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ABASTRACT

Mycotoxins are naturally occurring secondary fungal metabolites capable of producing toxic
effects in humans and animals. The complexion of toxic effects of mycotoxins depend on the
chemical structure of the toxin, duration of exposure, and concentration present in food/feed. The
most studied mycotoxins are aflatoxins, trichothecenes, zearalenone, and fumonisins. Animals
exposed to low levels of mycotoxins show signs of reduced feed intake and weight gain, decreased
immunity and overall productivity leading to economic losses. Different physical, chemical, and
biological methods to prevent mycotoxicosis in animals have been reported but practical and cost-
effective methods for efficiently decontaminating mycotoxins containing feedstuffs are currently
not available. The addition of non-nutritive inert adsorbents in feeds contaminated with low levels
of toxins have shown to sequester mycotoxins and reduce their gastrointestinal absorption.
Aluminosilicates owing to their cation exchange capacity are favorable mycotoxin adsorbent in
animal feeds contaminated with low levels of toxins. Most of the aluminosilicates tested in-vitro
and in-vivo have shown high adsorption against aflatoxins. However, aluminosilicates are not good
adsorbent of mycotoxin other than aflatoxins, especially trichothecenes and zearalenone. Newer
adsorbents derived from cell wall of the yeast Saccharomyces cerevisiae and lactic acid bacteria
have shown effective binding of Fusarium toxins in-vitro. Similarly, microorganisms from rumen
of cattle, intestine of pigs and chickens, and some soil bacterium have shown effective bio-
transformation activities against Fusarium toxins. Further animal studies using newer adsorbents

or mycotoxin modifiers are needed to demonstrate mycotoxin removal capabilities in-vivo.
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1. Silicates and Aluminosilicates

Mother earth is composed of 92 different elements. The inner core is believed to be composed of
metallic iron alloyed with elements especially nickel, cobalt, carbon, and sulphur originating from
a meteorite. The mantle is composed of silicates and oxides of the common elements like
magnesium, aluminum, calcium, iron. The crust is composed of complex patterns of rocks with
diverse chemical and mineralogical compositions i.e., igneous, sedimentary, and metamorphic.
The crust also consists of compounds of oxygen mainly silicates and aluminosilicates of iron,
calcium, magnesium, and alkali metals. Moreover, crust contains a small number of other elements

and organic matter which supports flora and fauna.

1.1 Silicates

Silicates are compounds of silicon and oxygen; the most abundant elements found on the earth and
constitute approximately 90 % of earth’s crust. The basic chemical unit of silicate is SiO4* and
exists as a tetrahedron shaped anionic group. The central silicon ion has 4 positive charges and
each oxygen has 2 negative charges. Thus, each silicon-oxygen bond is equal to %2 (one half) the

total bond energy of oxygen.

SIO ¢+

Fig 1: A silicate SiO4™ tetrahedral structure. Source: (Nelson).

This charge imbalance condition allows the oxygen to bind with another silicate ion and link one

SiO4* tetrahedron to another and many more allowing to form chains, sheets, rings, and framework



structures. Since silicates are electrically negative, they tend to combine with other elements

especially alkali and alkali earth elements (cations) to form electrically neutral species.

1.2 Aluminosilicates

Aluminum is the third most abundant element present in earth’s crust after oxygen and silicon.
Silicates tend to form an electrically neutral complex by reacting with aluminum and other metals
present in earth’s crust forming aluminosilicates. Basically, aluminosilicates are compounds
consisting oxides of silicon, aluminum and other elements present in earth’s crust. Two types are
most abundant depending on the different arrangement of atoms and molecules: phyllosilicates

and tectosilicates.

1.2.1 Phyllosilicates

Phyllon in Greek means leaf. Phyllosilicates are leaf-like or layered or sheets of aluminosilicates.
They are generally soft and have low specific gravity. Their structure is based on interconnected
six-member rings of SiO4™ tetrahedra which extends outwards in infinite sheets. Three oxygen
from each tetrahedron is shared with other tetrahedra giving the basic structural unit of Si2Os?.
Most of the phyllosilicates contain a hydroxyl OH" ion situated in the center of 6 membered rings.
The hydroxyl ion helps to bond with other cations in octahedral coordination. This gives rise to
layers of cations- most often iron, magnesium, or aluminum that occur in octahedral coordination
with the oxygen and hydroxyl ions of the tetrahedral layer. Several phyllosilicates exist in nature

and have the diverse use.

Table 1: Important phyllosilicate minerals.

Mineral group Chemical formula

Serpentine group
Antigorite, Chrysotile, Lizardite | MgzSi2Os(OH)4

Clay mineral group
Kaolinite Al2Si,05(0H)4




Talc Mg3SisO10(OH):

Pyrophyllite Al2Si4010(OH)2

Mica group

Muscovite KAI2(AlISi3010) (OH)2

Phlogopite KMg3(AlSi3O10) (OH)2

Biotite K (Mg, Fe)3(AlSiz010) (OH).

Lepidolite K (Li, Al)2-3(AlSi3010) (OH):2

Margarite CaAlz(Al2Si2010) (OH)2

Chlorite group

Chlorite (Mg, Fe)s (Al, Si)4010(OH)2 . (Mg, Fe)3(OH)s

Several other phyllosilicates exist outside the classification given above. They are bentonites,
montmorillonites, kaolinites, smectites, illites, and hydrated sodium calcium aluminosilicate.
Phyllosilicates have the plastic properties when wet and harden when dried or fired. The small
particle size of clay material provides this function. Mankind has been using phyllosilicates
belonging to clay mineral groups to make ceramics for centuries. Millions of tons of phyllosilicates
are used each year across the globe for various industrial and domestic purposes such as ceramics,
pharmaceuticals, cosmetics, foods, beverages, composites, buffer material for long-term nuclear

waste disposal, drilling fluids, and catalysis.

Phyllosilicates are widely used in pharmaceutical and cosmeceutical industries as excipients owing
to their micrometer size particles, inertness, stability, flow properties, specific reactivity, and
adsorption capability. Excipients are inactive substances which provide varied and specialized
pharmaceutical and cosmeceutical functions. They are formulation additives used as a solubilizer,
suspending, thickening, emulsifying, isotonic and flavoring agents, disintegrants, diluents, binders,
pigments, and carriers for active drug substances. Palygorskite, sepiolite, kaolinite, talc,
montmorillonite, saponite, and hectorite are used as excipients. Some phyllosilicates are used in
geophagy, the practice of eating clay minerals (Wilson 2003). Recently, clay minerals such as Fe-
smectite (French green clay) has been found to have antibacterial properties (Williams & Haydel
2010).



1.2.2 Tectosilicates

Tectosilicates are framework silicates that extend through an interlocking 3-dimensional network
of covalent bonds and thus are stable and hard. All the 4 oxygens of SiO4* tetrahedra are shared
with other tetrahedra giving rise to 1:2 ratio between silicon and oxygen. Each individual
tetrahedron is linked to four others. Tectosilicates comprise about 64% of earth’s crust. Variety of
tectosilicate minerals exist in the earth for example quartz, feldspar, feldspathoids, zeolites, and

many more.

1.2.3 Zeolites

The term ‘Zeolite’ (zeo = boil; lithos = stone in greek) was introduced by Swedish mineralogist
Alex F. Cronstedt in 1756 for certain silicate minerals. Zeolites are widespread in nature and
stilbite, a natural zeolite was first discovered by Cronstedt in 1756. Natural zeolite is known to
mankind for more than two thousand years and has been used as a building material since Roman

times.

Zeolites have been defined by (Chairman et al. 1998) as ‘a crystalline substance with a structure
characterized by a framework of linked tetrahedra, each consisting four oxygen atoms surrounding
a cation. This framework contains open cavities in the form of channels and cages. These are
usually occupied by water molecules and extra-framework cations that are commonly
exchangeable. The channels are large enough to allow the passage of guest species. In the
hydrated phases, dehydration occurs at temperatures mostly below about 400 °C and is largely
reversible. The framework may be interrupted by (OH, F) groups: these occupy a tetrahedron apex

that is not shared with adjacent tetrahedra’.

