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ABSTRACT

Mpycotoxins are secondary metabolites produced by fungi that have harmful effects on humans, animals and crops,
resulting in sickness and financial losses. Mycotoxins are produced by fusarium fungi in a wide range of species.
Fusarium is especially common in areas where cereals are grown and thus, any substantial amount of mycotoxins in
major dietary sources, animal feed, can be carried over in the food chain and cause serious health problems in humans or
livestock. Commonly produced fusaria toxins are zearalenone, fumonisins, moniliformins, trichothecenes, deoxynivalenol
and fusaric acid. Adaptation and accumulation to mycotoxins in higher trophic levels in mammals and other animals
elicit complication for survival for the species. These pharmacologically active fungal metabolites usually enter the body
by consuming contaminated food that causes metabolic trepidation. This review summarizes the information regarding
the toxicological effects of fusaria toxins. These mycotoxins cause acute and chronic illness with carcinogenic,
hepatotoxic, teratogenic and immunosuppressive effects in humans. Besides adverse effects on humans and animals these
toxins are harmful to crops. Mycotoxins are highly stable compounds and therefore, there is an urgent need to develop
natural biocontrol and rapid screening strategies to minimize the harmful effect of the fungi.
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INTRODUCTION

Among prokaryotic and eukaryotic species that nature produces, fungi play a very important and
unexplored role. Fungi are the members of subkingdom Thallophyta which lack chlorophyll and have
well-defined nuclei [1]. In some species, they have an assimilative body that might be amoeboid or
unicellular and also they lack vascular tissues. They are made up of multicellular branching filaments
called hyphae that reproduce asexually via spores [2]. Fungi being heterotrophs and widespread
occurrence make them a challenge and a risk for human life. Fungi digest and generate a wide array of
simple to very intricate organic compounds during their lifespan. The precise characteristic of fungi is to
produce toxins apart from displaying certain biological activities. Mycotoxins are of relatively low-
molecular-weight and non-volatile affecting vertebrates in various ways. All the fungi may be categorized
by temperature, Mesophiles (e.g., Penicillium chrysogenum, P. expansum, P. cyclopium, Aspergillus
Versicolor, A. flavus, A. nidulans, A. fumigatus), Thermophiles (e.g., Byssochlamys, Aspergillusfumigatus),
Thermotolerants (e.g., Aspergillus niger) and Cryophiles (e.g., Cladosporium, Alternaria) or by the humidity,
Hygrophiles (e.g., Cladosporium, Fusarium, Mucorales) and Xerophiles (e.g., Aspergillus restrictus, A.
glaucus, A. Versicolor) [3].

Mycotoxins, which are mostly acquired by Aspergillus, Penicillium, Fusarium, Alternaria and Claviceps
produce a variety of chemical substances resulting from the secondary metabolism of these moulds [4].
Aspergillus produces aflatoxin B1, resulting in food contamination, thereby deteriorating human health
and causing liver cancer [5]. The different strains of mycotoxins have convincingly changed over the years
and are dependent on various factors such as storage and environmental circumstances and crop type [6].
Different mycotoxins remain stable throughout normal food processing and can be found in food
products and other processed commodities [7]. The financial disaster and deteriorating stamina issues in
humans and other animals due to mycotoxin contamination are mammoth. For that reason, a rapid
screening approach will form a significant device for the safeguard of humans and animals and early
detection economical loss will be minimized. Mycotoxicosis resulting from contaminated food will
jeopardize the aforesaid prevalence if no preventative measures are taken. Fusarium species are the most
important toxigenic fungus ubiquitous in cereals and various products for human and animal use,
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resulting in a significant economic setback i n agriculture [8]. Fusariums are believed to be field fungi but
few species can develop in stored grain mainly under low temperature and moisture [7]. The toxigenic
rate of various species of fusarium have been elucidated and of these, 35 have been characterized to raise
mycotoxins, of which zearalenone, trichothecenes, moniliformin and fumonisins were abundantly found
[6]. Fusaric acid and deoxynivalenol are the other influential fusarium mycotoxins which also prove their
toxigenic effects (Table 1). Fusarium mycotoxins have been found globally, although there are regional
divergences in their relative importance, for example; the toxigenic rate of fumonisins is higher in the
southern hemisphere than in the northern and similarly, the toxicity of type B trichothecenes is more
noteworthy in North America and Europe than type A trichothecenes [9].

