl (48%) contained the semisyn-
thetic synergist piperonyl butoxide: both com-
pounds has been recently found in cereal samples
from Croatia (Kovad et al. 2021).

These outcomes evidenced the ubiquitous pres-
ence of mixtures of multiple namral and syn-
thetic chemicals in this by-product, linked to the
feed and food supply chain. Although the occur-
rence of several contaminants was high, the con-
centrations found were low and under the legal
limits ((GVs and MELs), The individual concen-
trations indeed do not represent an acute or crit-
ical risk for farm animals and human consumers,
However, it is known that the combined effect of
several co-occurring toxins and endocrine disrup-
tors may be additive, synergistic or antagonistic,
varying by type of compound orfand concentra-
tion (Guoo et al. 2020). Such biological effects of
toxin mixtures on animal and human health have
been growing notably in recent years, but related
knowledge is stll overall scarce (Battlani et al
2020; Gil-Serna et al. 2014; Smith et al. 2016
Weaver et al. 2020). Toxicological interactions
have been described among mycotoxing, phytoes-
trogens and pesticides (Hessenberger et al. 2017;
Vejdovszky, Hahn, et al. 2017a, Vejdowvszhky,
Schmidt, et al. 2017ab; Eze et al. 2019). For
example, it & known that the interaction of
diverse kinds of natural and synthetic xencbiot-
ics, such mycotoxins, plant metabolites and
chemical biocides, can also shape microbiota
composition, which influences the headth and
metabolic status of the host (Lindell et al. 2022},
The relevance of the co-ocourrence (in real-world
situations) of natural and synthetic chemicals has

133

FOO0 ADDNTIVES & CONTAMINANTEL: PART A @ 1868

to be addressed by toxicologists (Warne and
Hawlker 1995; Groten et al. 2001; Mattsson 2007}
Nowadays, advances in analytic methods allow
for evaluating hundreds of matural and synthetic
pollutants, achieving high performances (LOD,
LOQ and recovery) (Steiner et al. 2020; Sulyok
et al. 2020; Steiner et al. 2021). Multi-toxin and
multi-metabolites analysis has been used during
the last decade to bring more insights into the
complex field of mixture toxicology (Groten et al.
2001; Battilani et al. 2020; Martin et al. 2021)
The evidenced ubiquitous presence of mixtures of
pesticides suggests an extended application of this
kind of substances in barley intended for beer
production. This could also indicate that muldple
biocides are being Incorporated constantly at fow
levels in the feed and food chain, which can
result in megafive ecological and toxicological
consequences {Mishra et al. 2014; Rivera-Becerril
et al. 2017; Vanbergen 2021; Panico et al. 2022).
Pesticide interactions lead mainly to synergic
effects. Mixture effects differ depending on the
dose andfor physiological target. Thos, more
research and data for this important and exciting
field are still required (Rizzati et al. 2016).,

Conclusion

This study provides insights into the widespread
occurrence of cocktails of mycotoxins, phytoes-
trogens and pesticides in wet BSG. Mycotoxins/
metabolites produced by the genera Fusarium,
Aspergillus, and Alternaria were detected in all
the samples. Ergot alkaloids were also frequently
found (90%). Penicillium secondary metabolites,
wssociated primarily with storage contamination,
were present in 48% of the samples and showed
the highest average concentration among the
groups of fungal compeounds. The storage-associ-
ated contamimtion leads to the necessity to
improve strategies for preserving wet B5SG in the
farms, Additionally, we demonstrate the ubigqui-
tous co-occurrence of several pesticide residues
(at least six per sample, primarly fungicides).
Two of them (ametoctradin and mandipropamid)
exceeded the EU MRLs Some pesticides (azoxy-
strobin, bixafen, fluopyram, Suxapyroxad, mandi-
propamid, metrafenone, piperonyl butoxide and
tebuconazole) showed high occurrences (=60%),
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which could suggest a common and extended use
on food/feed crops of the mentoned pesticides
and incorporation of these biocides into the feed/
food chain and imto the agroecosystems.
Although the vast majority (88%) of the detected
pesticides presented low concentrations, the
potential combined effects of such biocide mix-
tures and natural toxins are unpredictable and
should be subject to future studies. Further inves-
tigations with a larger number of samples and
evaluation of BSG together with other feeds/foods
is highly advocated.
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ARTICLE INFO ABSTRACT

Feyeords Moderm agricufture depends highly on pesticides and pharmacentical preparations, so contmlling exposure 1o
Testicides these substances in the fesd and food chain is sssential. This article presents the fine sody on residoes of 2 broad
Valetmary dmp spectrum of pesticides and veterinary drugs i the dists of dairy cattle, One hundred and two representative
i sermepless of the complete diets, inciuding basal feed rations and additional fed concenere, wers eoliscted in thres
Milk production Austrian provinees (Styria, Lower and Upper Austrial im 2019 and 2020, The smples were tested for =700

pesticides, veerinary drogs and related metabolites msing a validated method bagsed on lguid chromatography
electmspray Emization-tandem mas spectrometry (LC/EST-MSMS)L In mtal, 16 residues (13 pesticides and
three veterimary drig residoes) were deteded, > 90% of the Sets contained pesticide residues and < 10% vei-
erinary drug residues, whereas banned pesticides were not fomd. The most frequent pesticide residsesy were
Anopyram (62%:), piperonyl batoxide (19%) and disthyltoleamide [35%) The following pesticides exceed the
default ELF meaximmm resddue beved (MBRL) (10 pg kg':] fior products exclogvely nwed for animal feed production:
Benmowvindiflupyr (proportion of samples = MRELc 1%), bixafen (2%, fuopyram (6%), iptonmeals (%) and
tebmeonazole (3% Thres residues (dinitrocarbanilide, monensin and nicarbazind of seterinary drogs were
identified, all below the MELs. Over 60% of the svalmated somples contained mixtares of tao oo cesidoes
sample, Oy one pesticide (diethyBoloamide) presented a significant difference amony; regions, with higher
concemntrations in Upper Anstria, Breweny's spent grains were the dietary ingredient that showed the smongest
cormelation to pesticide refidmess. These fndings evidence the realistic scenario of highly ooonrment low doses of
pesticides cockeails in the feed,food chain, which may affect the animal, heman and environmental beaith. Since
the risk ascessments are based on single pesticides, the potential synergistic effect of co-ocouming chemicaly
(Mrockeail effect”™) requires further investigations.

Mixrures toxicology

1. Introduction {Augere-Tranier, 201 5). Specifically in Auatria, the dairy industry in the
mosot relevant agriculmral sector, reprecenting 13% of the natiomal

Milk and dairy products represent one of the most importane food agricultural  production  (BMLRT, 2021k In modern agriculture

commeodities for all the age groupa of the human population in several
countries around the globe {(Fubicova =t 2l 2019). The dairy industry iz
the second-largeat agricultural sector in the Buropean Union, corre-
rponding to more than 12% of itc total agricultural curtput

* Corresponding mathor.