Zeolites are crystalline, microporous, hydrated aluminosilicates of alkali and alkaline earth cations
having an infinite, open 3-dimensional structure (Mumpton 1999). Like other tectosilicates,
zeolites are formed by a continuous network of oxygen-sharing SiO4* or AlOs* tetrahedra. At
some places in the tetrahedral AI** replace Si** and thus the zeolite framework becomes negatively
charged. Loosely held cations (extra framework cations) such as Na*, K*, Mg™ and Ca*" reside

within the cavities provide electro neutrality to the zeolite. The framework structure contains large



pores or interconnected channels that are occupied by cations, such as NH4* and water molecules.
Some of those cations are open to cation exchange and can interact reversibly with polar molecules.
The ion exchange process in the zeolite is reversible, allowing for adsorption of ions and
molecules. This property has made zeolites useful as filters for dust, toxin removal and as chemical
sieves (Pavelic & Hadzija 2003).

In nature, zeolites are found in volcanogenic sedimentary rocks and are thought to be formed by
the dissolution of volcanic ashes and magmas and their precipitation to micrometer size crystals.
Zeolites are formed as result of slow to fast cooling of warm to hot magmas, which are basic,
oversaturated in silicate and aluminate species and contain alkaline and/or alkali earth cations.
Magmas may originate from a volcano or from the interaction of warm to hot fluids with loose
volcanic materials, usually fine ashes, deposited in more or less far times as a product of volcanic
eruptions (Cejka 2005). The basic character of magma favors the tetrahedral coordination of
aluminum, which contributes with silicon to the formation of zeolite framework. Zeolites are
concentrated in massive formations, called tuff deposits, from which they can be excavated and
after suitable processes, utilized. Tuff deposits are widely spread in numerous locations all over
the world and new reserves are being discovered continuously. Zeolite tuffs basically are rocks
containing various crystalline and amorphous phases along with zeolites. The main parameter
determining nature of the formed zeolites and other phases is the silicon content of the rock. High
silicon content give rise to siliceous zeolites such as clinoptilolite, ferrierite, and mordenite,
whereas intermediate silica content leads to the formation of less siliceous zeolites like analcime,

chabazite, phillipsite.

The general chemical composition of zeolite is:

M n wn Si1x Alx Oz . yH20

Where, M = Na*, K*, Li*, Ag*, NHs*, H*, Ca**, Ba**, etc...

Zeolites can be differentiated from other tectosilicates depending on tetrahedral density, i.e.
number of Si or Al atoms in 1000 A3, For zeolites, tetrahedral density is between 12 and 20 whereas
for other tectosilicates it is higher than 20 Si or Al / 1000 A3, The factor that distinguishes zeolite

from other porous materials is their variety of pore sizes and shapes.



Table 2: Examples of important natural and synthetic zeolites. Adapted from (Mumpton 1999).

Zeolite Representative chemical formula Void volume, % | Cation exchange
capacities, CEC
meqg™*

Analcime Naio(Al16Siz2096). 16H20 18 4.54

Chabazite (Na2Ca)s(Al12Si24072). 40H-.0 47 3.84

Clinoptilolite | (NasKs) (AleSiz072). 24H.0 34 2.16

Erionite (NaCao sK)9(AlsSi27072). 27H20 35 3.12

Faujasite (Nasg) (AlsgSi1340384). 240H.0 47 3.39

(Synthetic)

Ferrierite (Na2Mgz) (AleSiz072). 18H20 28 2.33

Heulandite (Cas) (AlsSizsOr2). 24H20 39 2.91

Laumonitte | (Cas) (AlgSi1e0sg). 16H20 34 4.25

Mordenite (Nas) (AlgSi40gs). 24H,0 28 2.29

Phillipsite (NaK)s(AlsSi11032). 20H0 31 3.31

Linde A (Naz2) (Al12Si12048). 27H.0 47 5.48

(Synthetic)

Linde X (Nasgs) (AlgsSi1060384). 264H20 50 4.73

(Synthetic)

Easy exchange of extra-framework cations at relatively low temperature is a typical feature of

zeolites and zeolitic behavior but varies from species to species (Chairman et al. 1998). Natural

zeolites contain silicon and aluminum with a molar ratio of Si/Al around 2-5. Because of this, they

have superior selectivity and stability characteristics. Their surface is highly selective for water,

polar, and polarizable molecules which serve as the basis for their application as adsorbents and

ion exchangers (Ribeiro 2012). At least 61 different natural minerals exhibiting zeolitic behavior

have been identified and reviewed (Cejka 2005; Chairman et al. 1998). Zeolite synthesis started in

the early 1950s. Synthetic zeolites are more expensive than natural ones and also find wide

industrial applications (Sherman 1999) and are outside the scope of this review.




2. Mycotoxins contamination of feedstuffs and their biological
effects

Mycotoxins are naturally occurring, non-volatile, relatively low molecular weight, and toxic
secondary metabolites produced by filamentous fungi or molds as the product of primary metabolic
processes (Calvo et al. 2002; Moss 1991). Mycotoxins have no biochemical importance in fungal
growth and their development and are thought to be produced by the fungus as a defense
mechanism against insects, microorganisms, nematodes, animals, and humans. Food plants are
prone to fungi infiltration under stress conditions such as draught or over-irrigation, insect/bird
damage, pesticides and fungicides exposure. The spectrum of mycotoxins produced depends on
physical factors (moisture, relative humidity, temperature) and chemical factors (oxygen, carbon
dioxide, and composition of the substrate). Moisture and temperature are the major factors
influencing mould growth and mycotoxin production. More than 400 different mycotoxins
produced by 350 species of fungi can be found in literature. However, in animal feeds only small
number of toxins produced by three main genera of fungi Aspergillus, Penicillium, and Fusarium
are of importance (Kuhn & Ghannoum 2003).

Aguaculture feeds have undergone a huge change in the source of protein over the last decade.
Marine-based proteins, fish meal (FM) are replaced with less expensive and abundantly available
plant-based proteins which have increased the risk of contamination of feeds with mycotoxin
(Binder 2007). Plants ingredients are contaminated by mycotoxins either through fungi growing
as pathogens on plants or growing saprophytically on stored grains (Glenn 2007). Mycotoxins are
chemically stable and once produced in feedstuffs will continue to contaminate the products
manufactured using contaminated feedstuff. Variety of feed ingredients used in aquaculture such
as; cottonseed, peanuts, corn, rice, wheat, soybeans, dried fish, shrimp and fish meals have been

found to be contaminated frequently.

Approximately more than 25 % of global crop production is contaminated with one or more type
of mycotoxins and is main risk factor affecting human and animal health and is responsible for the
significant economic loss (Rodrigues et al. 2011). These economic losses are shared by all

members of crop producers, crop processors, animal producers, grain handlers and distributors,



and last but not least by the consumers in society (Rodrigues et al. 2011). Major fungi and

mycotoxins affecting animal health and economy around the world are presented in Table 3.

Table 3: Fungi and mycotoxins of economic importance. Adapted from (Fokunang et al. 2006).

Fungal species

Mycotoxin

Aspergillus parasiticus

Aflatoxins B1, B2, G1, G2

A. flavus

Aflatoxins B1, B2

Fusarium graminearum, F. roseum

Deoxynivalenol, Zearalelone

F. moniliforme Fumonisin B1

F. Sporotrichioides T2-toxin

Penicillium verrucosum, F. poae, F. tricintum | Ochratoxin A

Aspergillus ochraceous, A. paraciticus, Ochratoxin A

A. niger
P. rubrum Rubratoxin
P. islandicum Yellow rice toxin

Contamination of food chain by mycotoxins result in serious health problems in humans and
animals as they are toxic in low concentrations. Mycotoxicosis or diseases caused by mycotoxins
may vary from acute toxicity to chronic health-related problems. Transmission of mycotoxin/s to
host animal occurs via ingestion of contaminated article but can also occur by inhalation and
dermal contact with toxins. Exposure to mycotoxins (humans and animals) results directly via
consumption of contaminated cereals. Moreover, humans can also be exposed indirectly via
consumption of animal products like meat, milk, and eggs since a significant number of
mycotoxins and their metabolites are carried over to animal products (Bennett 1987; Kuiper-
Goodman 1991).



Ergotism, a kind of mycotoxicosis caused by consumption of cereals contaminated with fungus
Claviceps purpurea is known to humanity since historic times. Systemic research on mycotoxins
started only after 1960 when around 100000 turkeys died on a farm in England from acute necrosis
of liver and hyperplasia of the bile duct after consumption of contaminated peanut meal. Later it
was found that peanut meal imported from Brazil was contaminated with aflatoxins from A. flavus.
In the early 1960s it was reported that rainbow trout fed diet formulated using contaminated peanut
and cottonseed meal showed signs of liver cancer (Wolf & Jackson 1963). Subsequently, it was
found that mycotoxins can cause diverse nature of illness in humans and animals including acute

toxicity (or death), and chronic effects like immunosuppression, carcinogenicity, teratogenicity,

mutagenicity, and estrogenicity (Peraica et al. 1999; Pier et al. 1980; Richard 2007; van Egmond
et al. 2007).