Table 1: Malfunctioning caused by different toxins produced by fusarium

Toxin Fungal Disorder Source Model Reference
genus
Trichothecenes | Fusarium Protein synthesis inhibitor Cereal grains Eukaryotes [10]
Fumonisins Fusarium Leukoencephalomalacia Maize Horse [11]
Zearalanone Fusarium Vulvo-vaginitis Maize, Sorghum Pig [12]
Moniliformin Fusarium Keshan disease Corn, Wheat Kernels | Human [13]
Deoxynivalenol | Fusarium Feed refusal Oats, Barley Pig, Mice, Rat | [14]
Fusaric acid Fusarium Subacute ruminal acidosis Grains Cow [15]
(SARA)

TOXICOLOGICALLY IMPORTANT FUSARIUM MYCOTOXINS

Trichothecenes are the most common and well-known group of fusarium mycotoxins. These mycotoxins
are classified as 12,13-epoxy-trichothecenes because they are tricyclic sesquiterpenes with a double bond
at C-9, 10 and an epoxy ring at C-12, 13 (Figure 1). Regurgitation and feed refusal are the hallmark
symptoms of trichothecene intake. The common symptoms of trichothecenes are bruise of the mucous
membrane in the gastrointestinal tract leading to protracted haemorrhage and toxicity related to
haematology [9]. The larger ribosomal subunit (60S) is required for protein synthesis because it catalyses
the creation of peptide bonds and trichothecenes block this vital process (protein synthesis) by attaching
to the peptidyl transferase [10]. In vitro and in vivo studies have shown that these mycotoxins cause
programmed cell death in various organs [16]. Trichothecenes also impede DNA and RNA synthesis and
this inhibition has only been mentioned at concentrations comparable to or greater than those required
to suppress protein synthesis [17]. However, minor amounts of trichothecene toxicants are seen 24 hours
after oral or intravenous exposure and are knocked out promptly without any aggregation in any tissues.
After intravenous injection, the predominant secretion route in pigs is urine. However, a significant
fraction of toxin is eliminated in the faeces after oral exposure [18]. Interconversion of acetylation and de-
acetylation reactions is an important phenomenon while experiencing the diverse metabolic reactions of
trichothecenes leading to hydrolysis of side-chain groups, for example, conversion of acetylated toxin
fusarenon-X, 3-acetyl DON, T-2 toxin to the de-acetylated form NIV, DON, HT-2 respectively.

H,C

Figure 1. Structure of Trichothecene and Deoxynivalenol (DON)

Fumonisins are a prominent group of toxins since they cause a variety of ailments in humans and
domestic animals [11, 19]. Fungi like Fusarium verticillioides, Fusarium proliferatum and some related
species produce a significant group of mycotoxins, Fumonisins (B1 and B2) (Figure 2) [20]. An elevated
level of the presence of fumonisins, along with moniliformin in animal feed, has vital health entailments
and the known changes encompass equine leukoencephalomalacia in horses commonly known as moldy
corn poisoning, porcine pulmonary oedema (PPE) in pigs, immunodepressive consequences in turkey and
decrease of vitamin A in chicks resulting in cyanosis, death and hydrothorax in pigs [11, 21]. In various
countries, human oesophageal cancer has been correlated to fumonisin B1 and fumonisins promote
hepatocarcinogenesis in rat hepatocytes because they impede protein synthesis, ceramide synthetase and
chromosomal aberration [22, 23]. Fumonisin's toxicity inhibits the enzyme synthase, which is required
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for the acylation of different fatty acids. The resulting increase of fatty acids in the plasma, serum or urine
inturn can be used as a biomarker for calculating the toxigenic rate of fumonisins in animals after dietary
exposure [24].