(including dairy farming), the production of crope and animal-derived
foods iz highly dependent on peaticides and wererinary pharmaceutical
preparations, which are the foundation of the called conventiomal
agriculture pyatemz. These substances have been eavental for protecting
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crope and livestock from pest infestation and diseases (Beyene 2016;
Dzkars et al 2016

Pre-and poct-harvest uee of pesticides safeguands crops and contrel
pestn (like incects, weeids and plant pathogens), improving production
quantity [O=kars =t 2l 2016). However, regidues of pesticides can be
accumulated in crops and the environment, affecting human, animal and
snvironmantal healsh I,If:z.].‘oh_ 1931: Damalas and Blaftherchorinoea
2017; Sihva et al, 201%; Jepoon et 21, 2020
Foroze-Plafi st al | 2021; Zaller ez =l | 2023). For example, it iz known that
pesticiles are gtress factors affecting health and raining the mortalisy of
bees and other inoects worldwide (Hallmann etal | 2017; Bl Agrebiezal |
2020, Barmentla =t al., B031- H-run-z:l::ntl:g et al  932%)% The glniul
decline of insect populations iz a big concern affecting complets eco-
syatemz becanse of their critical role in several ecological functions like
pollination, nutrient cycling, pest control and food sources for mulsiple
species (Wilton et 2l | 1998; Yang anid Gratton, 2014), Pesticides have
alao been related to the decline of bird populationz (Oouleem, 20140
Regarding the impacts on human health, chronic pecticide exposure hag
been linked to carcinogenicity, neurodegensrative diseasss, infertility,
malformation, hormonal damuption and alteration in the immane syz-
tem (Parron etal, 2011 vMai et nl 2014 Varalexi et al. 2021: de Barros
Hodrigues =t 2l | 2022; Palanivappan ex al | 3022; Singh et al | 2022)

The extenzive use of veterinary dmgs, which are added to the feed of
food-delivering animalz for prophylaxiz and metaphylaxiz purpoges, and
growth promoters iz alao a big comcem [Anzdon and Maromes-Larm-
nag=, 1999 Beara, 2016; Anadon =cal | 2015). Ansihiotice, anti-parasitic
drugz and non-teroidal anti-inflammatory drugzs have been broadly
utilized in lvestock feeds, asoociated with the appearance of residues in
animal product ouch 2z milk, meat and egge (Beyene, 2016; Rana e al |
2019). Incorporating pharmaceutical preparations can affect feed. food
zafety, contributing mainly to public health problems like mulbdrug
regigtance, carcinogenicity, teratogenicity and dizroption of normal gut
microbiota (Oreelli ot al | 20018- Bame et 2l |, 2019 in 'pa.rl:i:cuj:.r, arki-
microbial recistance represents an increaging threat to global public
heaith that requires appropriate action acrom governments and society

2011; Gozma et al

{Hao =tal  2014; Baynes =t al , 2016; Lehahemi =t 2l | 2007 Orealli et al.
20138).

Organic agriculture has besn developed to respond to problems
gpenerated by conventional induscrial agriculmre on the environment,
animal and human health (Roos =c2l | 20030 Im 2019, B.5% of total B
agriculural land (approx. 13.8 million hectarea) war under organic
farming, which represented an increment of 66% compared with 2009
(8.3 million hectarez). Aurtria pregented the higheot proportion of
organic agriculture at the BU level with 25_3% of the agriculmral land
under thiz productive system (Commiszion, 2022). The “organic” label
guarantess a production that avoids synthetic fectilizers, hormones and
pesticides 2z well as minimizing the use of veterinary drugs (Prache
et 2l 2022) however, pesticide and weterinary druges regidues have
been detected in milk (Chidini et ai, 2005; Gutierresz =t al | 2012

Wannisrie =t al 301 9k, other commodities (Burpic =t 2l | 202§~ Schos-

terova =t al | 2021) and soils of organic farming syotemes (Osiszen et 2l |
2021). Monitoring the expomure o pesticider and veterinary drog reai-
dues in the feed and food chain i emential and required to enforce
legislation and guarantes food eafety (Magia et al . 2006; Fumar sz al|
2019). The Europesn Union han om= of the stricosct lcg'i.zlah'.om com-
cerming pesticides and veterinary drug recidues in the fzed and food
chain (EC, 2004; Anastamzisdon et 2l | 201%; Hochhenser 2nd Birringer,
2022). The European Commizsion (EC) has been prometing low
pesticide-input [arming in the Member States and individual govern-
menta, and E'th:u'b-emexpectaftn n:rb:l.n:rhcm:tum? conditions for
farmers to implement Integrated Pest Management {IPM) (Hillocks
2013).

More recently, the European Oreen deal lined with the Farm to Fock
and the Zero Pollution atrategies, aims to reduce pesticide utilization by
500, eliminate zoil pollution and actablizh ar leact 25% organic farm-
land in Burope by 2030 (EC, 2020a, 2020b; Gilva et al., 20221 Te

=
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achieve the goals of these strategies, 2 diagnosio of the current situation
and regular monitoring of the uze of pesticides and veterinary drugs in
different sepments of the feed and food chain is crucial. Thua, thiz study
aimed to characterize a broad spectrum (= 7000 of pesticide and veter-
inary drug rezidues in the complete dietary rationz of lactating cows in
Awmtrian organic and conventional dairy farmo. It was achieved by
employing a validated mult-membolite liquid chromatography/elec-
ospray  ionization-tandem mass  spectrometric  (LC/BSH-MS/MS)
method. Additionally, correlation analyziz wan performed betwesn the
moot oocurrent analytes and the main distary ingredi=ntz. Moreover, the
geographical disribution patterns of the rezidues were explored.

2, Material and methods
2.1. Sampling and dota collecton

Thiz research war performed in the framework of 2 projece that
aimed to survey feed safety acpects in the Austrian dairy sector, which
also included imrectigations on natral contaminants and metabolites
{zuch 2z mycotoxine, phytoestrogens, plant toxing and other secondary
metaholites) recendy published (Penagos-Tabares et al | 2021, 20222
3022h, 2022c). After signing a confidentiality and data protection
agreement with the mvolved Austrian dairy farmers, one reprecentative
aample of lacrating cows’ diet per farm was collected (n = 102, 95 ra-
dona of conventional and nine organic farma). The incheded organic
farma followed the BlIO AUSTRIA regulations for crganic farming in
Austria  {available at
LiBnglizh 20721 pdi). The relation of organic/conventional farma waaz
not balanced due to the low availability and acceptance of organic farma
o participate in this ooody during the recruiting. Moreover, becauee it
wag not included in the project’s overall goal The zampling wac per-
formed between May 2019 aml September 2020 in the three provinces
with the country’s major dairy production: Upper Awustria (n = 531,
Lower Austria (n= 32) and Styria (n= 171 (Fiz. 11. On average, the hesd
nizea of the vizited farma were 59 4 15 standand deviation (5D lactating
cows per farm_ fluctuating from 32 to 140. Bach representative cample of
the complete diet involved the separate collection of frech mixed rations
from the feeding mable and concentrate feed from the astomatic feedears,
A minimuem of 30 sub-zamples of the above mentioned feeds were
manually collected wszing nitrile gloves vo avoid cross-contmamination,
The final sample of each kind of feed wac 2 least 1 kg, which was
vacuum-packed and sored 2t — 20 °C until sample preparation. Addi-
tonally, information conceming the farming syctem (organic or con-
ventional), basal feed composition {main componentz and their
respective proportions), ectimated sotal intakes {of mixed mtions and
concentrate [med), uee of pesticides (in the feed cops) and veterinary
druge (in the rations) were obmined wia a2 guestionnaire-guided
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Fig. 1. Map showing the locations of the dairy Bnms of complete dietary e
tions (o= 102} of Austirian dairy cttle
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2.2 Sample preparation

