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Among a few hundred mycotoxins, aflatoxins had always posed a major
threat to the world. Apart from A. flavus, A. parasiticus, and A. nomius of
Aspergillus genus, which are most toxin-producing strains, several fungal
bodies including Fusarium, Penicillium, and Alternaria that can biosynthesis
aflatoxins. Basically, there are four different types of aflatoxins (Aflatoxin B1
(AFB1), Aflatoxin B2 (AFB2), Aflatoxin G1 (AFG1), Aflatoxin G2 (AFG2)) are
produced as secondary metabolites. There are certainly other types of
aflatoxins found but they are the by-products of these toxins. The fungal
agents generally infect the food crops during harvesting, storing, and/
or transporting; making a heavy post-harvest as well as economic loss in
both developed and developing countries. And while ingesting the crop
products, these toxins get into the dietary system causing aflatoxicosis, liver
cirrhosis, etc. Therefore, it is imperative to search for certain ways to control
the spread of infections and/or production of these toxins which may also
not harm the crop harvest. In this review, we are going to discuss some
sustainable methods that can effectively control the spread of infection and
inhibit the biosynthesis of aflatoxins.
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Introduction

Fungi are minute organisms that dwell in soil and air and are often associated with food
spoilage and biodeterioration. After fulfilling its primary needs, a toxigenic fungus produces
some sort of secondary metabolites like mycotoxins which can contaminate the food and
feed products that can cause food allergies. These mycotoxins are thought to provide a
competitive edge over the non-producers (Abdin et al., 2010). Mycotoxin contamination
of different cereal, pulse, and oilseed crops is a universal management issue for both
government and agriculturalists. These toxins jeopardize the food and feed safety, as well
as the agro-based economy and crop-dependent small-scale companies (Kumar et al.,
2021). The principal mycotoxin-producing fungus in nature is Aspergillus, Penicillium, and
Fusarium; however, only a few species within these genera are capable of toxin production
such as aflatoxins, cyclopiazonic acid, ochratoxin A, patulin, fumonisins, trichothecenes or
zearalenone, etc.
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A class of structurally related chemicals known as aflatoxins
(AFs), a toxin-producing polyketide, is present in a wide range of
food and feed crops around the world, particularly maize, peanuts,
tree nuts, and oilseeds (Abdin et al., 2010). AFs are one of the
mycotoxins produced by certain Aspergillus species during
secondary metabolism. It has been labeled as a carcinogen, a
biological weapon, and an immunosuppressant. Only A. flavus,
A. parasiticus, and A. nomius have been well identified as aflatoxin
producers among the species listed in the section Flavi. The most
important toxin-producing species in the group are A. flavus and
A. parasiticus. Although both these species can deposit mycotoxins
in food, the poisons they create are somewhat different. The
majority of A. flavus isolates are found to secrete Bl and B2
aflatoxins and cyclopiazonic acid (CPA), but certain strains of
A. flavus had been found to produce G1 and G2 type of aflatoxins
as well as CPA (Geiser et al., 2000; Cardwell and Cotty, 2002).
A. parasiticus, on the other hand, produces all four types of
aflatoxins but not CPA. Each of these mycotoxins has the potential
to negatively affect the humans if consumed in a significant
amount. Aflatoxins B1 and B2 have been associated with cirrhosis
and acute liver injury and have been classified as oncogenic,
teratogenic, and immunosuppressive. The aflatoxins G1 and G2
have similar effects, and aflatoxin G1 is only slightly less lethal
than aflatoxin B1. Aflatoxin M1 and M2 can be found in dairy
products from animals given aflatoxin-contaminated feed. CPA
has also been found in agricultural products, and in lab animals,
it has been linked to gastrointestinal and neurological diseases
(Bryden, 1991; Bhatnagar et al., 2008). AFB1, the most toxigenic
of all the AFs, is thought to be present in nearly a quarter of the
world’s food supply. As a result, 20 ppb has been established as the
maximum permissible level for total AFs in foods fit for human
consumption by the Food and Drug Administration (FDA) in the
United States and regulatory agencies in many other nations (FDA
(Food and Drug Administration), 2011).