CHy 0 CH, OH NI,

Figure 2. Structure of Fumonisin (FB1)

Zearalenone (ZEN) is a mycotoxin generated by a variety of fusaria species, including F. graminearum, F.
culmorum, F. equiseti, and F. poae that has a high affinity for estrogen receptors (Figure 3) [25]. The
concentration of ZEN more than 20 ng/g in feed causes vaginal prolapse, sterility, vulval oedema,
overgrowth of mammary glands in females, and the development of female characters in males [26].
When the concentration of ZEN in a porcine's food exceeds 50 ng/g, it produces pseudopregnancy, which
leads to infertility [27]. Although ZEN's LD50 value of 210 g/kg b.w. indicates that it has low relative
toxicity and has emerged as a disrupter of the mammalian endocrine system, with evidence of
genotoxicity in mice [28]. ZEN may affect the uterus by altering the structure of uterine tissues, resulting
in a decrease in LH and progesterone [29]. ZEN may also reduce serum testosterone, testicular weight
and spermatogenesis in male pigs, producing female characteristics and decreasing sexual drive. ZEN is
also linked to infertility, hyperestrogenism and decreased milk production in cows, with conception rates
dropping from 87 to 62 percent [30].
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Figure 3. Structure of Zearalanone (ZON)

A variety of fusarium species produce moniliformin (MON) [1-hydroxycyclobut-1-ene-3, 4-dione] (Figure
4). Keshan disease, which is more or less regarded as cardiomyopathy, is most prevalent in China due to
MON [31]. Due to moniliformin, the most prominent symptoms depicted in domestic fowls are increased
muscular weakness, respiratory problems, unconsciousness and ultimately death [32]. Broilers, turkeys
and ducklings have shown high mortality and other pathological problems such as hydropericardium and
myocardial paleness [33]. Moniliformin inhibited the pyruvate dehydrogenase complex, gluconeogenesis
and chromosomal abnormalities in chicken and rat hepatocytes [34]. By interrupting pyruvate
incorporation into the tricarboxylic acid cycle, MON also inhibits oxidation of the TCA intermediate a-
ketoglutarate and pyruvate dehydrogenase [32]. MON suppresses transketolase and aldose reductase by
arbitrating with carbohydrate metabolism and increasing oxidative damage in myoblasts and it also
inhibits glutathione peroxidase and glutathione reductase [35, 36]. Likewise, MON contaminated feed
may have some immunosuppressive effects by diluting the feasibility of blood lymphocytes of broiler
chickens [37]. Muscular dystrophy, myocardial infarction, pulmonary trauma and some histological
alterations in various organs such as the kidneys, lungs and pancreas are the most common signs of acute
moniliformin toxicity, followed by unconsciousness and death [38].
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Figure 4. Structure of Moniliformin
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Fusaric acid (FA), also known as 5-butyl picolinic acid, is a well-known mycotoxin generated by numerous
fusarium species (e.g. Fusarium oxysporum). By promoting the wilting process, fusaric acid plays an
important role in plant pathogenicity [39]. FA has a pyridine ring and a butyl side chain, allowing it to
easily penetrate cell membranes (Figure 5) [40]. The inclusion of nitrogen and oxygen in the pyridine ring
and carboxylic acid group, respectively, may boost FA's toxicological effects when chelating with specific
ions such as zinc, magnesium, calcium and iron [41]. While gaining resistance against intruding
microorganisms and retaliation to extraneous infective agents, numerous signalling pathways are
triggered off in the cells of the immune system, which shows a defense mechanism against various
environmental exposures such as bacteria, parasites, fungi, viruses and other malfunctions [42]. Primarily
there is commencement of mitogen-activated protein kinase (MAPK) activity which guides numerous
immune responses varying from trauma and cell death/survival [43]. Distortion in mitochondrial
membrane potential and inhibition of ATP synthesis in plants due to FA is well recognized [44]. Fusaric
acid also inhibits protein synthesis, nucleic acid synthesis and dopamine-hydroxylase action [45]. In
zebrafish and rats, FA induces teratogenic effects by the impediment of lysyl oxidase (a copper-dependent
enzyme) and decreased level of nor-adrenaline in various organs like brain, heart, spleen and adrenal
gland [46].
CH;CH,CH,CH,
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Figure 5. Structure of Fusaric acid