Omnce the sampling period finizhed, the frocen mixed ration samplsz
were dried at 65 °C in an electic fan oven for 43 b Once dried, the
mixed rations and concentrate feeds were milled to a fnal particle zize of
<0.5 mm They were firstdy milled wsing the cutting mill (5M 300,
Retoch OmbH, Haan, Germany] at 1,500 rpm for approximately 1 min.
Subsequently, using an ultra-centrifugal mill (ZM 200, Rewmch GmbH,
Haan, Oermany] at 10,000 rpm for about 50 2, the remnants (non-milled
recidues, mainly corresponding to hard fragments of seeda) were millad.
Both milled fractions were combined, mived and pached in plastic bags.
The proceszed, mixed rations and concentrated feeds were compozited
according to the average intake proportions (datz provided by the
farmerz) to obtain 20 g (40.01 g) of the whole diet representative
sample. Pinally, 5g(4+0.01 g} of the homogenized complete diet szamplaz
were stored in 50-mL polypropyiene conical mubes (Sarstade, Nimbrecht,
Cermany) and kept 2t — 20 °C until analyziz.

2.5 Analysiz of multiple pesticides ond veterinary drug residues

Following the protocol deacribed by Greiner =t al. (2020), the pre-
viouzly prepared sample (5 4+ 0.01 g} was por into 2 250 ml Brleanmeyer
flack with 20 ml of extraction solvent. Mext, homogenization wasz per-
formed waing a GFL 3017 rotary chaker {GFL, Burgwedel Germany) for
90 min. Juantification was establiched on external calibration utilizing
a gerial dilution of a2 multi-analyte stock colution. The solvent
polution-gsample mixture was cenrifuged for 2 min at 2012 % gon a
05-6 centrifuge (Bechman Coulter Inc., Brea, CA, USA) The extract,
along with dilution solvent, was diluted at one to one proportion. The
injection volume of both diluted sections of the samples and the stan-
dard analyte solutions was 5 pl. Identification and quantfication of each
anabyte were performed in two separate chromatographic runs uaing a
QTrap 5500 LC-MS/MS5 oyotem (Applied Biooystemas, Foster City, CA,
USA) equipped with a TurboV electrospray iomization (BSI) source
coupled to 2 1290 geries UHPLC oyatem (Agilent Technologies, Wald-
bronn, Oermany). Quantitative analysiz of all the analytes wag per-
formed vsing a validared method based on LC-ESI-MS,ME described by
Stemer et =l (20200 Results were corrected for apparent recoverie=z
determined during method validation, according to St=iner st al (20201
Values related to the method performance (apparent recoveries, the
limit of detection (LOD) and the limit of quantification (LOQ) of each
amalyte az well ag the tpecific chemical claos are described in Table 25
The targeted pesticides (660, weterinary drugs (129) and their rezpec-
tve related metabolites along with the compeound identification
mumbers (PubChem CID) are enlisted in Table 52 and Tabls 3. Ana-
lysez, analytical quality control and method validation were parformed
in accordance with DO SANTE guidelines for pesticide and weterinary
|.1.n|g rezidoen anal:.-:i.s in food and fesd. (B, 2019).

24 Doto anclysts

Concentrations of all detected residues and related metabolites (ie.,
markesz such as dinitrocabanilide) wers precented on a Aoy matter (DM)
basiz in pg hg~'. Descriptive statistics, ie., frequencies, mean, median
and ranges of the concentration of analytea, were calculated conzidering
only the pozitive results ix » LODI. Reouls below the LOD were
computed az LOQ/L MNomatility test of the dam was performed via
D" Agoating & Pearon tect, Anderson-Darling test, Shapiro-Wilk et and
Faolmogorov-Gmimowv test. All the test indicated the non-normal dis-
tribution of the handled data The Hruskal-Wallin test (the non-
parametric alternative of the ANOVA) was runned to analyze zignifi-
cant Jifferences in the concentration and number of compound residueg
among the three Auvastrian provinces. In case of significant diffsrences
among the three provinces, these diffsrences wears re-evaluaced via non-
parametric Mann-Whimey U test between paire of provinces (Upper
Auatriz Va Lower Austria, Upper Auatria Vo. Styria, and Lower Austria

Ersdrommanial Polliaten 316 (2033 120626

Va. Styria, regpectively). Thiz applisd only for diethyloluamide. Addi-
donally, to confirm owr findings, waz performed 2 nwo-stage step-up
method of Benjamini, Frieger and Yekutiali test 2z mulsiple comparizonz
test for controlling the Palze Discovery Rate (FDRL Subseguently,
Spearman correlation analyziz betwesn the compound residues ag well
2z between compound recidues and the proportions of the distary In-
gredientz were performed The correlation analyziz was interpresed
conzidering only substantial correlations with coefficients itho[p]) =
0.3, bazed on Hinkle et 2l (2003 The tables were made uzing Microsoft
Excel®. The mentioned statiztical analyzes and fgures wers performed
znd elaborated vcing CraphPad Pricm® wvemion .1 (OraphPad Soft-
ware, 5an Disgo, California USA)L