Fig 2: Aspergillus contaminated peanuts. Source: (Kooijmans)

The impact of mycotoxin on health of animals is influenced by the type of mycotoxin; amount and
duration of exposure; age, sex, and nutritional condition of individual animal; and presence of
other mycotoxins Animals consuming mycotoxin contaminated diets show signs like: reduced
feed intake, feed refusal, poor feed conversion, less body weight gain, higher incidence of diseases,

9



reduced fertility, and increased mortality all of which leads to health problems and economic losses
(Fink-Gremmels & Malekinejad 2007; Morgavi & Riley 2007; Pestka 2007; Wu 2006).
Mycotoxins belonging to Aspergillus and Fusarium genus are the most potent, most studied and
widespread contaminant of foods and feed around the world and will be focused in this review.

2.1 Aflatoxins

Aflatoxins are colorless to pale-yellow crystals that intensely fluoresce under UV light. They are
very slightly soluble in water, insoluble in non-polar solvents, and freely soluble in moderately
polar solvents such as chloroform, methanol, and dimethyl sulfoxide. Aflatoxins are a group of
nearly 20 related fungal metabolites (polysubstituted bisfuranocoumarins). These toxic secondary
metabolites are produced mainly by the fungus A. flavus and A. parasiticus. A. flavus is more
widespread in tropical climates whereas A. parasiticus is less widely distributed and
geographically confined to south-east Asia. A. flavus is not so common in cold temperate climates
except in foods/feeds imported from tropical countries. Most infected food commodities are maize,
peanuts, and cottonseed. Also, different spices and some tree nuts are found to be contaminated.

Low levels are found in all of major foods/feeds including, fish and meat meals (IARC ; Pitt 1993).

Fig 3: Aflatoxin infected maize. Source: (Schmidt).
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Aflatoxins are produced by the fungus during production, harvest, storage, and food processing
and are considered as an unavoidable contaminant of foods. There are four main aflatoxins: B1,
B2, G1, and G2, with letters indicating the color produced by individual toxin under ultraviolet
light (blue or green) and the numbers indicate their relative distance on a thin layer
chromatographic plate (Klich 2007). A. parasiticus is reported to produce all of four main toxins
whereas A. flavus producing only B1 and B2. Among all the aflatoxins, Aflatoxin B1 is the most
common form and the most potent of all (Eaton & Groopman 2013). Aflatoxin M1 (fluoresces
blue-violet in UV light) and M2, the hydroxylated toxic metabolite of aflatoxin B1 & B2
respectively are secreted in human and animal milk and found in a variety of dairy products all
over the world (Galvano et al. 1996). Moreover, low levels of aflatoxins and its metabolites are
found in poultry products like eggs and meat of birds consuming contaminated diets (Chen et al.
1984). Apart from above-mentioned metabolites, several others including aflatoxicol are reported
in literature (Fernandez et al. 1997; McLean & Dutton 1995).

Aflatoxicosis or poisoning caused by aflatoxins may cause a range of clinical problems which
largely depend on dose and duration of exposure to toxins. Large doses lead to severe acute
intoxication or death resulting from severe liver damage whereas chronic sub-acute doses may
have nutritional and immunological consequences. Either in large or small doses, exposure to
aflatoxins increases the risk of cancer in humans and food animals (Williams et al. 2004).
Aflatoxins are genotoxic. It binds to chromosomes leading to genetic changes in target cells.
Aflatoxins can impair protein synthesis and interfere with normal production of cellular regulators.
However, the proper mechanism of aflatoxicosis is not understood yet. Aflatoxins are extremely
toxic, carcinogenic, mutagenic, teratogenic, and immunosuppressive compounds. Owing to its
carcinogenicity, International Agency for Research on Cancer (IARC) has classified aflatoxins as
Group 1 human carcinogens. Aflatoxins have shown carcinogenicity in many animal species
including, nonhuman primates, rodents, fish, and many food animals (Eaton & Groopman 2013;
Santacroce et al. 2008).

In humans, aflatoxicosis is more prevalent in developing and poor countries. Aflatoxins are found
to play an important role in modifying risk of liver cancer with individuals previously infected
with Hepatitis B or Hepatitis C virus. In a study with human subjects, it was found that aflatoxin

exposure increases risk of liver cancer by many folds in individuals previously infected with
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hepatitis B virus (IARC ; Qian et al. 1994). It was also found that children suffering from protein-
energy malnutrition in poor countries are exposed to high levels of aflatoxins in their life (Ramjee
et al. 1992). Similarly, aflatoxins are reported to cause jaundice in neonates and are present in
human breast milk, umbilical cord, and variety of body fluids including, semen which may be
cause of infertility in males (Hendrickse 1999; Ibeh et al. 1994; Maxwell 1998). Most recent
human aflatoxicosis was reported from Kenya in June 2004. 180 people had been hospitalized
after consumption of contaminated corn with symptoms of liver failure, yellow eyes, vomiting and
bleeding from the nose. Eight of them died from acute poisoning. There are reports claiming that
4.5 billion people living in developing countries are chronically exposed to uncontrolled amount
of aflatoxins (Williams et al. 2004).

In food animals: chick embryos, goslings, ducklings, turkeys, and fishes are most sensitive to
aflatoxin exposure. Chickens exposed to as low as 0.2-1 ppm of aflatoxins in diets have shown
signs like poor growth rate, reduced feed conversion, decrease in egg production, liver damage,
bile duct proliferation, and decreased resistance to infectious diseases (Smith & Hamilton 1970).
Among fishes, it was found that species of warm-water (channel catfish, tilapia) are more resistant
to aflatoxins than species of cold-water (trout) (Manning et al. 2005). Rainbow trout fed a diet
containing 0.4 ppb aflatoxin B1 for 15 months had 14 % incidence of liver cancer (Lee et al. 1968).
Similarly, rainbow trout fed a diet containing 20 ppb aflatoxin B1 for 8 months showed 58 %
incidence of liver cancer whereas when fed for 12 months they showed 83 % incidence
(Schoenhard et al. 1981). Salmon species are more resistant towards aflatoxins compared to
rainbow trout. When both species were fed diet containing 20 ppb aflatoxin B1, trout showed 96

% incidence of liver cancer whereas 0 % salmon were affected (Coulombe Jr et al. 1984).

Nile tilapia responds to aflatoxins in dose-dependent manner. Tilapias fed a diet containing higher
dose i.e. 1.88 mg aflatoxin B1/kg feed showed the reduction in growth rate whereas when fed 0.94
mg aflatoxin B1/kg feed showed no changes (Chavez-Sanchez et al. 1994). Precancerous liver
lesions were observed in tilapias consuming higher dose but there were no signs of liver cancer in
fishes eating lower dose. Genotoxic, mutagenic, carcinogenic, reproductive and immune effects of
aflatoxins in aquatic species has been reviewed (Anater et al. 2016; Jantrarotai & Lovell 1990;

Sahoo et al. 2001; Santacroce et al. 2008; Tuan et al. 2002). The increase in understanding and
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awareness of aflatoxicosis and their effects on humans and animals has helped the establishment

of limits and regulations for aflatoxins in feed.

Table 4: Maximum limit of aflatoxins in animal feeds (EC 2002).

Mycotoxin Products intended for animal feed Maximum limit
mg/kg (ppm)
Aflatoxin Bz All feed materials 0.02
Complete feed for cattle, goat, and sheep 0.02
Complete feed for diary animals 0.005
Complete feed for calves and lambs 0.01
Complete feed for pigs and poultry (except young 0.02
animals)
Complementary feed for cattle, sheep, and goats (except 0.02
for diary animals, calves, and lambs)
Complementary feed for pigs and poultry (except young 0.02
animals)
Other complementary feeds 0.005

2.2 Fusarium mycotoxins

Mycotoxins produced by Fusarium genus of fungi are major plant pathogen and cause a huge loss
in yields throughout the world. The toxin-producing species cause head blight in wheat and barley,
ear rot in maize and to lesser extent contaminate oats, sorghum, soybeans, millet, rye, and rice.
The contamination of grains with Fusarium toxins has the significant impact on human and animal
health. The most prevalent and toxic Fusarium toxins are: trichothecenes (TCTSs), zearalenone

(ZEN), fumonisins (FB1 and FB2), moniliformin.