METABOLIC IMPORTANCE OF FUSARIUM MYCOTOXINS

There are signs of adverse effects in animals due to the metabolism of mycotoxins. The microbial
conversion of deoxynivalenol (DON) in the gut of animals and its microbial transformation, type and
relative toxicity of the metabolites generated have all been thoroughly documented in pigs, with the
caecum, colon and rectum showing the most microbial transformation [47]. Various metabolites of ZEN,
such as a-zearalenol and (-zearalenol have been discovered in sheep and increased levels of these
metabolites may be removed via urine as glucuronides by grazing sheep [48]. a-zearalanol, also known as
zeranol, is found in the urine of ruminants and equines and investigations have revealed that zeranol may
be produced in these animals due to the metabolism of ZEN and other compounds found naturally in
fusarium-infected pastures [48].

ADVERSE EFFECTS OF FUSARIUM MYCOTOXINS ON NON-RUMINANTS

The disorders induced by various mycotoxins can be classified as acute or chronic, resulting in a toxic
response that leads to cancer and other irreversible consequences [48]. Pigs, for example, have been
proven to be extremely vulnerable to T-2 toxin, DON and ZEN and almost all fusarium mycotoxins have
demonstrated unequal reactions in monogastrics. Poultry also is badly overblown by both T-2 and DON
but are very resistant to the oestrogenic effects of ZEN [49]. Mycotoxins produced by fusarium have been
found to impact chickens and because of the chemicals in the diet and the variances between and within
species, the range of mycotoxicosis differs in animal species. Besides decreased intake of feed and
subsequent body weight, ulceration and plaque formation in the oral cavity were noticed due to T-2 toxin
or DAS (4 or 16 mg/kg of feed) in 7-day-old chicks. When hens (67-69 weeks old) and roosters (25-27
weeks old) were fed DAS at 65 and 10 mg/kg of feed, respectively, the rate of fertility was raised in hens
(67-69 weeks old) and lowered in roosters (25-27 weeks old) [50]. Alimentary toxic aleukia was caused
by the infestation of cereal grains with several fusarium species such as F. sporitrichoides and F. poae,
with side effects including esophageal pain, asphyxiation, laryngitis, diarrhoea and dizziness [51]. Similar
toxic effects were shown by both DON and ZEN in scabby grain and the symptoms included sickness,
vomiting and diarrhea [52]. Fumonisin B1 was connected to a disease outbreak in India with symptoms
including acute stomach discomfort and diarrhea [53].

ADVERSE EFFECTS OF FUSARIUM MYCOTOXINS ON RUMINANTS

Although ruminants sensitivity to negative effects of mycotoxins is less well understood than that of non-
ruminants, there is an influence on reproduction, growth and productivity when ruminants consume
mycotoxin-contaminated feed for extended period [54]. When calves are given T-2 toxin,
immunosuppression is induced, resulting in lower serum IgM, IgG and IgA concentrations and lymphoid

BEPLS Special Issue [1] 2022 23|Page ©2022 AELS, INDIA



Naik et al

tissue necrosis (Figure 6) [55]. T-2 toxin-contaminated feed has also resulted in bovine sterility and
miscarriage in the third trimester of pregnancy [6]. Calves fed T-2 toxin at 10-50 mg/kg of feed developed
stomach ulcers [56]. Similarly, high dietary amounts of ZEN (12 mg/kg of feed) for an extended period
(10 days) may significantly affect sheep sexual function by lowering fertility and ovulation rates [55]. In
lambs, increased fumonisin doses (11.1-45.5 mg/kg body weight) have been shown to cause severe and
lethal nephrotoxicity and hepatotoxicity [57].