3. Results and diseussion
3.1, Diet composition {main ingredicniz]

The dairy farma in thiz investigation fed mized rationz (conaisting
mostly of forages but also mineral supplementation and concensrate
fead) with an additional amount of concentrate feed (given to the ani-
mals wia automatic feederz). The most common distary componentz
ncorporatsd in the diem were: concentrate feed (with a frequency of
incluzion of 100%), grass silage (97%]}, maize silage (34%), otraw (5591,
brewery's apent graina {26%4), hay (199%%) and other nilages {including
wheat, oatz, barey, sunfiower and beep pulp) (12%) (Fiz. 2). Regarding
the proportions in the diet, the most relevant dietary ingredient incor-
porated in the analyzed distary mtions was gram zilage, which repre-
pentad on average 40.6% (5D & 15%)] of the complete ration, Qucuasting
from 10.4% to B6.5%. The incdusion rate of concentrate feadz wasz, on
average, 35.3% (5D: L 9.6), varying from 11% to 67.6%. On average,
maize gilage accounted for 26.7% (5D 10.5%) of the total diet, ranging
from 1.7% to 599%. On average the other mixed rations’ mgredisnm
corregponded to 5% of the diet. Such az other silages (average: 5%; SD:
& 4.8%; range: 0.5%—15.09%1, hay (4.5%; +5.996: 0.6%28_5%), hrew-
ery’c cpent grain (3.6%; 1.5%; 0.3%—8.1%) and straw (2.7%; 4 1.9%;
0.2%-10.1%). The mean proportion of forage in the ration (umderstood
2p the sum of zilagea, straw and hay) waz 64.7%8 (5D: & 9.6; range:
32.4%-09%) (Fiz. 1). The recpective rates and proportions of the con-
ventional and organic farms are in Table |, Since the unbalanced sample
size of comrentional and organic farms (due to the complexity and dif-
ficulty of recruiting organic farmo for this smidy), no statistical com-
parizon was performed. However, as 3 general trend, it can be oboenred
that the dists of arganic farms did not inchude brewery's cpent grain and
other zilages in their formulations. Additionally, the dieta of organic
farmo presented a higher inclusion rate of hay (33%) compared to
comventonal farmae {17%). Regarding silage inclucion, the organic farms
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Fig. 2. Fregpuency and proportion of inclosion the main components of distary
ratinms of Austrian dairy ke,
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Table 1
Fregquendies and proportion of inclasion of the main components moorporated in complete distary rations of Anstrian dairy cattle snder conventicmal and organic
farming systems
Thictary ingredie Coveniional ferms (o= 93] Organic (wrms (o= 1)
Enclasion Propeation in the diet (3% DM Tncliision Propoetion i tie diet (% DM
(36) Average = 5D Range (%) Avizage = 50 Ramge:
Maize Sikage L | 2.8 x [LaF | B 550 111 18.5 & (=N} 1ES 185
G Slage 97 5.4 . 154 i0.4 AT 100 629 & 124 43.7 - a6
ST =] 25 X 20 o2 1LY &G 15 d T4 1.6 5.0
Hay T L5 & L8] a9 M5 a3 a3 & 3.0 (FY - 7.5
Brewery's grains silage a a4 - 1B o3 8.1 o a ]
Oy Al g j ] 50 o 48 0.5 1EE o o =]
Forage 100 L8] & ] 224 B0 100 a7 4 de I1.5 512 868
Copecrnieuln T0d 55 i a3 1.4 Lo o] g e % 1.5 152 4a.7

incorporated, on average, a higher proportion of grasm cilage (62.3%)
and lower maize cilage (15.5%) compared with the conventional diets
(33.4% and 26.0%, respectively). As a general wend, the forage-to-
concentrate ratio in both groups” waz wery similar howewver, the
organic farm contained alightly more forage (Table 1) Por fumre
ctudies, it would be required to have a balanced (higher szample gize) of
organic farms to get 2 more representative and accurate view of thiz
farming aystem, which as mentioned previously, chould be promoted
and astabliched in at laast 25% of the agricultural land of the European
Union by 2030 (BC, 20202, 2030b,; Bilva et al | 2022). In 2020, 25.5%
(6,631 of 25,872) of the Austrian dairy farmo corresponded to organic
farmz, and 19.2% (649,360 of 3,304,412 t) of the milk produced waz
organic {BMLET, 2021%

Baced on our results and according to the PAQ'z report “world
mapping of animal feeding systems in the dairy sector™ (2014, the kind
of dietz analyzed during thia study are clamified in the feeding system of
“wear-round zilage”, which iz the most relevant in the country, Thiz
feeding oyotem has been implemented in arovnd 40% of the Auwstrian
dairy farmz, the equivalent to 50% of the national milk production, at
the time of the repact (FAC, [DF, IFCH, 20141 The other 50% of the
production for 2014 was “green fodder + zilage” (35%) and “haymilk™
(15%IFAD, IDF, [FCN, 2014). The forage proportion of this kind of
feeding zyutem (year-round zilage) waz i 2014 of 70%, and 22% of
concenmate feedo (apecifically, cereal graine (153, by-products (6%)
and compound feed (1%)). To the best of owr knoswledge, no cument or
maore recent data on the proportion of the feeding syetem of the Austrian
dairy sector are zvailable. According to the cited report, graos silage
[awerage: 53%), concentrated fesds (22%%) (cereal graima (15%6),
I:n_;-p.mn]ul:ta (68%) and cum.p-m.md famds {1%]}, maize zi.i_'.g\e {19%) and
hay [(5%) were the main dietary component (FAC, [DF, [FCH, 2074,
Althongh the proportion of the main ingredients differz from the
mentionad report, the order and relevance of the main distary compo-
nents are gimilar, The PAO'z report also evidenced that the feeding
oyatem of the here targeted farma waz (during the last decade) and qurely
iz the moot relevant in Avstria in terms of the amount of produced milk
and quantity of producing units {farme) (FAD, [DF, [FCN, 20141

3.1 Information regording the usc of pesticides and veterinary drugs in

Ausarion dairy farms

Among the conventional farme, 62% of the interviewed farmers re-
ported the application of pesticides. Around 33% of the farmers that
confirmed the use of pesticides (equivalent to 19% of all the conven-
tiomal farms) did not pm'.i.d.: addizional n'p-br_i.ﬁ.u: infarmation (auch =z
applied products or active substancez). In total 32 commercial pesticide
products were indicated acroos the farma, congioting of 16 fungicides, 15
herbicides and one insecticide. According to the provided data, on
average, two commercial pesticide products for feed cropa per farm were
applied, varying from one to ten (specific data not chown A expected,
the organic farmers atated that no pesticides were uzed in their copae.

None of the farmers reported the incorporation of veterinary dnage in the
rations.

Begarding the reported applied active cubctances, 12 were non-
perszisten:, six were pemiztent four wers percistent and three were
very pergistent (FPDE, 2022}, Of the reported active substances, 11 were
fungicides, 13 were herbicides and one wag an insecticide (Table 545
According to the interviews, the pesticides were applisd on cereals
(maize for silage, wheat, rpe and witicale for concenmates feed). Thres of
the compounds described as applied (zpecifically, chiortoluron, esfen-
valerate and S-metolachlor) wwere not targeted by implemented
multi-pesticide anabrtic method (Tzble 52 and Table S43,

3.8, Dcewrence and concentration of perticides and vererinary drug
residues in diess of Austrion dairy conle

In total regidues of 15 active cubstances (13 pesticides and bwo
veterinary drugs) were devected. Most of the samples (90%) presented
some kind of rezidue. 39% of diesry rations contained pecticide reci-
duez and 3% of veterinary druge. Among the pesticide residues were
identified nine fungicides (benzovindiflugyr, bixafen, fuopyram,; fux-
apyroxad, ipconazole, metrafenone, pyraclostrobin, tebuconazole and
mifloxystrobin), thres msecticider (piperomyl-butcxide, pirimiphos-
methyl, diethyltoloamide) and one herbicide {metolachlor). Two wec-
erinary drug rezidues were detected: monenzin and nicarhazin The
marker of nicarbazin, dinitrocarbanilide, waz alse detected Dini-
wocarbanilide [N, N'-biz{ +-nitrophenylivrea)] and 4,6-dimethyl-201H}-
pyrimidinone in a ratio 1:1 conform to the molecular complex nicar-
bazin (an antiprotozoal compound uoed a0 a feed additve) (Tahinetal |
2005). The pesticide residuoes dezected in the highest socurrences were
fungicides  fuopyram  (62%), the  ineectdcide  oymergiot
piperonyl-butoxide (399 and the repellen: diethylmoluamide (35%).
Recidues of the other detected pestcides chowed occumence: below
20%. Regidues of weterinary substances {monensin, nicarbazin and
dinirocarbanilide) chowed ocouwrrences lower than 5% The directive
D009/8,/ B0 ctates that monensin and nicarbasin are apthorized for ues 2z
feed additives by the regulation (BEC) Mo 1531/2003 (EC, 2003, 2005,
Armadon ecal | Z01E).

