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				ABSTRACT: Diets of ruminants include grains, protein fodder, hay and grass/legumes, whole grain corn, small grains, sorghum silage and feed by-products. In addition, ruminants fed grazing feed every year or every season. All these feeds can be contaminated with exogenous metabolites of certain toxin-causing fungi. There are fewer changes in food metabolism in ruminants than in pigs and poultry, and these metabolites increase and diversify the effects of mycotoxins in ruminants. Existing data indicate that some streptoxins (Aflatoxin, Aspergillus toxin, Aspergillus A toxin, Fumonisin, and Zearalenone) and many other secondary metabolites produced by many other types of Alternaria are harmful to ruminants. Tavronic acid and 4Z-infected pyrrolidone have the greatest effect on ruminants. Aspergillus flavus produces kojic acid, cyclopyrazinic acid, or β-nitropropionic acid, and A. fumigatus produces gliotoxin. Pseudomonas produces mycophenolic acid, Rocfortine, PR-toxin, Marcoforthine, or Monasc (citrine and monacolin), which may be associated with feed contamination. The assessment includes information on the prevalence of mycotoxins reported over the past 15 years, with particular attention to both mycotoxins found in fodders and animal toxicology issues.
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	INTRODUCTION 

	 

	Mycotoxins are known as low-molecular-weight molecules produced by fungi that can naturally provoke toxic reactions in humans and other vertebrates (Hussein and Brasel, 2001; Conte et al., 2020; Hussain et al., 2020). These are usually very stable molecules, and the secondary metabolites of molds belong to several genera, especially Aspergillus, Fusarium, and Penicillium (Nesic et al., 2014). In addition, other genera, such as Alternaria, Chaetomium, Cladosporium, Claviceps, Diplodia, Myrothecium, Monascus, Phoma, Phomopsis, Pithomyces, Trichoderma, and Stachybotrys, also include toxin-producing species (Bryden, 2012, Vedovatto et al., 2020). Mycotoxin contamination of various agricultural products before and after harvest is a global problem. To date, about 18,000 secondary metabolites of fungi have been described worldwide, but since the 1960s, only a limited number of them have aroused scientific interest (Firduas et al., 2019). As expected, the most studied mycotoxins are documented as aflatoxin (AF), citrine, deoxynivalene (DON), aspergilline (patolo), aspergillus toxin A (OTA), equine toxin (FB), and zearalenone (ZEA) (Buckley et al., 2007; Gallo et al., 2015) and some are of the main toxins – endophytic fungi (ergot toxin and ergotamine) (Porter, 1995; Scott, 2009). Typically, the term “mold poisoning” refers to a syndrome caused by ingestion, skin contact, or inhalation of these fungal metabolites (Bennett and Klich, 2003; Meggs, 2009). When livestock ingests mycotoxins, the health effects can be severe, meaning clear signs of illness or even death. However, acute manifestations of mold poisoning are rare in farm animal (Gallo et al., 2015).

	They are mainly observed in plants of Baccharis infected with endophytes (Azevedo et al., 2000; Oki et al., 2009). The consequences of mycotoxin ingestion are mostly chronic, which means a potential decrease in livestock productivity (Agriopoulou et al., 2020). This effect leads to serious economic losses due to clinically ambiguous changes in animal growth, decreased feed intake, or feed digestion, altered absorption and metabolism of nutrients, effects on the endocrine system, and suppression of the immune system (Zain, 2011; Pleadin et al., 2019). Ruminants are less sensitive to mycotoxins than non-ruminant animals because rumen microbiota and food particles in the rumen can efficiently degrade, inactivate, and bind these toxic molecules, thereby protecting animals.

	 

	Objects and methods

	The object of the study was scientific publications and patents of Russian and foreign authors on the study of the effect of mycotoxins on the safety of feed and the health of farm animals. The main method was generalization. In particular, statistical and economic data on the analysis of mycotoxins, scientific principles of combating mycotoxin contamination of feed, and the results of practical research and original research on new types of mycotoxins and ways to limit their spread were analyzed in this study.