2.2.1 Trichothecenes
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Trichothecenes are a family of structurally related more than 180 compounds (tetracyclic
sesquiterpenoid) produced by Fusarium, Stachybotrys, and other moulds growing in grains. TCTs
are colourless, optically active, non-volatile compounds and are resistant to degradation by light
and temperature and are deactivated under strongly acidic or alkaline conditions. All
trichothecenes contain an epoxide group responsible for toxicological activity at the C12,13 position
(Sudakin 2003). According to the functional group, four classes of trichothecenes exists. But only
toxins of type A and B are produced by Fusarium species. The type A consists of T-2 toxin, HT-
2 toxin, neosolaniol (NEO), and deacetoxyscirpenol (DAS), while type B includes deoxynivalenol
(DON or vomitoxin), its 3-acetyl and 15-acetyl derivatives, nivalenol (NIV), and fusarenon-X
(Placinta et al. 1999). Type A toxins are primarily produced (post-harvest) by F. sporotrichioides
and F. poae, whereas Type B toxins are produced (pre-harvest) by F. graminearum and F.
culmorum. Environmental conditions such as temperature, humidity, and growth substrate

influence the production of toxins.

Dietary ingestion is the most common route of human and animal exposure to trichothecenes.
TCTs are routinely detected in agricultural commodities such as corn, wheat, rice, rye, barley, oats,
other cereals, vegetables, and forages. Moreover, they are detected at low levels in certain
commercial foods/beverages such as beer, fermented beverages, breakfast cereals, bread, and
related products. Cereals are the most common feed stuff and farm animals are likely to consume
the high amount of toxins and are worst affected. Trichothecenes are rapidly absorbed, metabolized
and excreted from the animals with little or no accumulation in any specific organs. So, the risk of
transfer of toxins to animal tissues and ultimately to humans via animal-derived products is of less
importance (Beasley & Lambert 1990; Eriksen 1998).

2.2.2 T-2and HT-2 Toxin

T-2 and the closely related HT-2 toxins are most acutely toxic members of trichothecenes family.
These toxins can cause nausea, vomiting, diarrhea, lethargy, weight loss, hemorrhage,
immunosuppression, necrosis, damage of cartilaginous tissues, apoptosis, and death (Fairhurst et
al. 1987). T-2 toxin is considered the main cause of alimentary toxic aleukia (ATA), a human
disease characterized by leukopenia, agranulocytosis, necrotic angina, a haemorrhagic rash, sepsis,
exhaustion of bone marrow and bleeding from the nose, throat, gums and intestinal epithelium
(Lutsky & Mor 1981).
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Table 5: Indicative levels for the sum of T-2 and HT-2 toxin in cereals and cereal products (EC
2006).

Maximum limit
T-2 + HT-2 ug/kg or ppb

Unprocessed cereals

Barley and maize 200
Oats with husk 1000
Wheat, rye and other cereals 100
Cereal products for feed and complete feed

Oat milling products with husks 2000
Other cereal products 500
Compound feed, except cats fed 250

T-2 and HT-2 toxins occur together in infected cereals. HT-2 is a major metabolite of T-2 toxin
and is formed rapidly after exposing an animal to the T-2 toxin. The intensity of T-2 toxicity is
related to animal species, age, exposure route, dosage, and young animals are more sensitive than
adults. The main toxic effects of the T-2 toxin is inhibition of protein synthesis possibly by
inhibiting polypeptide chain initiation or elongation. The T-2 toxin binds to the 60S subunit of a
eukaryotic ribosome and interferes with the activity of peptidyl transferase, thus inhibiting protein
synthesis. T-2 toxins are also shown to inhibit DNA and RNA synthesis at much higher
concentrations. They affect actively dividing cells of Gl tract, skin, lymphoid and erythroid cells.
The toxicity of T-2 toxin results in necrosis of oral mucosa and skin in contact with the toxin, acute
effect on the digestive tract and decreased bone marrow and immune functions. In addition, T-2
toxin is known to alter serotonin activity in the central and peripheral nervous system resulting in
feed refusal in farm animals. T-2 toxin is toxic to many animal species, but the sensitivity differs
greatly between species and between the different toxins. Monogastric animals like pigs and

rodents are the most sensitive to T-2 toxin whereas poultry and ruminants are less sensitive.

Pigs fed T-2 toxin (5-10 mg/kg feed) show signs of reduced feed intake or complete feed refusal
and reduced weight gain (Harvey et al. 1990). Pigs (7 weeks old) fed as little as 0.5 mg T-2 toxin/kg

feed shows sign of feed refusal (Rafai et al. 1995). High levels of T-2 toxins in pigs are known to
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be abortifacient (Weaver et al. 1978) but such high levels are not encountered in feed not visibly
infected by moulds. Calves fed 20 mg T-2 toxin/kg feed shows sign of feed refusal, diarrhoea,
reduced weight gain, decreased thymus and adrenal weights, and decreased plasma antibody (IgA
and 1gM). Cows exposed to high experimental levels of T-2 toxin express low levels of T-2 toxin
and/or its metabolites in milk. Chickens fed as low as 2-6 mg T-2 toxin/kg feed shows sign of
reduced feed intake, weight gain, and feed efficiency. Histopathological changes in heart, liver,
duodenum, and kidney are observed in chickens fed 0.5 mg pure T-2 toxin/kg feed. The decrease
in egg production was observed in hens fed 8 mg T-2 toxin/kg feed. Moreover, low levels of T-2

toxins in the feed are associated with oral lesions and decreased immunity in chickens.

Some fish species are known to be affected by the T-2 toxin. Rainbow trout fed 2.5 mg/kg or
higher levels of T-2 toxins shows signs of reduced feed intake, growth, lowered hematocrit and
blood haemoglobin. Similarly, channel catfish showed reduced growth with low levels of T-2
toxins and high mortality was seen when the levels were higher than 2.5 ppm (Manning et al.
2003). Adult trout fed 15 mg T-2 toxin/kg feed had presented with focal intestinal haemorrhage

and enlarged spleen and gall bladders.

2.2.3 Deoxynivalenol (DON)

Deoxynivalenol (DON) is commonly known as vomitoxin because of its strong emetic effects.
DON is one of the most common contaminants of wheat, corn, rye, and barley worldwide. DON
is heat and uv light stable compound and doesn’t degrade during storage and cooking/processing
of grains. DON is soluble in polar organic solvents such as aqueous methanol, ethanol, chloroform,
acetonitrile, and ethyl acetate. DON is produced in grains infected with F. graminearum and F.
culmorum. DON co-occur with low concentrations of the related metabolite, 15-acetyl DON in
North American continent. While in Asia, DON producing fungi coproduce 3-acetyl DON and
nivalenol. DON is primarily produced pre-harvest especially during periods of low temperatures
and high humidity. However, it can also be produced during storage when the moisture content of

stored grains is not controlled.

DON exerts similar toxicity pattern as the T-2 toxin. Many animal species are sensitive to DON

and sensitivity follows the order: swine > mice > rats > poultry > ruminants (Rotter 1996). Animals
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exposed to dietary DON for prolonged time show signs of decreased weight gain, feed refusal,

altered nutritional efficiency, and decreased immunity and thus increased susceptibility to

infections.

Fig 4: Fusarium culmorum infected wheat. Source: (CORMA)

Pigs are worst affected by dietary DON. Pigs fed low levels of DON (0.6-2 mg/kg feed) shows
partial feed refusal, decreased feed consumption and weight gain, whereas 12 mg DON/kg feed
cause complete feed refusal and 20 mg/kg resulted in vomiting after minutes of ingestion (Young
et al. 1983). Epithelial lesions in the esophageal region of the stomach of pigs are observed when
fed diets containing 3-6 mg DON/kg feed (Foster et al. 1986). In a pig feeding trial with 3.5 mg/kg
DON, (Bergsjo et al. 1993) reported an increase in liver weight, decrease in serum protein and

albumin, and decrease in packed cell volume, serum calcium and phosphorous.

Cattle and poultry are more tolerant towards DON compared to pigs. Poultry is reported to tolerate
DON up to concentrations of 8 mg/kg feed without affecting productivity (Hamilton et al. 1985).

However, rapidly growing broilers are found more sensitive to feed refusal than laying hens (Huff
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et al. 1986). Chickens show reduced feed intake and weight gain when fed high levels of DON
16-20 mg DON/kg feed (Kubena et al. 1985).