My cotoxin-producing fungi
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Figure 6. The increased production ofmycotoxins produced by various fungi (like field fungi and
storage fungi) enters the animal world (both ruminants and non-ruminants) thereby altering the
intestinal epithelium. Nonetheless, fusarium mycotoxins affect a wide range of intestinal defence
processes, including cell proliferation, mucus layer, epithelial integrity, immunoglobulins (Ig) and
cytokine production.
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CONCLUSION

The fusarium mycotoxins found in animal feeds and forages are trichothecenes, zearalenone and
fumonisins. These mycotoxins have been implicated in cases of mycotoxicosis in animals when present in
adequate amounts. Trichothecenes are responsible for several diseases such as regurgitation of food,
showing negative response while feeding and abrasions in the mouth of pigs. Fumonisins are convincingly
related to swelling of lungs in porcine and moldy corn poisoning in horses. Fusarium mycotoxins are also
suspected of being implicated in sheep weight loss, a high death rate in poultry and inflammation in the
duodenum and proximal region of the jejunum in horses. Moreover, fundamental causes of
immunotoxicity and teratogenicity must be considered while assessing risk management from these
mycotoxins. In addition, synergistic connections between DON and fusaric acid, DON and FB1 and DON
and DAS in young sheep have been observed. Similarly, the synergistic effect of FB1 and DON or T-2 toxin
in poultry for many serological constituents is commendable. Ultimately, the deep-rooted goal should be
to decrease the use of contaminated cereal grains and their products by using those varieties of plants
that will overcome the pathogenic effect to some degree.

ABBREVIATIONS

DAS:  Diacetoxyscirpenol

DON: Deoxynivalenol

ELEM: Equine leukoencephalomalacia
FB1: Fumonisin B1

MON  Moniliformin

NIV: Nivalenol

NOAEL: No Observed Adverse Effect Level
PPE:  Porcine pulmonary edema
SCFA: Short chain fatty acids

SARA: Subacute ruminal acidosis

ZEN:  Zearalenone

BEPLS Special Issue [1] 2022 24|Page ©2022 AELS, INDIA



Naik et al

AUTHOR CONTRIBUTION
RAN prepared the initial draft for the manuscript. RKK and JDA collaborated on the paper's structure and
arguments and made important edits and signed off on the final version of the manuscript.

CONFLICT OF INTEREST
The authors declare that they have no conflict of interest.

ACKNOWLEDGMENTS

RAN is grateful to Indian Council of Medical Research (ICMR) for fellowship. This research was funded by
a DST-SERB (SERB/LS-329/2013 and CRG/2018/003780) project sanctioned to RKK and ICMR, New
Delhi, India (45/44/2019- PHA/BMS) project sanctioned to RAN. The authors are grateful to the
Department of Zoology, Dr. Harisingh Gour Vishwavidyalaya, Sagar and the DST-FIST programme
(SR/FST/LS-1/2018/176(C)) for providing infrastructural facilities to the Department of Zoology.

REFERENCES

1. Okafor, S.E., & Eni, A.O (2018). Microbial quality and the occurrence of aflatoxins in plantain/yam and wheat
flours in ado-odo ota. IOP Conf. Ser. Earth Environ. Sci., 210:012017.

2. Begum, N,, Qin, C, Ahanger, M.A,, Raza, S., Khan, M.I,, Ashraf, M., Ahmed, N., & Zhang, L. (2019). Role of arbuscular
mycorrhizal fungi in plant growth regulation: implications in abiotic stress tolerance. Front. Plant Sci., 10:1068.

3. Brase, S, Encinas, A, Keck, ], & Nising, C.F. (2009). Chemistry and biology of mycotoxins and related fungal
metabolites. Chem. Rev., 109:3903-3990.

4. Bennett, J.W.,, &Klich, M,, (2003). Mycotoxins. Clin. Microbiol. Rev., 16:497-516.

5. Chhonker, S, Rawat, D,, Naik, R.,, & Koiri, R. (2018). An overview of mycotoxins in human health with emphasis
on development and progression of liver cancer. Clin. Oncol,, 3:1408.

6. Placinta, C., D'Mello, ].F., & Macdonald, A. (1999). A review of worldwide contamination of cereal grains and
animal feed with fusarium mycotoxins. Anim. Feed Sci. Technol.,78:21-37.

7. Lauren, D., & Smith, W. (2001). Stability of the fusarium mycotoxins nivalenol, deoxynivalenol and zearalenone
in ground maize under typical cooking environments. Food Addit. Contam., 18:1011-1016.

8. Abramson, D, Clear, R, Gaba, D, Smith, D., Patrick, S., & Saydak, D. (2001). Trichothecene and moniliformin
production by fusarium species from western canadian wheat. ]. Food Prot., 64:1220-1225.