	LITERATURE REVIEW AND DISCUSSSION

	 

	Several reviews and data on the frequency and levels of certain mycotoxin contamination of the grain and its by-products for animal nutrition have been published since the 1970s. Currently, more than 100 countries have issued specific regulations or recommended limits, or detailed instructions to control mycotoxins in animal fodder (Medina et al., 2017). Over the past 15 years, problems have arisen related to feed contaminated with mycotoxins and factors affecting their appearance on the field before harvest or during the storage of silage. Filamentous fungi can grow on grasses and are commonly found in silage or hay. Typically, there are three most important pre-harvest toxigenic genera - Aspergillus, Fusarium, and possibly Alternaria. Some Aspergillus species may appear before and after harvest (Jedidi et al., 2018). The appearance of these mushrooms in the field is associated with many factors, including agricultural methods and climatic conditions. Most of the mushrooms can be destroyed during the ensiling process (De Mattos-Shipley et al., 2016; Bellettini et al., 2019). However, there are other species, such as Aspergillus fumigatus, Penicillium rosenbergii, Pseudomonas, Fusarium oxysporum, and Monascus, that can tolerate high levels of organic acids and carbon dioxide in addition to low oxygen utilization (Bellettini et al., 2019). During storage, oxygen is particularly present in certain parts of the silo or during the stages of feeding and aerobic spoilage; the penetration of oxygen can promote the growth of mold and the production of mycotoxins (Driehuis and Elferink, 2000). In high-quality silage, lactic acid bacteria can effectively suppress mold growth (Oliveira et al., 2014), but even a small increase in oxygen concentration can create suitable conditions for the growth of fungi such as Roquefort and Penicillium mirabilis (Schirmer et al., 2020). Indeed, if most of the acetic acid, lactic acid, and carbon dioxide is vaporized and oxygen is present, almost all filamentous fungi associated with the grain can grow under these conditions. It is reported that there is a significant difference between the presence of mycotoxins in harvested plant and the level of their concentrations in feed, which is probably caused by various environmental factors (such as meteorological conditions, agronomic practices, ensiling procedures, feed use, type of feeding, etc.) or the conditions of the laboratory where the analyses were carried out (sampling procedures, storage, and preparation of samples, applied methods of analysis, etc.) (Daou et al., 2021).

	 

	Alternaria species

	Various Alternaria species, such as Agrobacterium alternata, Agrobacterium Platycladus, and Agrobacterium vines, are isolated from hay and silage. However, Streptococcus has recently been suggested to be a rare species, and most of the strains originally identified as this strain actually belong to the Tenuissima species group, Arborescens species group, or other Streptococcus species. These fungi produce various compounds, such as streptotoxin, cotoxin, allendiene, tendontoxin, and tenazolic acid, with recognized toxicity (Omotayo et al., 2019). However, infectious Streptococcus can produce some other secondary metabolites such as 4Z-infected pyrrolidone, neopentane-arginine, dehydrotraveline, adoxyadreneric acid, or alternative endioic acid (Dellafiora and Dall’Asta, 2016). There are only a few reports of these compounds found in nature and fodder. The prevalence of toxins is reported to be high in various fodders, such as hay and silage, and their concentrations sometimes exceed 1000 μg/kg. The authors analyzed these mycotoxins using a non-specific screening method, which consists of a direct competitive enzyme immunoassay and detects the mycotoxins produced by Streptomyces. However, only one strain of Aspergillus arborescens has been confirmed to be involved in the production of toxins, while none of the other 98 identified strains of A. arborescens or other alternative strains produce these toxins.

	 

	Aspergillus

	Mycotoxins of Aspergillus produced in fodder have been found in silage products (such as high-moisture corn). The most important mycotoxins produced by these organisms are AF (AFB1, AFB2, AFG1, and AFG2). Sometimes the content of these toxins in fodder is high, which leads to an increase in the consumption of AFB1 by lactating dairy cows (Sserumaga et al., 2020). However, the AF obtained from growing crops may be unevenly distributed in the field and, when sampled, they may reflect the AF location or may not reflect the AF distribution in the silo. Consequently, the measurement reliability is strongly influenced by the protocol used to collect representative samples, prepare samples for analysis, or isolate and quantify mycotoxins. Due to the uneven distribution of AF and all mycotoxins, the variability associated with the mycotoxin testing procedure is usually highly dependent on the sample design. For these aspects, the European Commission has developed sampling and analysis methods for the official control of mycotoxin levels in food or grains and animal feed. At present, the authorities have not taken any action to establish specific sampling procedures for hay or silage. Other mycotoxins produced by A. flavus and other Aspergillus species are kojic acid, cyclopyrazole, and β-nitropropionic acid.