Among cultured fish species, warm water fish like channel catfish and carps and cold-water fish
like trout are adversely affected by dietary DON. Rainbow trout fed diets containing 0.3- 2.6 mg/kg
DON showed a linear or quadratic decrease in feed intake, weight gain, growth rate, feed
efficiency, and retained nitrogen and energy (Hooft et al. 2011; Hooft & Bureau 2017). Rainbow
trout fed diets containing 2 mg/kg DON for 23 days developed significant effects on the immune

system (Matejova et al. 2015).

Table 6: Maximum limit of DON in animal feeds (EFSA 2004).

Mycotoxin Products intended for animal feed Maximum limit
mg/kg (ppm)
Deoxynivalenol (DON) | Cereals and cereal products except for maize 8

by-products

Maize by-products 12
Complementary and complete feeds 5
Complementary and complete feed for pigs 0.9
Complementary and complete feed for calves 2

(<4 months), lambs and kids

2.2.4 Zearalenone (ZEA)

Zearalenone, a non-steroidal estrogen mycotoxin biosynthesized by numerous species of Fusarium
fungi in warm and temperate climates is the common contaminant of cereal crops and derived
products worldwide. Zearalenone is a white, crystalline, and stable compound both during
milling/storage and cooking/processing of foods. ZEA is rapidly absorbed after oral dosage with
80-85 % bioavailability of ingested dose (Kuiper-Goodman et al. 1987). ZEA is rapidly

metabolized in the gastrointestinal tract to its major metabolite alpha- and beta- zearalenol.
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Zearalenone as well as some of its metabolites have been shown to competitively bind to estrogen
receptors (Shier et al. 2001) resulting in hyper estrogenic effects in humans, many laboratory, and

domestic animals.

Table 7: Maximum limit of Zearalenone in animal feeds (EC 2006).

Mycotoxin Products intended for animal feed Maximum limit
mg/kg (ppm)
Zearalenone Cereals and cereal products except maize by-products 2
Maize by-products 3
Complementary and complete feed for piglets and gilts 0.1
Complementary and complete feed for sows and fattening 0.25
pigs
Complementary and complete feed for calves, dairy cattle, 0.5
sheep, and goats including lambs and kids

Estrogenic effects such as; alterations in the reproductive tract, decreased fertility, increased
embryolethal resorptions, reduced litter size, changed the weight of adrenal, thyroid, and pituitary
glands and change in serum concentrations of progesterone and estradiol are observed in animals
(Kuiper-Goodman et al. 1987; Maaroufi et al. 1996). Pigs and rodents are found to be more
sensitive than other species. Gilts exposed to ZEA develop swelling and thickening of the vulva
and enlarged uterus. ZEA shows acute toxicity in mice, rats, and guinea pigs after oral
administration. Zearalenone is rapidly bio-transformed and excreted from food animals and the
risk of dietary intake by humans from meat and products is negligible. However, ZEA is found to
be excreted in the milk of lactating cows if fed in high levels i.e., 12 mg/kg body weight (Prelusky
et al. 1990).

Zearalenone is found in surface and ground waters which is an environmental threat to aquatic
animals. Fish species are also susceptible to hyper estrogenic effects of zearalenone. In-vivo studies
with fish using ZEA and its metabolites have disclosed effects on immune system and growth

impairments, decreased sperm production and motility, decreased fertilization and dose-dependent
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induction of estrogen responsive genes like vitellogenin and zona radiata proteins (Arukwe et al.
1999; Celius et al. 2000). Zebra fish exposed to dietary ZEA for short-term showed reduced
spawning frequency whereas long-term exposure resulted in transgenerational effects like increase

in the size of female fish and shift in sex of offspring towards the female (Schwartz et al. 2010).

Fig 5: Hyper estrogenic effect of ZEA on gilts (swelling and thickening of vulva). Source:

(Biomin).

2.2.5 Fumonisins

Fumonisins are produced in significant quantities by Fusarium verticillioides (Sacc.) Nirenberg (=
F. monoliforme (Sheldon)) and related F. proliferatum (Matsushima) Nirenberg. Fumonisins are
diesters of different polyhydric alcohols and tricarballylic acid. F. monoliforme is related with the
disease of maize plant development infecting the roots, stalk, and kernels. Fumonisins are polar,
water-soluble compounds with long chain structure of polyhydroxy alkylamines esterified with
two tricarballylic acids. Fumonisins are of four types: Fumonisins B1 (FB1), Fumonisins B2 (FB2),
FBs and FB4. However, FB1 and FB> are most toxic and thoroughly studied. Fumonisins are found
frequently in foodstuffs like maize and infrequently in sorghum, asparagus, rice, beer, and mung
beans. The human and animal health problems associated with Fumonisins are virtually linked

with the consumption of contaminated maize or products made from maize (Marasas 2001).

Fumonisins are specific inhibitors of sphinganine (sphingosine) N- acyltransferase, an enzyme
responsible for de novo sphingolipid biosynthesis and reacylation of sphinganine acquired from

dietary sources or complex sphingolipid turnover, hence changing the ratio of free sphinganine to
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free sphingosine in the tissues (Riley, R. et al. 1993). Interference with sphingolipid metabolism
produces a cascade of biochemical and cellular changes that lead to toxic effects of fumonisins
(Riley, R. T. et al. 1993).

Fumonisins are known to cause leukoencephalomalacia (LEM) in horses, liver cancer in rats,
pulmonary edema in pigs and are highly toxic to experimental animals (Gelderblom et al. 1991,
Kriek et al. 1981). Fumonisins are also thought to induce esophageal and liver cancers, neural-tube
defects and cardiovascular problems in human populations consuming large amounts of food made
from contaminated maize (Fincham et al. 1992; Gelineau-van Waes et al. 2005; Ueno et al. 1997).
IARC has classified Fumonisins as class B, possibly carcinogenic to humans. Rats chronically
exposed to more than 50 ppm dietary FB1 develop liver and kidney cancer (Howard et al. 2001).

Fig 6: Fumonisin contaminated maize. Source: (Laurain).

Ruminants and poultry are found to be less sensitive to fumonisins compared to horses, pigs,
rabbits, and rodents. Fumonisins are poorly absorbed from the gastrointestinal tracts of animals,
have a rapid elimination, and low tissues accumulation (Prelusky et al. 1996). Channel catfish fed
FB1 shows increase in free sphingolipid ratios as seen in higher animals like horses, pigs, and rats

suggesting fumonisins toxicity (Goel et al. 1994). Both channel catfish and Nile tilapia fingerlings
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show a reduction in weight gain, poor feed conversion when fed diets containing low levels (10
ppm) of fumonisins (Manning & Abbas 2012). Rainbow trout fed diets containing fumonisins

show changes in sphinganine to sphingosine ratios, suggesting fumonisins toxicity.

Table 8: Maximum limit of Fumonisin B1 + B2 in animal feeds (EC 2006).

Mycotoxin Products intended for animal feed Maximum limit
mg/kg (ppm)
Fumonisin B: + | Maize and maize products 60
B2 Complementary and complete feed for:
Pigs, horses, rabbits, and pet animals 5
Fish 10
Poultry, calves (<4 months), lambs, and kids 20
Adult ruminants (>4 months) and mink 50

3. Co-occurrence of mycotoxins

The contamination of feedstuffs with only one type of mycotoxin is scared and mycotoxins occur
together ubiquitous, presenting the greater risk to animals. Fungal growth and mycotoxin
production are largely determined by water activity and temperature during growth and storage.
Two or more different fungus can grow on the same substrate if proper conditions are met.
Naturally contaminated grains might contain multiple mycotoxins and presence of multiple toxins
can be associated with severe effects. The co-occurrence of two or more toxins provide additive

and/or synergistic effects in the progression of mycotoxicosis in animals.

Simultaneous occurrence of mycotoxins in grains is reported worldwide. There are reports of co-
occurrence of aflatoxins with trichothecenes and ZEA (Wang et al. 1995). Fumonisins and
orchatoxin A were found in same samples of maize (Jurjevic et al. 1999). Many species of
Fusarium fungi can produce trichothecenes along with Zearalenone. High levels of zearalenone
and fumonisins have been found in maize for animal feed (Doko et al. 1996; Scudamore et al.
1997). Similarly, corn and corn-based products around the world are found to be contaminated
with aflatoxins and Fusarium toxins (Abbas et al. 2006; Ali et al. 1998; Chamberlain et al. 1993).
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Co-occurrence of fumonisins with ZEA, DON, and T-2 toxin in naturally contaminated wheat have

been reported (Stankovié et al. 2012).