The pesticide racidues with the highest average concentration were
piperonyl-butoxide (27.1 yg kg™ '), disthyltolvamide (24.2 pg kg™ 1and
foopyram (7.07 jig Lg_ll. Diethyltoluamide showed the i
concentration Jetected among pesticides (1475 g kg~ "1 The average
concentrationa of the veterinary dmg residues were less than 2.5 pg
kg~!. The highest concenmation of the veterinary drug recidees wasz 142
g kg™ of monensin. Concerning the maximum residhee levels (MRLs),
no weterinary drugs but five pesticides exceeded the EU-MPLa (B2, 200%;
BEU Pesticide Database, 2022). Specifically, the pesticides that evceeded
the EU-MFla defimitely (taking into consideration the expanded mea-
urement uncertainty of 50%) were: benzovindiflupyr (1% of the
inwvestigated samples), bixafen (2%, Huopyram (6%, ipronazole (1%
and tebuconazole (3%3Table 21 In the Buropean Union, pesticide
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Table 2
Crecurrences and concentratioms of the pesticides and veterinary dmg residises detected in compiete dietary mations of betating Eairy cattle m Anstria,
Anatyie Dhecuproce” »MAL'  Comcenceations (pg kg~ D) Type Pemigence ' WHO classificanion by
() o) hazard® Enlbwed w bighly
Aviroge =50 Range pestieides by TAN'
Pesticides Eammew ity 1o 1 1.05 423 1.40 - 32.4 Pusgicide %P 1}
Bimafesi 1o 2 0.5% £4.3] .65 - 3 Fusigicide YT NSA
Diehyienlunmide 35 HN/A 4.3 =151 157 - 1475 Insesticide Mo dare® A
ipepriient)
Fluogyram &2 [ 707 113 230 - RS  Fusgicde, F o
memaricde
Flinsgrproad 10 a 4G =1.B3 266 - B.GG Fusgicide 7 m
Ipecmapale m 1 1.2 =443 .40 - 55 Fusgichde MF BOA
Mitoslaodylor 2 a .05 =037 2,65 - 2465 Hesbécide MF ui}
Metralenon e 10 a .33 =143 .50 - 1LE Fustggichde b IF
Tiperany] a9 WA | £720 7.50 - g | Insecrisfdes NP L1}
brartcoic (eymengist)
Pirimiphics 13 a .73 =X13 1.65 - 15 Insectizide MF O/ +
methvyl
Prayviee] ctrodidn 1 a 0.0 =038 2.85 - 3.85 Fusggicide MF 1]
Tebuconaode 12 a 3.7 =172 468 - 11E Pungglebde, plaed MF LRSS
groawth, regulates
Teibaxyaribin 1 ] 005 =045 4.2 - 4.62 Pusgicide NP [H]
Velerinary Drirdrrosr e ilide 4 MiA i3 =133 234 - B3 Meerker af MNiA LRy
drugs nicarbazin
Monengin 4 a 178 =14.1 4.7 - 142 Antibdotie, NP M
Anzicocckdial
HNicasbazin 3 a 132 =B.35 9.8 - 0.4 Angiccceidial P BA
Tokal pesticides m A 6F.2 =14 .30 - 1482 WA N/A MAA
Toral drag rsbdurs a WA 536 =34.1 470 - 158 HAA LA A
Total seshines o0 HiA TLE =165 230 - 1482 HAA MN/A BN

* n= M2 representative samples of complets dists of lactating dakry cows From Amiria, valnes congidersd as positive were 5 limit of detection (LODY; Tn case vahses
2 LODrand = Bmit of guantifeation (LOG), LOCL2 was used for the calcalation.

B Wlaxirmal residue level of pesticides (MRL) for pradicts or part of products exchishvely ased for animal feed prodiscion acceeding to the Erropean Union gaidelines
i 1 pg ™" expressed at 855 DM (1136 3z kg™ DM bagis WL Pesticide Tmenbare, 2025, In Emrope, MAL of the detectad veterinary drogs are dictated by the
Commission Directive 2009/8,FC of February 10, 2008 (EC, 2009). Por lnstance the MEL of meoensin and ricarlazin for compound feed for dairy are 1250 pg kg™,
and 1500 g k™", expressed at 85 DM basis (and 1420 pg kg™", and 1705 pg kg™ at DM basis).

® Data retdeved from Pesticide Properties Datalase (PPOE, 2022) and Veberimary Sobstance DataBase (VS0 2022) of the University of Fertfordshire.

4 Pased om the typical disappeaninee time 50 (DTS VP = very pendstent, P = persistent, MP = moderately persistent, NP = non-persistent; * No data foand in the
FPDR. According bo an assesgnent repart of the EL: “Thiethylinlaamide does not meet any of the oriteria for Persistent, Bioaconmulative and Toxic (PETT (Kem, 200100,

® WHO dlassification of pesticides by hazard. Ia (Extremely hazardoos, Ib Chighly hazardous], [T {moderately hazardous), I (xlightly hazsrdous) and U Dmlikely o
present an acite hazard) (W130, 2015} {Orgamization, 202400,

! ¢ = highly hazardows, according to pesticide action netwaork miermatianal (PAN, 20210 (PAN, 2021), NSA Nol available/mot apply.