	 

	Aspergillus fumigatus

	A. fumigatus is one of the main toxin-producing fungi that affect feed in warm conditions. According to available data, there is a risk of related toxins, especially in silage, and it can produce more than 226 potential biologically active secondary metabolites (Phokane et al., 2019). Among these, dextran toxin is undoubtedly the most toxic metabolite, and the most frequent analysis shows that fumonisin metabolites are present in silage. However, it is generally thought to be produced during infection in mammals. Glial toxins are reported to be mainly produced on substrates with a low C:N ratio, thus, this is not a good indicator for the presence of A. fumigatus. It is believed that the low occurrence of gliotoxin in the feed samples is related to this aspect. Unfortunately, most of the other compounds of this fungus have not been tested in silage. It has recently been discussed that some mycotoxins derived from A. fumigatus, such as gliotoxin, fumitremorgin A, and paclitaxel A and C, are not present in feed samples in Russia. Colloidal toxins, glycolic acid, and microalgae are reported to be stable during the storage of feed, while fumagillin is unstable under silage conditions. Agroclavin and festuclavin are other mycotoxins that can be produced by A. fumigatus.

	 

	Cyclopiazonic acid

	Cyclopiazonic acid, a toxic indolic tetra-acid, was first isolated from Penicillium cinerea and then from other species of Penicillium, A. flavus and A. oryzae. Since this toxin can also be produced by A. flavus, it is thought to coexist with AF and β-nitropropionic acid. Only a few studies have been conducted on the presence of cyclopyrazinic acid in feed. Studies have shown that contamination of feed with this mycotoxin can exceed 1000 μg/kg. Several fungi of the genus Aspergillus and Penicillium can produce mycotoxins, including A. niger, A. niger, A. freisenii, A. carbonus, Pseudomonas verrucosa, and P. nordicus. Many authors did not find mycotoxins in feed, primarily because these fungi cannot tolerate high concentrations of acetic acid and CO2.

	 

	Mycotoxin species and feed contaminations

	Among mycotoxins obtained from Fusarium, mucormycins A and B are produced by several species (Mabuza et al., 2018). Among the B-type trichothecenes, the most studied mycotoxins are nelphenol and fulsaladon X, as well as their acetylated and deacetylated analogs. They are mainly produced by F. culmorum and F. graminearum. These mycotoxins are considered to be the most common in silage and other fodder, and they can be present at varying stages of the disease. In particular, it has been reported that the prevalence of nelphenol in fodder exceeds 80%, and the level of moderate contamination varies greatly, but it exceeds 2000 μg/kg in some cases. The nelphenol concentration measured at the top of the batcher was higher than that at the bottom. 

	Nelphenol content ranged from 100% to 13% in harvested corn (Góral et al., 2019), while the average neonaphthyl alcohol concentration in the hay was 131 µg/kg, and the frequency of occurrence was 4%. Finally, it is reported that approximately 20% of the corn kernels were contaminated with fuchsadon X with a content of less than 5 µg/kg. Mycotoxins, such as bisacetoxyconiferyl alcohol, T-2, and HT-2 toxins as well as their deacetylated analogs, are type A of trichosporone toxins, mainly composed of F. poae, F. sporotrichioides, and F. langsethiae. Although some authors report that these trichomoniasis are usually found during silage making, the average concentration is usually considered very low. T-2 toxin was not detected in hay and corn, as bisacetoxyconiferyl alcohol and its acetylated compounds are mainly produced by F. proliferatum and F. verticillioides, and pre-harvest crops are often infected. Among FBs, FB1 is the most important and most studied one. The FB1 presence is reported to be over 30% in hay samples, while it is lower in silage. Approximately 50% of the hay and silage were contaminated with FB1, and its average concentration was 120 µg of FB1 per 1 kg of fodder. Other FBs have also been found in corn, such as FB2 and FB3, but the contamination levels are very low. On average, 52% of the harvested grain was infected with FB, and the average infection rate was less than 500 µg/kg. FB was found in 43% of silage (Brodal et al., 2016). Other toxins derived from Fusarium, such as povirectin, olefinic acid, and monimodine, have been found in silage as well, but their contamination levels are very low. It is assumed that the decomposition process that occurs during the storage process is not confirmed.