4. Decontamination of mycotoxins

Chronic exposure to mycotoxins not only significantly affect animal health and productivity but
direct exposure to mycotoxin contaminated foodstuff pose a great risk to the consumer. Since
mycotoxins are unseen poison in food/feed commodities, decontamination is the must before
contaminated materials enter the food chain. Adoption of Good Agricultural Practices (GAP) like
improvement in farm management, rapid drying, and controlled storage are helpful in reducing
naturally occurring mycotoxins in foods and feeds. Development of resistant crop varieties may
help mitigate mycotoxins production and several types of research are going on around the world
to identify genes responsible for toxin production. However, due to diverse nature of fungus
involved and wide geographical region to be covered, resistant crop production doesn’t seem
feasible. Also, it is difficult to control moisture content in grains as it is directly influenced by
changing environmental conditions. Under these conditions, it is necessary to implement
decontamination methods to reduce toxin risk by bringing down the level of mycotoxin to

permissible level.

A variety of methods have been developed for removal of contaminated commodities or
inactivation of toxin present in commodities. Techniques including physical methods such as
removal of contaminated parts from the produce, filtration/flotation, extraction, milling, heating
and adsorption on inert adsorbent; chemical methods such as oxidation, alkalization,
ammonization, and irradiation are found on literature (Jemmali 1980; Kabak et al. 2006; Rustom
1997). Biological detoxification of mycotoxins using microorganisms and enzymes have recently
got much attention and will be discussed in another chapter. Regardless of the method used, it
must be technically and economically feasible. Also, the chosen method must: destroy or inactivate
mycotoxin; not produce/leave carcinogenic residue in the final product; ensure the safety of human
and animal; destroy if possible all fungal spores and mycelia; preserve nutritive quality and
acceptability of final product; not alter important technological properties. To date, not any single

method possessing all above-mentioned qualities are available.
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Binding of mycotoxins to adsorbent materials like natural clays (mineral adsorbents or inorganic
adsorbents) provides a promising and cost-effective approach for decontamination of
contaminated feed stuff and is considered most promising dietary approach (Galvano et al. 2001).
At present, the use of adsorbents is the most applied method of protecting animals against
detrimental effects of contaminated feed and feed stuff. These mineral binders are often called the

first generation of mycotoxin binders.

5. Adsorption of mycotoxins using natural clays- Aluminosilicates

Adsorbent materials are nutritionally inert additives in diet that are thought to adsorb/sequester
mycotoxins in the gastrointestinal tract of animals and reduce and/or prevent their absorption to
the systemic circulation, thus avoiding toxic effects for food animals and carry-over of toxins to
animal products. This approach of reducing the adverse effect of toxins in animals is the most
economical way and is considered prophylactic rather than therapeutic. Aluminosilicates such as
natural zeolites, clinoptilolite, bentonites, montmorillonite, and hydrated sodium calcium
aluminosilicate (HSCAS) possess favorable adsorbing characteristics (Grant & Phillips 1998;
Papaioannou et al. 2005).

Adsorption of mycotoxins on clays depends on physical properties of clay such as total charge and
charge distribution, size of pores and accessible surface area. At the same time, it also depends on
properties of adsorbate molecules/toxins like polarity, solubility, size, and shape. The adsorption
process is pretty much dependent on the type of exchangeable cations present on the adsorbent
material (Huwig et al. 2001). Moreover, since mycotoxins are complex organic compounds

containing different functional groups, their adsorption efficacy depends on the p* of the solution.

5.1 Adsorption of aflatoxins

The approach of reducing the bioavailability of aflatoxins in animals by the addition of dietary
clay started after (Phillips et al. 1988) demonstrated high affinity of HSCAS for aflatoxin B in-

vivo in Leghorn and broiler chickens. Since then many different aluminosilicates have been tested
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for adsorption of aflatoxins in different food animals. The early studies showed that HSCAS can
reduce the toxic effects of aflatoxins in young animals such as; rats, chickens, turkeys, lambs, and
pigs (Harvey et al. 1994; Kubena et al. 1990). HSCAS was reported to decrease the concentration
of aflatoxin Mz in milk from lactating cows and goats (Harvey et al. 1991; Smith et al. 1994).
Moreover, clinoptilolite administered (200 g per animal per day) significantly reduced AFM;

concentrations in milk of dairy cattle (Katsoulos et al. 2016).

(Schell et al. 1993) fed 1 % Na bentonite with corn-soybean meal-based contaminated with 922
ppb aflatoxin B to nursery pigs and observed the decrease in gain/feed ratio and improvement in
liver functions compared to pigs fed same diets without Na bentonite. Similarly, addition of 0.5 %
HSCAS to growing pigs diet formulated with aflatoxin contaminated corn showed improved
weight gain and feed intake compared to control diets without HSCAS (Colvin et al. 1989).
Moreover, hepatocellular changes associated with aflatoxin consumption were not observed in the

histopathology of liver sections from pigs fed a contaminated diet with the adsorbent.

(SCHEIDELER 1993) observed that different aluminosilicates were able to adsorb up to 60 % of
AFB: in-vitro and alleviate growth depression in 2-3 weeks old chickens caused by the addition
of 2.5 ppm AFB; to diets compared to control. Montmorillonite clay 0.5 % fed along with 4000
ppb aflatoxin to commercial broiler chicken was able to provide some degree of protection against
the effects of aflatoxin compared to chickens fed diets without the adsorbent (Bailey et al. 2006).
Clinoptilolite (15 g/kg diet) added to diets containing either 50 or 100 ppb aflatoxin and fed to
broilers for 42 days had moderately reduced the adverse effects of aflatoxins on the performance
of chicks compared to control with no aflatoxin in diets (Oguz et al. 2000). Similarly, addition of
50 g/kg clinoptilolite to diets contaminated with 20 mg aflatoxin effectively reduced adverse

effects of aflatoxin on 10-45 days old Japanese quail chicks (Parlat et al. 1999).

Addition of 0.25-0-75 % HSCAS in the diet of Nile tilapia showed improve in growth, pepsin
activity, and nutrient digestibility (Liu et al. 2009). Calcium bentonite 0.5 and 1 % have shown to
improve growth performance and reduce tissue residues of aflatoxin in Nile tilapia fed either 2 or
4 ppm AFB; (Hussain et al. 2017). Rainbow trout fed diets containing 20 ppb aflatoxin and 2 %
Na bentonite showed the reduction of absorption of toxin from the intestinal tract and decrease in
kidney and liver metabolites of aflatoxin compared to trout fed the same diet without adsorbent

(Ellis et al. 2000). Supplementation of 5 g/kg bentonite or montmorillonite to Nile tilapia (two-
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month old) with diets containing 1.5 ppm aflatoxin showed that sorbents can bind aflatoxin in
intestinal tract thus decreasing the bioavailability of toxins and protect fish from aflatoxin hazards
(Hassan et al. 2010).

5.2 Mechanism of adsorption of aflatoxins on aluminosilicates

Aluminosilicates contain three types of binding sites for aflatoxins: cations located within
interlayer channels, cations located on the surface, and the uncoordinated metal ions located at the
edges. Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) analysis of
aflatoxin-HSCAS complex shows the chelation between the uncoordinated ions and the beta-
dicarbonyl moiety in aflatoxin (Phillips et al. 1995). Infrared analysis of aflatoxin-smectite
complex shows that aflatoxins were chelated to smectite by the formation of hydrogen bonding
between carbonyl oxygens and hydration-shell water at high humidity (Deng et al. 2010). Under
dry conditions ion-dipole interactions was found to be involved in chelation as shown in figure 8
(Deng et al. 2010). The dicarbonyl moiety of aflatoxin is electron dense and thus is strongly

attracted towards cations of aluminosilicates.

—— dicarbonyl moiety

Fig 7: Chemical structure of aflatoxin B1. Source: (PubChem).
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Fig 8: Proposed binding mechanisms of aflatoxins with smectite clay. Source: (Deng et al. 2010)

5.3 Adsorption of Fusarium toxins

Fusarium toxins, especially DON and ZEA are of great importance in animal feeding since they
might be present in concentrations affecting the health and performance of food animals.
Treatment of contaminated feedstuffs before feeding is labour and cost intensive and thus are not
feasible. Therefore, supplementation of adsorbents with contaminated diets/feedstuffs seems
promising dietary approach to counteract Fusarium toxicosis in farm animals. However, Fusarium

toxins are less polar molecules and are not easily adsorbed into adsorbent compounds.