9. Fink-Grernmels, J. (1999). Mycotoxins: their implications for human and animal health. Vet. Q., 21:115-120.

10. Foroud, N.A, Baines, D., Gagkaeva, T.Y., Thakor, N., Badea, A, Steiner, B., Burstmayr, M., &Burstmayr, H. (2019).
Trichothecenes in cereal grains-an update. Toxins., 11:634.

11. Reyes-Velazquez, W.P., Anguiano-Sevilla, C.N.,, Anguiano-Estrella, R., & Rojo, F.G. (2018). Association of acute
equine leukoencephalomalacia (ELEM) with fumonisins concentrations in corn stover in an outbreak in the state
of Jalisco, Mexico. Austral |. Vet. Sci., 50:111-113.

12. Ropejko, K., & Twaruzek, M. (2021). Zearalenone and its metabolites-general overview, occurrence, and toxicity.
Toxins., 13:35.

13. Radic, B.D., Kos, ].J., Kocic-Tanackov, S.D., Janic-Hajnal, E.P., & Mandic, A.l. (2019). Occurrence of moniliformin in
cereals. Food Nutr. Res., 46:149-159.

14. Thapa, A., Horgan, K.A,, White, B., & Walls, D. (2021). Deoxynivalenol and zearalenone-synergistic or antagonistic
agri-food chain co-contaminants? Toxins., 13:561.

15. Keese, C., Meyer, U, Rehage, J., Spilke, ], Boguhn, ], Breves, G., & Danicke, S. (2008). Ruminal fermentation
patterns and parameters of the acid base metabolism in the urine as influenced by the proportion of concentrate
in the ration of dairy cows with and without fusarium toxin-contaminated triticale. Arch. Anim. Nutr., 62:287-
302.

16. [16]. Pae, H.O., Oh, G.S, Choi, B.M,, Seo, E.A, Oh, H,, Shin, MK, Kim, T.H., Kwon, T.0., & Chung, H.T. (2003).
Induction of apoptosis by 4-acetyl-12, 13-epoxyl-9-trichothecene-3, 15-diol from isaria japonica yasuda through
intracellular reactive oxygen species formation and caspase-3 activation in human leukemia hl-60 cells. Toxicol.
In Vitro., 17:49-57.

17. Rocha, O., Ansari, K,, & Doohan, F.M. (2005). Effects of trichothecene mycotoxins on eukaryotic cells: a review.
Food addit. Contam., 22:369-378.

18. Sundstol Eriksen, G. (2003). Metabolism and toxicity of trichothecenes. A doctoral thesis, swedish university of
agricultural sciences, uppsala.

19. Dutton, M.F. (1996). Fumonisins, mycotoxins of increasing importance: their nature and their effects. Pharmacol.
Ther., 70:137-161.

20. Kamle, M., Mahato, D. K,, Devi, S,, Lee, K. E,, Kang, S. G., & Kumar, P. (2019). Fumonisins: impact on agriculture,
food, and human health and their management strategies. Toxins., 11:328.

21. Li, Y.C, Ledoux, D.R.,, Bermudez, AJ., Fritsche, K.L., & Rottinghaus, G.E. (2000). The individual and combined
effects of fumonisin b1 and moniliformin on performance and selected immune parameters in turkey poults.
Poult. Sci., 79:871-878.

22. Chuy, F, & Lij, G. (1994). Simultaneous occurrence of fumonisin b1 and other mycotoxins in moldy corn collected
from the people's republic of china in regions with high incidences of esophageal cancer. Appl. Environ.
Microbiol., 60:847-852.

BEPLS Special Issue [1] 2022 25|Page ©2022 AELS, INDIA



23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.
44,

45.

46.

47.

48.

49.

50.

51.

52.

Naik et al

Wang, E., Norred, W.,, Bacon, C, Riley, R., & Merrill Jr, AH. (1991). Inhibition of sphingolipid biosynthesis by
fumonisins. Implications for diseases associated with fusarium moniliforme. J. Biol. Chem., 266:14486-14490.
Marasas, W. (2001). Discovery and occurrence of the fumonisins: a historical perspective. Environ. Health
Perspect,, 109:239-243.