	 

	Penicillins

	Penicillins belong to the Penicillium rosenbergii family, such as Macrobrachium rosenbergii and Beauveria bassiana, and are considered one of the most common fungi in silage. Various key factors, such as unfavorable weather or storage conditions, can contribute to the growth of fungi and the production of mycotoxins. A list of the main mycotoxins produced by Penicillium strains is presented elsewhere (Rezende et al., 2013). There is no doubt that these mycotoxins are the most studied ones and are found in fodder. Plasmodium roqueforti was isolated from a silo containing 89% obviously moldy. Likewise, P. roqueforti and Pseudomonas pannus were isolated from 96% of maize stored in silos. 

	Penicillin Roquefort Toxin (PR toxin) is a mycotoxin produced by Macrobrachium rosenbergii that has been found in several types of fodder. About 76% PR contamination with toxins in 63 feed samples (i.e. 25 hay and 38 silage and compound feed) is reported with an average contamination level of 130 µg/kg. However, the method used is a low specific immunochemical screening method and the series of studies were unable to confirm the detected level of this mycotoxin. Mycophenolic acid and rofotin are considered the most studied Penicillium derivatives in silage products. The first is produced by M. rosenbergii and B. nivae and is found in the hay with different frequencies: about 40%, 30%, 10%, or less than 3%. In addition, the concentration of mycophenolic acid is reported to be in excess of 20,000 μg/kg. Among the Rockfordins produced by various strains of Pseudomonas sports, the most studied one is Rockfordine C, which is found in over 40% of silage samples. However, Rockfordine C has been reported to cause a low incidence. It was found that the average level of silage contamination with rophostin C was 778 μg/kg, the average level of contamination with mycophenolic acid was 524 μg/kg, and the highest contamination levels were 3160 and 2630 μg/kg, respectively. The other five types of Rocfortines were found in two of five samples. The average concentration was 100–1000 μg/kg. With regard to these mycotoxins, many authors (Moncini et al., 2020) reported that the frequency and concentration of mycotoxins collected from peripheral granaries were higher than those in the main granaries. Other Penicillium metabolites have also been found in silage, e.g. androgen A, citrulline isocoumarin, and matrine A, which are the biomarkers of Penicillium. It is known that two out of every five collected corn samples were infected with N. sylvestris, and festulavin was produced by Penicillium strains at concentrations ranging from 100 to 1000 μg/kg. The frequency of occurrence of androgen A, citrulline isocoumarin, and marcfortine A is reported to be less than 20%. Patulin produced by P. panum and B. nivae with a concentration of 10-1210 μg/kg is found in 23% of selected grain samples. Currently, there is no information on other toxins of the genus Penicillium (for example, the diploid protein of Botrytis) (Haque et al., 2020).

	 

	CONCLUSIONS

	 

	Existing data indicate that some streptoxins (aflatoxin, aspergillus toxin, aspergillus A toxin, fumonisin, and zearalenone) and many other secondary metabolites produced by many other types of Alternaria are harmful to ruminants. Tavronic acid and 4Z-infected pyrrolidone have the greatest effect on ruminants, A. flavus produces kojic acid, cyclopyrazinic acid, or β-nitropropionic acid, and A. fumigatus produces gliotoxin. Pseudomonas produces mycophenolic acid, Rocfortine, PR-toxin, Marcoforthine, or Monasc (citrine and monacolin); they may be associated with feed contamination. Thus, the types of mycotoxins, their prevalence, and their negative impacts on the storage of feed and the health of farm animals have been studied here.
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