revidue lewels particularly in plant and animal-derived foods and feeds, pecticides (benzovindiflupyr, pyracloatrobin and pirimiphos-methyl)
have been zet by Commimion (EC) No 396,/2005 (2C, 2022). Informa- were considered moderately hacardous, also three (fuopyram, flux-
tion concerning MPAla and toxicity i awvailable in the BU Pesticide apyroxad and metolachlor) az slightly hazandous and four 2z unlikely w
databaoe (B Pestcide Databags, 2022). However, feedstuffc, compound present an acute hazard (WHD, 20195
feeds and dietary mtions exclusively uzed for animal feed purposes have Four of the detected compound residues (metolachlor, piperonyl
not yet establizhed harmonized BU MBLs for pesticides. Por that reazson, butoxide, pirimiphos-methyl and diethyltoluamide) are not approved as
the general default MREL value of 0,01 mg ks~ (10 g ke~ ) expressed at plant protection products on the Buropean Union's market by the
B5% DM applies (EU Pecticide Dambaze, 2022). The distribution of the Regulation (BC) 1107 /2009 {FFDS, 2022). The herbicide metolachlor is
recidue levels iz illuatrated in Pig. S1a widely wzed in the UGA and iz linked to human carcinogenicicy (EPA,
Concerning the camples collected from conventional farmas, 97% 1985; Ruciechi =t 2l | 2006). Metolachlor was aloo related to poor semen
[90,/93) contained peaticide rezidues and 0% (7/93) contained weteri- quality in men (Swan et al | 2003). Piperony! butoxide, az an insecticide
nary drug rezidees. On the other hand, only one of the nine distary synergist, increases the potency of certain insecticides such az carba-
camples derived fom organic farma (corresponding to 11%) waz poai- matea and pyrethring {Bazak et al | 2021) Piperonyl butoxide iz not a
tive for pesticide residue, particularly for bensovindiffupyr (13.8 g cholinesterase inhibitor and has low toxicity; consequently, it is not only
kg~" DM). Likewize, other sample from an arganic farm (alss 11%) uzed for crop protection. Piperonyl butoxide-containing products are
precented residues of dinitrocarbanilide (64.6 pg kg_l] [Fig. G1a) zpplied to crops both pre- and poat-harrest Facilities and storage areas
Regarding the environmental persistence, among the detected com- where produce and livestock are procesaed may aloo be eated and can
pound residues (15, not including the nicarbazin marker dini- be a source of contamination (Dixizs and Edwands, 2006; Keane, 1995
trocarbanilide), two were clamified 2z wvery perdiotent, three a2 liz broader purpose of uzse may explain itn higher detection frequency
perviztent, four az moderately persistent and three an non-perzistent compared to the majority of detected residues. Pirimiphos-methyl iz an
[Table 2). Two of the detected pesticides are enlisted ao highly hazard- organophocphate fumiganst incecticide that controls many insects and
ouz by peaticide action network international, for instance pirimiphos- mites (PPDE, 20223, Thic moderataly pemistent insecticide iz conzidered
I:l:l.!l‘.l!._\l'] (added rincs Jmu_-l.n; 2009) and tebuconazole (added since l:.i.giﬂ_rhar.i.-:fnrbe:.‘ [Berjawi et al | 2023} and was added to the HHP Lot
March 2019} (PAN, 2021). According to the WHO clasification by i 2009 (PAN, 2031
hazard, none of the detected compound residues were camloged az Diethyltoluamide iz an insect repellent applied to human and animal
extremely or highly hasardous However, three of the detected ohin o protect from insectz. [t i moderately toxic to aquatic Life (PPDE,
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20225 Mot enough data iz available reganding ita environmental Fats.
According to an assescment report of the EU, thiz compouni “does not
meet any of the criveris for Pemistent, Bisaccumulatve and Toxic (PETY
(Hem, 20100 The other detected pesticides approved ag plant protection
producm are fungicides (gee Table 2 and are wsually veed for crop
protection against foliar dizeases of cersalz, legumes and other crops
[FPODE, 2022). Residues of diethyltoluamide have been reparted in
peveral food commaodities {much ap chanterelle, blueberry and rarpherry)
in geveral countries lihe Cermany, the Rupsian Pederation, 'Fui:ml.i,
Btla.rm, B'ulg;.lia.md the Czech Repn'hli.: (Scherbam and Mraka 2019).
[t wan concluded that the residual contamination with diethyltolsamide
waz usually the result of contact with the hands of the picker who had
cprayed himzelf with the repellent [Scherbaom and Marks, 20190
D:i:’t]:.jllbn].n.um.l'.de hag alzo been foond in Avenas in Poland {Malnewzbka
et al 2015} and was the most abundant “pharmacentical and personal
care product (PPCP)” in leachates of the USA and Poland, chowing a
high rick for the environment (Yu =t 21 | 2020). In the caze of our stady,
we specalate that spraying thic subsmance on the ceable and the animal is
probahly the source of the residues in the dietary rations.

3.4, Comparison of concenmrations of residues by she geographical
[ocelization {province)

Tzble 55 chows the anid concentrations of pesticide and
weterinary druge residues in Lower Auctria, Styria and Upper Auatria.
The major occurrence of recidwes waz in Upper Auatria (96%), followed
|:|5 Styria (B2%). Lower Austriz (7% F.lﬁ:]:'mg to the AVErAZE COTCET-
tration of total recidues, Upper Ausmia precented the highect concen-
tration (39.7 jig ke™'), subsequendly Lower Anstria (588 g kg™ ') and
finally Strria (43.53 pz kg ™'); however, no significant differences were
evidenced (Tables 55 and 26, Fig. 51b). At the concentration of the in-
diwidual amalyte:, onky the diethyltoluamide levels presented mbotantial
differences between provinces (Froakal-Walliz test, p-value = 0.017).
Upper Anztria showed aignificantly higher levels compared with the
recpective levels of Lower Austria and Styria (Mann-Whimey Test, p-
wvalpes = 0.016 and 0.046] (Fig. 51c, Table 35). The multiple compari-
pons test { wo-gtage otep-up method of Benjamini, Krieger and Yebutieli)
confirmed the findings suggecting tha: only diethyltolnamide levels
precented zignificant differences among provinces (Tabl= S6).

3.5, Cockogily of residues in diests of Austrion dairy cade

Thiz srudy shows that Ausmia dairy castle’s complete diets voually
contain mixtares of pezticidec. Por instance, 62% of the complete disen of
lactating dairy cartle evaluated contained combinations (of two to aix) of
different recidues. The diew contained, on average, two compounda, and
no gignificant differences among Austrian provinces were deteceed (p-
walue = 0.4013) (Fig. 5al. Specifically, 23% of the samples contined

N R

L 1 E 3 a § L]
“n Rember of detecind anahyies | sample

T T T
it AP S T 2

Fe—
Fig. 3. Number of residoessample of dairy cow s diet. (a) In the provinces (LA
Lower Austria; ST: Styria; UA: Upper Austria). (b} Occnrrence by nmmber of
reddues/sample of dairy cow’s diet.
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mwo residuea, 17% three residues, 13% four residues, 9% fve residues
and 1% zix differant rezidues {Fiz. 3b). These Ondings confirm once
again the idea tharmultipls biocidez are being incorporated at low levels
in the feed food chain and subsequently in the environmens, implicating
negative toxicological and ecological conzsequences (Marqoes =t al,
2005 Rebpea, D009 Michra et al, 2014; Panico et al, 2022} Io-
teractions of pesticide mixtures lead mainly to symergic effects, which
differ Jepending on the doce and phyziological warget (Rizzat et al,
2016). Thiss, :J:hm.'gh the detectad lnvels of individual recidues do not
geem to be a rick, the effects of the detected biocide mixtures are un-
predictable because such may imply muldple potential interactions
amongst different pesticides. More research and data available in thi
exciting Beld are otill highly required (Rizzari ot 2l | 2016; Hermandes
etal 2017} This kind of exposure to multiple pesticidez could implicate
silverpe effects on health. It might contribute to an increased rick of
long-term diseazes, including cancer and neurodegensrative diseazes,
reproductive and Jdevelopmental diznrbances, and emerging threat:
much az developmental nearctoxicity and immmotoxic effecs (Parron
et al | 3011, 2014; Jonzalas-Aleaga et al | 2014 Moharizadeh =t al
2015; Hernandes ex 2l | 2017)