Several aluminosilicates have shown some degree of affinity for the adsorption of ZEA while the
adsorption of trichothecene, especially DON is practically insignificant. Absence of dicarbonly
moiety in structure of DON (figure 8) can be the reason for inability to bind with aluminosilicates.
Moreover, DON contains a bulky epoxy group which doesn’t favour adsorption on plane surfaces.

In-vitro adsorption studies with ZEA revealed that cholestyramine and polyvinylpyrrolidone are
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better adsorbents of ZEA compared to aluminosilicates (Ramos et al. 1996). The adsorption
capacity of HSCAS is limited against ZEA and are ineffective against trichothecenes like T-2 toxin
and DON. Similarly, Na bentonite was found to be effective in reducing toxic effects of T-2 toxin
in rats whereas it was ineffective against ZEA and nivalenol in pigs (Huwig et al. 2001).

Fig 8: Chemical structure of Deoxynivalenol (DON). Source: (PubChem).

Surfactant modified montmorillonite have higher adsorption against ZEA in-vitro (Lemke et al.
1998). Similarly, surfactant modified zeolites have shown effective adsorption of ZEA in-vitro
(Tomasevi¢-Canovié et al. 2003). The reason for increased adsorption is due to the increased
hydrophobicity of the clay surface thus high affinity for hydrophobic ZEA. However, increased
toxicity of ZEA was reported in the mouse when surfactant modified clays were used to adsorb
mycotoxins in-vivo (Lemke et al. 2001). Moreover, activated carbon and cholestyramine
significantly reduce intestinal absorption of ZEA in a dynamic in-vitro model of pig’s
gastrointestinal tract (Avantaggiato et al. 2003).

The possibility of adsorption of nutrients (vitamins, amino acids, and minerals in feed) and

potential risks of complexing chemicals to mineral adsorbents limits the use of first-generation
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binders. Moreover, aluminosilicate adsorbents are not efficient binder of mycotoxins other than

aflatoxins.

6. Organic mycotoxin binders

Owing to the inefficacy of aluminosilicate adsorbents against mycotoxins other than aflatoxins
especially trichothecenes, natural organic binders (cell wall components of microorganisms) are
gaining attention. These organic binders are often named as second-generation adsorbents/binders.
Cell wall components (beta-D-glucans and mannan-oligosaccharides) of yeast Saccharomyces
cerevisiae have shown to bind DON, T-2 toxin, ZEA, ochratoxin A, and aflatoxin Bz in-vitro
(Bejaoui et al. 2004; Freimund et al. 2003; Yiannikouris et al. 2004). Adsorption of mycotoxins to
cell wall components of yeast is due to the formation of hydrogen and van der Waals bonds (Jouany
et al. 2005).

Cell wall derivative of Saccharomyces cerevisiae, Esterified glucomannans (1 g/kg) when added
to feed contaminated with 0.3 mg/kg AFB1, 2 mg/kg ochratoxin A, and 3 mg/kg T-2 toxin
produced beneficial effects on mycotoxicosis in broilers (Raju & Devegowda 2000). The
beneficial effects observed increase in body weight and feed intake, decreased liver weight, and
improved serum biochemical and hematological parameters which were negatively influenced by
mycotoxins in feed. (Kamalzadeh et al. 2009) reported that addition of yeast glucomannan to diets
contaminated with 184 ppb aflatoxin reduce the adverse effects of aflatoxin on performance, liver
weight, and mortality on broiler chickens. Similarly, the addition of glucomannan (2 g/kg) to diets
contaminated with 3 mg/kg DON counteracted the plasma biochemical parameters alteration
caused by DON in chickens (Faixova et al. 2006). Yeast glucomannan (1 g/kg) added to 2 ppm
aflatoxin containing diet diminished the adverse effects of aflatoxins on the pathological changes

in growing broiler chickens (Karaman et al. 2005).

Addition of glucomannans to contaminated diets have demonstrated some positive effects in pigs
as well. Addition of 0.2 % glucomannans was shown to counteract the changes in serum
biochemical parameters produced by 5.5 mg/kg DON in sows (Diaz-Llano & Smith 2007).

Improved performance in pigs fed 0.1 % esterified glucomannan with diets contaminated with
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3.84 and 5.12 mg/kg ZEA was reported (Nesic¢ et al. 2008). (Raymond et al. 2003) demonstrated
the reduction of toxic effects of Fusarium toxins in horses fed 0.2 % glucomannan polymer with

contaminated diets.

Lactic acid bacteria (LAB) used for fermentation and food preservation for ages have shown to
bind mycotoxins as well (Dalié et al. 2010). The most widely investigated mycotoxin binding
strain of LAB is Lactobacillus rhamnosus. Cell wall components of LAB, exopolysaccharides
(glucans and mannans) and peptidoglycans are responsible for binding toxins (Haskard et al. 2000;
Lahtinen § et al. 2004). The binding of mycotoxins with cell wall components of the LAB is similar
to binding with glucomannans of yeast (EI-Nezami et al. 2004; Lahtinen § et al. 2004).
Lactobacillus rhamnosus strains have shown the in-vitro binding capability of DON, ZEA, T-2
toxin, FB1, AFBy, and ochratoxin A (EI-Nezami et al. 1998; EI-Nezami, HS et al. 2002; EI-Nezami,
Hani et al. 2002; Niderkorn et al. 2006; Piotrowska & Zakowska 2005). However, no in-vivo trials

have been conducted to demonstrate mycotoxin binding potential of the LAB to date.

7. Biological degradation of mycotoxins (Mycotoxin modifiers)

The application of microorganisms, called mycotoxins bio-transforming agents is most recent and
promising approach for controlling mycotoxicosis in animals. A variety of microorganisms such
as; bacteria and fungi have exhibited mycotoxins bio-degrading capacity. Such microbes
biodegrade or bio-transform mycotoxins to less toxic metabolites and act in the intestinal tract of
animals prior to the absorption of mycotoxins. Moreover, the contaminated feedstuff can be
fermented with microbes for few days before feeding. These bio-transforming agents must fulfill
certain prerequisites such as; safety of use, rapid degradation into non-toxic or far less toxic
metabolites under different oxygen conditions in a complex environment of the gastrointestinal
tract, preserve the organoleptic and nutritive properties of feed, and stability along the intestinal

tract. Moreover, the bio-degradation approach should be practical and economically feasible.

Certain bacteria such as; Nocardia corynebacterioides, N. asteroids, Corynebacterium rubrum,
Rhodococcus erythropolis, Mycobacterium fluoranthenivorans, and M. smegmatis have shown to
degrade aflatoxins (Kong et al. 2012; Mann & Rehm 1976; Taylor et al. 2010). Lactobacillus sp.
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LA2 have shown to inhibit the mutagenic potential of aflatoxins. Similarly, some species of fungi
Aspergillus including A. paraciticus, A. flavus, A. niger are reported to degrade aflatoxins (Mishra
& Das 2003; Wu et al. 2009; Zhang et al. 2014). Other fungal strains such as Trichoderma sp. 639,
Rhizopus sp. 668 and 720, Sporotrichum sp. ADA, Sporotrichum sp. SF and Alternaria sp. have
demonstrated aflatoxin B degradation (Kabak et al. 2006).

Microbes originating from rumen fluid of cattle (Kiessling et al. 1984; King et al. 1984) and sheep
(Westlake et al. 1989) and intestines of chickens (Young et al. 2007) and pigs (Kollarczik et al.
1994) have shown to degrade various Fusarium toxins especially DON and ZEA. (Zhou et al.
2014) reported that a gram-positive bacterium from large intestine of white leghorn hen exposed
to mycotoxin through feed showed high bio-transformation of DON to less toxic metabolite de-
epoxy deoxynivalenol (DOM-1). Some microbes originating from soil are also found to degrade
some Fusarium toxins (Shima et al. 1997). Eubacterium strain BBSH 797 isolated from cow
rumen fluid have shown to bio-transform DON both in-vitro and in-vivo (Schatzmayr et al. 2006).
This bacterium is the first microbe to be authorized in EU as mycotoxin modifier in feeds for
fattening poultry, turkeys, pigs, and laying hens under the name Biomin BBSH 797 (Additives &
Feed 2013; Rychen et al. 2017). Animal trials with the strain BBSH 797 indicated alleviation of
adverse effects of DON on pigs, dairy cows, and T-2 toxin on growing broilers. Another bacterium
obtained from soil named DX100 have shown high de-epoxidation of DON under aerobic and
anaerobic conditions to less toxic metabolite in-vitro (Ahad et al. 2017). A bacterial strain
Sphingomonas S 3-4 isolated from wheat fields in Wuhan, China, have shown to transform DON
to 3-0x0-DON and 3-epi-DON (He et al. 2017).