Liu, J., & Applegate, T. (2020). Zearalenone (ZEN) in livestock and poultry: dose, toxicokinetics, toxicity and
estrogenicity. Toxins., 12:377.

Ji, F., He, D., Olaniran, A.O., Mokoena, M.P., Xu, J., & Shi, ]. (2019). Occurrence, toxicity, production and detection of
Fusarium mycotoxin: a review. Food Prod. Process. and Nutr., 1:6.

Diekman, M.A., & Green, M.L. (1992). Mycotoxins and reproduction in domestic livestock. J. Anim. Sci., 70:1615-
1627.

Pfohl-Leszkowicz, A., Chekir-Ghedira, L., & Bacha, H. (1995). Genotoxicity of zearalenone, an estrogenic
mycotoxin: DNA adduct formation in female mouse tissues. Carcinogenesis., 16:2315-2320.

Etienne, M., & Dourmad, ].Y. (1994). Effects of zearalenone or glucosinolates in the diet on reproduction in sows:
areview. Livest. Prod. Sci., 40:99-113.

Minervini, F., & Dell'Aquila, M.E. (2008). Zearalenone and reproductive function in farm animals. Int. J. Mol. Sci.,
9:2570-2584.

Radic, B.D,, Kos, ].J., Kocic Tanackov, S.D., Janic Hajnal, E.P., & Mandic, A.l. (2019). Occurrence of moniliformin in
cereals. Food Feed Res., 46:149-159.

[32]. Fremy, ].M., Alassane-Kpembi, 1., Oswald, L.P., Cottrill, B.,, & Van Egmond, H. (2019). A review on combined
effects of moniliformin and co-occurring fusarium toxins in farm animals. World Mycotoxin ]., 12:281-291.

Li, Y., Ledoux, D., Bermudez, A, Fritsche, K., & Rottinghaust, G. (2000). Effects of moniliformin on performance
and immune function of broiler chicks. Poult. Sci., 79:26-32.

Knasmuller, S., Bresgen, N., Kassie, F., Mersch-Sundermann, V., Gelderblom, W., Zohrer, E., & Eckl, P.M. (1997).
Genotoxic effects of three fusarium mycotoxins, fumonisin B1, moniliformin and vomitoxin in bacteria and in
primary cultures of rat hepatocytes. Mutat.Res., 391:39-48.

Deruiter, J., Jacyno, ].M,, Cutler, H., & Davis, R.A. (1993). Studies on aldose reductase inhibitors from fungi. II.
moniliformin and small ring analogues. ] Enzyme Inhib., 7:249-256.

Reams, R, Thacker, H., Novilla, M, Laska, D, Horn, ], Harrington, D., Greenlee, W., & Vesonder, R. (1996).
Development of an L6 myoblast in vitro model of moniliformin toxicosis. Mycopathologia., 1996;133:105-14.
Dombrink-Kurtzman, M.A,, Javed, T., Bennett, G.A,, Richard, ]J.L., Cote, L.M. Buck, W.B. (1993). Lymphocyte
cytotoxicity and erythrocytic abnormalities induced in broiler chicks by fumonisins B 1 and B 2 and
moniliformin from fusarium proliferatum. Mycopathologia., 124:47-54.

[38]. Knutsen, H.K,, Alexander, ]., Barregard, L., Bignami, M., & Bruschweiler, B. (2018). Risks to human and
animal health related to the presence of moniliformin in food and feed. EFSA J. 16:e05082.

Selim, M. E,, & El-Gammal, N. A. (2015). Role of fusaric acid mycotoxin in pathogensis process of tomato wilt
disease caused by Fusarium oxysporum. J. Bioprocess. Biotech., 5:255.

Kim, D, Park, G.B., & Hur, D.Y. (2014). Apoptotic signaling through reactive oxygen species in cancer cells. World.,
3.

Kuznetsov, A.V,, Margreiter, R.,, Amberger, A,, Saks, V., & Grimm, M. (2011). Changes in mitochondrial redox state,
membrane potential and calcium precede mitochondrial dysfunction in doxorubicin-induced cell death. Biochim.
Biophys. Acta Mol. Cell Res., 1813:1144-1152.