3.6. Relotionshins between the detected residues and moin dictery
ingredients

Significant Gpearman’s correlation coefficients (p) between regidues
az well az among the levels and the number of residues with the main

E 1 ; i
b

Faraiacnio |
LT TR Y
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Hicarbazin|
Piperaeryl
Pirtmiphos. methyi |
Byraclostesin
Tabutanatoia [ o
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Benzovindmiupyr|' "
Baosien +
DlutFiy bl i e [ 57
Dinitrocabamilide
Fluopyram{’
Fluzspyrazaif
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B E-]

Muirafanons
Monensin | ©
Micarbazin] |

Piparonyi nutoxioe =
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P fhued Bl

ot e o =" T .-:”:u

Fig. 4, Spearman’s cormelation coefficients (p) (a) smong residoes as well as (b)
oy residues with the main dietary components. The asterisk (*} indicates a
significant coefficient (pvalee < 0L05) All Spearman’s comelation coefficients
ip) and the exact pvahses are available in Tables 57 and 58, respectively.
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dietary components are chowm in Fig. 42 and b, respectively. All
Spearman’s correlation coefficients () and all the exact pralues are
available in Table 57 and Tabls 53, respectively. Pimtly, the correlation
analyria among the different compound reciduea chowed a highly =ig-
nificant correlation {p = 0.56; p-value < 0.001) between nicarbazin and
itz macker residue dinitrocarbanilide {Dansher =¢ al | 2000). Low poai-
tive correlations were detected beoween the fungicides metrafenone
with ipconazole (p = 0.45; pvalue <0.001), mewafenone and fuox-
apyroxad (p = 0.34; povalue = 0L001) a0 well a0 pyraclostrobin and
ipconx=ole [p = 0.33; p-value = QLOO1) (Fiz. #a). The correlation be-
pween the other compowend regidues were negligible (p < 0.3). Regarding
the relationchip between diet compozition and rezidue levels, moderate
positive correlations were found berween brewery’s gpent graina with
the fungicide: metrafenone (= 0.60; pvalue < 0.001) and ipconaszole
(p = 0.55; p-value « 0.001}. Brewery's opent grainz also chowed a
maoderate pogitive correlation with the mumber of detected pesticide
recidusg (p = 0.55; pvalue < 0.00171. The other distary components
presenzed negligible correlations with the recidwes and the number of
recidues deveced (Fig. 4b).

The most relevant distary component related vo pecticide regidue
lewals wran the brewery s cpent graing, which was previouzly reported by
itz capacity of aboorption (after mashing) of pesticides, which reduced
the concentration of thece gubstances in beer production (Inows =: al |
2017; M ecal | 2014; Wei ecal | 2020). Brewery o spent graing were not
included in the rations of organic farmo vizited. The farme (o = 27) that
incorporated thiz by-product precenzed average levels of ipronaszole
(4.87 pz bz~ ) and metranone (1.25 pg ke~ '), which are 3 times higher
campared with general average (1.29 jg kg™ " and 035 pg kg™ 'L The
mumber of detected residues per sample was also higher in farma with
brewery's spent graing incluzion i four residues/aample] than the overall
of the farme (two regidues/sample). Several of the pecticides detected in
thiz smady such 2z benzovindiflupyr, bixafen, Guopyram, Huxapyroxad,
mewxafenone, piperonyl butoxide, pirimiphos-methyl, pyraclostrobin,
tebuconazale and wifloxyetrobin were aloo detected recently in samples
of brewery 'z spent graine intended for feeding of dairy cows in Avstria
2022c)k It is known that barley (cereal moatly
uzed for beer production] is 2 cop frequently contaminated with races
of fungicides (Palladine e 21| 20211 Jiven the incorporation of com-
mercial concentrate feeds and other feedotuffz non-produced ac the
farm, the pesticides detected in this stody can also be different from the
one: reported by the farmern on the crop feeds (cevealn, like maize
wheat, rye and othars).

[Penagos-Tabares et al

4. Conelusionz

= To the beot of our knowledge, thiz work iz the fimt quantitative LG,
ESl-MS M5-bazed method covering a vast amount of pesticides
{6607 and veterinary drug residues (129) in complete dairy camle
dietz. Conzequently, it enabled data on the occurrences and levels of
multiple regidues in the Jdieto of food-delivering animals.

» Mixtures of peaticides presented high sccurrences (60%) in the
complete diets of Austrian dairy cowa.

» Organic dairy farms present=d lower ocowrrences (22%) and fewer
rezidues (up to one per sample) than conventional dairy farmas {97%,
up to gix per sample ).

® In some caves, the complete dist of Avatrian dairy cows sxcesd the
defzole EU MBRL (10 pg hg_'_l for pesticides in product or part of
product: excluzively used for animal feed production

» Four detected compound recidues (metolachlor, piperonyl butoxide,
pirimiphos-methyl and diethyltoluamide) are no: approved 2z plant
protection products on the Buropean Union's marke:.

» Veterinary drug residues in the distn of Austrian dairy cows were
detected in very low frequencies (< 109 and were not detected
abowve the BU MLz

» Brewery's zpent grain: were the most correlated ingredient to
peaticide regidues.

Envirnmnenal Pollaton 376 §{ 2023) 1 20626

» Gimilar ztudies are reguired to eztimate the current zitoation
reganling pesticides and veterinary drug recidues in animal feed and
animal-Jerived producza.

» Cockiail of pesticides are a realistic scenario in the diets of Austrian
dairy cattle. Their potential long-term synesgistic effecs on animal,
buman and snvironmental health zhould be subject to further

nweatigations.
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Residues of pesticides and veterinary drugs in diets of dairy cattle from
conventional and organic farms in Austria

Felipe Penagos-Tabares, Michael Sulyok, Johannes Faas, Rudolf Krska, Ratchaneewan Kliaosa-ard,
Qendrim Zebeli

Table S1. Performance values of liquid chromatography/electrospray ionization tandem mass
spectrometry (LC/ESI-MS/MS) analysis for multiple pesticides and veterinary drugs residues detected
m complete dietary rations of dairy cattle in Austria.

Table S2. List of 660 targeted pesticides and metabolites wvia a walidated ligmd
chromatography/electrospray 1onmization tandem mass spectrometry (LC/ESI-MS/MS). Chemical
structure, chemical formula, CAS/TUPAC numbers, molecular weights and additional physicochemiecal

characteristics are available by searching the compound identification (CID) number at the PubChem
database (available at: https://pubchem nebi nlm nih gov/).