8. Contamination of natural ecosystems with heavy metals, radio-
isotopes and organic pollutants and adsorption of those from
water and environment using natural zeolites

Human activities such as mining, industrial processing, defence industries and nuclear power
plants have contaminated water ecosystems with heavy metals (cations and anions) and radio-
isotopes. Such pollutants are not bio-degradable and persist in the environment for a long time

causing poisonous and toxic effects on ecosystems and organisms living there. Heavy metals such
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as mercury, lead, silver, copper, cadmium, chromium, zinc, nickel, cobalt, manganese, and

radioisotopes can produce extreme health problems and damage to plants and animals.

Zeolites can exchange ions with the external medium, which is the characteristic feature. Zeolites
owing to their ion exchange capabilities are able to adsorb above-mentioned pollutants from
ecosystems rendering them less toxic These characteristic behavior of natural zeolites is dependent
on the framework structure, ion size and shape, charge density of anionic framework, ionic charge,
and concentration of electrolyte in external medium (Kallé 2001). Depending on site of formation,
natural zeolites have a differing chemical composition and cation-exchange capacities. Natural
zeolites are often modified by acid/base treatment or surfactant impregnation to increase
adsorption capacity or exchange of various ions and organics (Benkli et al. 2005; Cortés-Martinez
et al. 2004; Hernandez-Beltran et al. 2008; Karadag et al. 2007; Kurama et al. 2002; Panayotova
& Velikov 2003). This property of zeolites has made them suitable for removal of undesirable

heavy metal ions from industrial effluent water.

Majority of radioactive wastes are generated from nuclear power plants, nuclear test sites, and
nuclear power accidents like the Chernobyl and the Fukushima disasters. The contamination of
ecosystems by radioactive Caesium and Strontium has raised concerns on the safety of drinking
water, agricultural soil, irrigation water, and crops (Lee et al. 2013; Zhu & Smolders 2000).
Presently, radioactive Cs and Sr are removed from the environment by various methods such as
precipitation, adsorption on cation exchangers, vacuum evaporation, reverse osmosis, filtration
and solvent extraction, phytoextraction, and electrodialysis (Rahman et al. 2011). Among all,
adsorption on zeolites is promising because of its simplicity, specific cation selectivity, high
efficiency, low cost, chemical stability, and thermal resistance (Abusafa & Ycel 2002; Tiwari et
al. 2006; Wang & Peng 2010). Clinoptilolite, a natural zeolite is used since 1985 in Sellafield
nuclear power plant as ion-exchanger in the effluent plant to decrease discharge of radioactive Cs
and Sr to the Irish sea. Natural zeolites were used after the Chernobyl accident to limit the spread
of radioactive isotopes.

Moreover, low to intermediate levels of radioactive wastes (Cs and Sr) are produced from use of
radionuclides in medicine and radioisotope production facilities. Treatment of these radioactive
wastes from industries is crucial and is subject to international regulations for the protection of

humans and animals’ health and the environment from the adverse effects of radiation. Zeolites
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can adsorb radioisotopes of Sr, Cs, Co, Pu, Np, and U from contaminated ecosystems (Comans &
Hockley 1992; Munthali et al. 2015; Triay et al. 1996). Among all-natural zeolites, clinoptilolite
has shown high efficacy for heavy metals and radioisotopes adsorption.

9. Contamination of fish ponds with heavy metals and ammonia and
removal of those using zeolites

As mentioned earlier, various human activities have polluted ecosystems with heavy metals and
such metals are contaminating fish ponds and aquaculture systems throughout the world. Rapid
development in agriculture and industries and lack of strict regulations have led heavy metals to
be emitted to the environment through solid waste emissions, sludge applications, and waste water
irrigation. Fish and vegetables grown in such polluted environments are at high risk of
accumulating pollutants. Heavy metals in aquatic ecosystems enter fish tissues through the food
chain and ultimately to humans. The presence of such metals in ecosystems have detrimental
effects on species diversity and high levels of contamination in human foods.

Intensive aquaculture systems throughout the world are facing problems with high concentrations
of total ammonia nitrogen (TAN) and dissolved nutrients because of excretion from reared species
and high feeding rate. Excessive nitrogen and dissolved nutrients in water decrease fish growth
and immunity and release of nutrient-rich waste water and sediments from such aquaculture
systems result in eutrophication, oxygen depletion in natural ecosystems and environmental
degradation. Various novel techniques have been developed in last decades for the control of TAN
and other pollutants in aquaculture systems (Abeysinghe et al. 1996; Kim et al. 2000; Nora’aini et
al. 2005; Timmons et al. 2006; Travieso et al. 1996). All such techniques have varying rates of
nitrogen removal, high capital costs, and high overall maintenance and operating costs. In addition,
application of such sophisticated treatment systems is not feasible for low-cost aquaculture

systems as commonly found in developing countries.

The availability of inexpensive natural zeolites and growing scientific awareness on the use of
zeolites in agriculture and aquaculture has promoted the concept of ‘zeo-agriculture’(Mumpton &

Fishman 1977). In recirculating aquaculture systems (RAS), natural zeolites are used to remove
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and control ammonia and been found more effective in removal of nitrogen compared to biological
nitrification (Johnson & Sieburth 1974). Furthermore, zeolites are used during transport of live
fish as they adsorb the produced ammonia and help maintain high oxygen concentrations.
Clinoptilolite, a natural zeolite has shown high affinity for removal of ammonium (NH4") from
aquaculture wastewaters (Beler-Baykal et al. 1996; Bergero et al. 1994; Booker et al. 1996;
Nguyen & Tanner 1998). The removal of ammonia is possible by zeolites because ammonia

nitrogen exists as ammonium (NH4") and ammonia (NHs3) in equilibrium as follows:
NH3 + H20 = NH4" + OH"

The extra framework cations (Na*, K*, Ca™ and Mg*") in zeolites are easily exchanged with NH4"
in solution thereby lowering TAN concentration and decrease the concentration of ammonia in

equilibrium.

10.  Conclusion

Cereal grains all over the world are contaminated with one or more kinds of mycotoxins both in
the field as well as during storage. Mycotoxins are unseen poison in food and feed. They are
present in feed and feed ingredients around the world. Mycotoxins are stable compounds and
survive heat treatment and processing during feed production. Mycotoxins produce adverse effects
on health and performance of animals leading to economic losses. One or more mycotoxins might
be present in contaminated grains. The co-occurrence of different mycotoxins increases the
spectrum of mycotoxicosis. Moreover, there is a risk of transfer of mycotoxins to humans via
contaminated animal products. Mycotoxins are a serious threat to global food and feed safety and

thus it necessitates decontamination before toxins enter the food chain.

The study on adsorption of mycotoxins in aluminosilicates started in the late 1980s and in-vitro
experiments demonstrated that some of the mycotoxins were strongly bound by at least one
adsorbent. Depending on in-vitro binding capacities, adsorbents were tested in animals and it was
found that some aluminosilicates can alleviate the toxic effects of specific mycotoxins.
Aluminosilicates such as HSCAS, bentonites, montmorillonite, and zeolites provided some degree
of protection against aflatoxicosis. However, the efficacy of these adsorbents against Fusarium
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toxins is practically insignificant. No single adsorbent was found to be effective against the most
type of mycotoxins but the addition of different adsorbents to animal feeds provide a versatile tool
for preventing mycotoxicosis. Addition of adsorbents in the feed for reduction of toxic and
economic impacts of mycotoxins is the most promising approach considering its efficacy, safety,

and cost-effectiveness.

Cell wall components of yeast Saccharomyces cerevisiae have shown to bind Fusarium toxins and
help reduce the toxic effects in animals. Moreover, microbes originating from the rumen of cattle
and intestine of chickens and pigs have shown to degrade Fusarium toxins. Similarly, some
bacterium isolated from soil have demonstrated degradation of DON. Further animal studies using

microorganisms are required to demonstrate mycotoxin removal capabilities in-vivo.

Moreover, aluminosilicates especially zeolites find diverse use in agriculture and pollution control
in natural ecosystems and industries. Zeolites are capable of adsorbing ammonia, heavy metals
and radioisotopes in the same way they adsorb mycotoxins. Owing to its adsorption capacity,

zeolites will find a way into various industrial sectors in future.
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