MacGillivray, D.M., & Kollmann, T.R. (2014). The role of environmental factors in modulating immune responses
in early life. Front. immunol,, 5:434.

Morrison, D.K. (2012). MAP kinase pathways. Cold Spring Harb. Perspect. Biol. 4:a011254.

Pavlovkin, J., Mistrik, 1., & Prokop, M. (2004). Some aspects of the phytotoxic action of fusaric acid on primary
ricinus roots. Plant Soil Environ., 50:397-401.

Hai, Y., Chen, M., Huang, A, & Tang, Y. (2020). Biosynthesis of mycotoxin fusaric acid and application of a PLP-
dependent enzyme for chemoenzymatic synthesis of substituted l-pipecolic acids. ]. Am. Chem. Soc.,142:19668-
19677.

Yin, E.S., Rakhmankulova, M., Kucera, K., de Sena Filho, ]J.G,, Portero, C.E., Narvaez-Trujillo, A, Holley, SA, &
Strobel, S.A. (2015). Fusaric acid induces a notochord malformation in zebrafish via copper chelation. Biometals.,
28:783-789.

Kollarczik, B., Gareis, M., & Hanelt, M. (1994). In vitro transformation of the fusarium mycotoxins deoxynivalenol
and zearalenone by the normal gut microflora of pigs. Nat. Toxins., 2:105-110.

Miles, C.0., Erasmuson, A.F., Wilkins, A.L., Towers, N.R., Smith, B.L., Garthwaite, 1., Scahill, B.G. & Hansen, R.P.
(1996). Ovine metabolism of zearalenone to a-zearalanol (zeranol). ]. Agric. Food Chem., 44:3244-3250.

Liu, J., & Applegate, T. (2020). Zearalenone (ZEN) in livestock and poultry: dose, toxicokinetics, toxicity and
estrogenicity. Toxins., 12:377.

Brake, ], Hamilton, P., & Kittrell, R. (2000). Effects of the trichothecene mycotoxin diacetoxyscirpenol on feed
consumption, body weight, and oral lesions of broiler breeders. Poult. Sci., 79:856-863.

Fromentin, R., Majeau, N., Gagne, M.E.L,, Boivin, A.,, Duvignaud, ].B., & Leclerc, D. (2007). A method for in vitro
assembly of hepatitis C virus core protein and for screening of inhibitors. Anal. Biochem., 366:37-45.

Bilgrami, K.S, & Choudhary, AK. (1998). Mycotoxins in preharvest contamination of agricultural crops.
Mycotoxins in Agriculture and Food Safety: CRC Press, p.19-62.

BEPLS Special Issue [1] 2022 26|Page ©2022 AELS, INDIA



53.

54.

55.
56.

57.

Naik et al

Mwalwayo, D.S., & Thole, B. (2016). Prevalence of aflatoxin and fumonisins (B1+B2) in maize consumed in rural
Malawi. Toxicol. Rep., 3:173-179.

Hussein, H.S., & Brasel, ].M. (2001). Toxicity, metabolism, and impact of mycotoxins on humans and animals.
Toxicology., 167:101-134.

Zain, M.E. (2011). Impact of mycotoxins on humans and animals. ]. Saudi Chem. Soc., 15:129-144.

Piotrowska, M., Slizewska, K., & Biernasiak, ]J. (2013). Mycotoxins in cereal and soybean-based food and feed.
Brazil: Soybean-Pest Resistance, 185-230.

Mathur, S., Constable, P.D., Eppley, R.M., Waggoner, A.L, Tumbleson, M.E., & Haschek, W.M. (2001). Fumonisin
B(1) is hepatotoxic and nephrotoxic in milk-fed calves. Toxicol. Sci., 60:385-396.

CITATION OF THIS ARTICLE
R A Naik, R K Koiri, ] D AhiEmerging fusarium mycotoxins and their toxicological effects on mammals. Bull.
Env.Pharmacol. Life Sci., Spl Issue [1] 2022 : 20-27

BEPLS Special Issue [1] 2022 27|Page ©2022 AELS, INDIA



BEPLS Special Issue [1] 2022 28|Page ©2022 AELS, INDIA