Table S3. List of 129 targeted veterinary drugs and metabolites wvia a validated liqud
chromatography/electrospray ionization tandem mass spectrometry (LC/ESI-MS/MS). Chemical
structure, chemical formula, CAS/TUPAC numbers, molecular weights and additional physicochemical
characteristics are available by searching the compound identification (CID) number at the PubChem
database (available at: https://pubchem ncbi nlm nih gov/).

Table S4. The list reported pesticides (active substances) applied in feed crops of Austrian dairy farms.

Table S5. Occurrences and comparison of levels of the pesticide and vetermary drug residues detected
m complete dietary rations of lactating dairy cattle in Lower Austria, Styna, and Upper Austria via
Kruskal-Wallis test.

Table S6. Multiple comparison tests of levels of the pesticide and veterinary drug residues detected in
complete dietary rations of lactating dairy cattle in Lower Austria, Styria, and Upper Austria via the
two-stage step-up method of Benjamini, Knieger and Yekutieli for controlling the False Discovery Rate

(FDR).

Table S7. Spearman's correlation coefticients (p) between detected residue levels and main components
of complete dietary rations of lactating dairy cattle.

Table S8. P-values of Spearman's correlation coefficients between detected residue levels and main
components of complete dietary rations of lactating dawry cattle.

Figure S1. Distribution of the (a) individual and (b) accumulated concentrations of pesticides and
vetermary drugs residues detected in complete dietary rations of Austrian dairy cattle. (c) Levels of
diethyltoluanide in the provinces (LA~ Lower Austria; ST: Styria; UA: Upper Austria). ns: No
significant. The asterisk (¥) indicates significant differences (p < 0.05) detected via the Mann-Whitney
test, corroborated via the two-stage step-up method of Benjamini, Krieger and Yekutieli for controlling
the False Discovery Rate (FDR) (see Table S6).
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Table 54. The list reported pesticides (active substances) applied in feed crops of Austrian dairy
farms.

Active substances Reported in (%) Tested Detected Type Persistence®
Amidosulfuron 1 Tested Mo detected Herbicide NP
Azoxvstrobin 1 Tested No detected Fungicide MP
Benzovindiflupyr 5 Tested Detected Fungicide VP
Bixafen T Tested Detected Fungicide VP
Boscalid 1 Tested No detected Fungicide VP
Chlorthalonil 3 Tested No detected Fungicide NP
Chlortoluron 1 Mo tested No detected Herbicide MP
Epoxiconazole 4 Tested No detected Fungicide P
Esfenvalerate 2 No tested No detected Insecticide MP
Florasulam 1 Tested No detected Herbicide NP
Flufenacet 5 Tested No detected Herbicide NP
Fluopyram b1 Tested Detected Fungicide P
Foramsulfuron b1 Tested No detected Herbicide NP
Iodosulfuron 2 Tested Mo detected Herbicide NP
Isopvrazam 1 Tested No detected Fungicide P
Metribuzin 1 Tested No detected Herbicide NP
Nicosulfuron 2 Tested Mo detected Herbicide NP
Pendimethalin 3 Tested No detected Herbicide P
Pinoxaden 1 Tested No detected Herbicide NP
Propiconazole 1 Tested No detected Fungicide MP
Prothioconazole 15 Tested No detected Fungicide NP
Pyridate 1 Tested No detected Herbicide NP
S-Metolachlor 2 No tested No detected Herbicide MP
Tebuconazole 15 Tested Detected Fungicide MP
Tembotrione 3 Tested No detected Herbicide NP

*data based on the typical disappearance time 30 (DT50) and retneved from Pesticide Properties DataBase (PPDB, 2022) of the University
of Hertfordshire; VP= very persistent, P= persistent, MP=moderately persistent. NP=non-persistent.
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Figure S1. Distribution of the (a) mdividual and (b) accumulated concentrations of pesticides
and veterinary drugs residues detected in complete dietary rations of Austrian dairy cattle. (c)
Levels of diethyltoluamide in the provinces (LA: Lower Austria; ST: Styra: UA: Upper
Austria). ns: No significant. The asterisk (*) indicates significant differences (p < 0.05) detected
via the Mann-Whitney test. corroborated via the two-stage step-up method of Benjamini,
Krieger and Yekutich for controlling the False Discovery Rate (FDR) (see Table 56).
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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 FUMSs). 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
etal., 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 png/kg, ranging from 1.03 pg/kg -5.00 pg/kg
(Vaiciulien¢ et al., 2021). The incidence of AFBI 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
etal., 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

etal., 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 (Dricehuis et al., 2008a;
Driehuis et al., 2008b) and Spain (Rodriguez-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, 2022¢) 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; Marin 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.
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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 Wiederkduer gegen Mykotoxine
resistent seien; diese Auffassung ist jedoch inzwischen {iberholt und veraltet. Obwohl iiber 400
Mykotoxinmetaboliten bekannt sind, haben sich die meisten Untersuchungen auf regulierte
Mykotoxine fokussiert. Infolgedessen wurden die negativen Auswirkungen dieser Metaboliten
von Milchviehhaltern und Tierdrzten weltweit vernachléssigt und unterschétzt. Dariiber hinaus
scheinen die Stoffwechsel- und Erndhrungsmerkmale von Hochleistungsmilchkiihen (z. B.
Futter mit hoher Energiekonzentration und hoherer Passagerate) die Entgiftungskapazitit des
Pansens zu verringern, wodurch das Risiko subklinischer und klinischer Gesundheitsstorungen
erhoht und die Fruchtbarkeit und Produktivitit beeintrdchtigt wird. Im Rahmen dieser
Dissertation wurde in 100 Betrieben in den drei Osterreichischen Leitregionen der
Milchproduktion (Steiermark, Nieder- und Oberdsterreich) die Belastung eines breiten
Spektrums von (toxischen) Pilzsekunddrmetaboliten 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 fiir Milchkiihe zeigten das allgegenwirtige 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
Osterreichischer Milchkiihe beeinflussten, waren der Anteil von Maissilage und Stroh sowie die
Umgebungstemperatur. Dariiber hinaus wurde nachgewiesen, dass Maissilage und Stroh sowie
die Umgebungstemperatur die Kontamination mit Fusarientoxinen und Metaboliten in den
Gesamtrationen beeinflussen. Schimmelige Silage und BSG konnen ebenfalls ein Risiko fiir
eine Exposition gegeniiber 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.



7. LIST OF ABBREVIATIONS

AF
BEA
BSG
DAS
DM
DON
E2
EDC
ENN
FUM
NIV
OTA
PA
TCT
ZEN
0-ZEL
B-ZEL
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Aflatoxin
Beauvericin
Brewery's spent grain
Diacetoxyscirpenol
Dry matter
Deoxynivalenol
17B-estradiol
Endocrine disrupting compounds
Enniatin

Fumonisin

Nivalenol

Ochratoxin A

Patulin
Trichothecene
Zearalenone
a-Zearalanol

-Zearalenol
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