Extensive research has been conducted to efficiently control and
manage AF contamination in crops to assure global food and feed
supply safety. Although, to address the issue of postharvest fungal
diseases, a variety of physical and chemical treatments are used. But
each of these methods has its own set of constraints (Sonker et al.,
2015). Due to the careless approach and excessive pesticide use, new
secondary pests have evolved in the storage of food commodities,
which has been linked to fungal resistance (da Cruz Cabral et al.,
2013). This abuse of pesticides has led to the rise in of dangerous
fungicide residues on food and the environment (Sonker et al.,
2015). In this regard, the ability of plants, bacteria, microalgae,
fungi, and actinomycetes to inhibit the growth of toxic fungi and the
formation of AF has been studied. Significant attempts have been
undertaken to identify organisms that can hinder AF production
through co-culturing techniques with hopes of uncovering
bio-control agents and novel antagonistic metabolites. Numerous
molecular studies of AF had been conducted aiming out how plants
and microorganisms, as well as their bioactive metabolites, influence
the formation of AF (Razzaghi-Abyaneh et al., 2011). We describe
here some AF inhibitors that can either be a molecule, a plant, or a
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microorganism, with a focus on their putative cellular and
molecular mechanisms of action.

Microorganisms and their
metabolite-based inhibitions

Antifungal chemicals have been discovered in fungi, bacteria,
and actinomycetes of various species. Aflatoxin under the field
circumstances is decreased using bio-pesticides derived from
atoxigenic strains. Ren et al. (2020) reported that around 61% of
articles published included bacterial antagonists, mainly Bacillus,
for managing aflatoxin production followed using antagonistic
fungi (27%; majorly atoxigenic Aspergillus spp.) or yeast (12%).
Numerous bacterial and actinomycete species, including
Ralstonia, Burkholderia, Pseudomonas, Bacillus, Lactobacilli,
Stenotrophomonas, and Streptomyces have successfully prevented
the in vitro aflatoxin production by limiting the development of
Aspergillus species. In terrestrial actinomycetes, particularly those
belonging to the genus Streptomyces, antifungal and AF inhibitory
metabolites are produced in abundance (Deshpande et al., 1988). In
terms of AF regulation, mycoviruses and RNA silencing have also
gotten a lot of attention (Hammond et al., 2008; Schmidt, 2009).

Bacteria and actinomycetes

Kimura and Hirano (1988) developed a Bacillus subtilis
(NK-330) strain that suppressed Aspergillus flavus and Aspergillus
parasiticus growth and aflatoxin formation. In an in vitro study
utilizing inoculated cotton seed, six of 892 bacterial isolates native
to cotton reduced Aspergillus flavus growth (Misaghi et al., 1995).
Darsanaki and Miri (2013) in their study found that only
Flavobacterium aurantiacum B-184 was found to be effective for the
degradation of aflatoxins while Shu et al. (2018) identified Bacillus
velezensis DY3108 strain supernatant can also be effective. In a
study, Bacillus megaterium and Bacillus subtilis stopped the aflatoxin
production in A. flavus and A. parasiticus by 100%, respectively
(Kong et al., 2014; Siahmoshteh et al., 2018). During an experiment,
Pereyra et al., 2018 showed that B. mojavensis RC1A reduced the
AFBI production while B. subtilis RC6A inhibited the fungal
growth by producing fengycines, surfactins, iturins and
bacillomycins types of antifungal lipopeptides. It was assumed that
these potential inhibitors are like AFLS size and thus form a
dysfunctional AFLS/AFLR activation complex that can possibly
bind with aflatoxin pathway-structural genes, consequently
inhibiting or terminating the transcription process (Kong et al.,
2014). Some other Bacillus species like B. amyloliquefaciens,
B. cereus, B. mycoides, and B. pumilus have also been found to be the
most effective against inhibiting the aflatoxin production.

Using the antagonistic strains of Ralstonia, Lactobacilli,
Burkholderia and Pseudomonas sp. reduces the A. flavus growth
significantly (Akocak et al, 2015; Yang et al, 2017). When
Pseudomonas cepacia (D) was injected alongside A. flavus in field
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tests, the bacterium greatly reduced A. flavus damage to locules by
41-100% (Misaghi et al., 1995). Yang et al. (2017) investigated
Pseudomonas fluorescens strain 3JW1, a broad-spectrum
antimicrobial bacterium, stopped the production of AFB1 in PDB
and peanut medium by 97.8 and 99.4%, respectively and reduced
the aflatoxin B1 production by 55.8% as soon as the same
bacterium was applied onto the peanut kernels. The aflatoxins
produced by A. flavus on rice grains were significantly reduced to
8.68% by P. protegens AS15 with an 82.9% reduction in aflatoxin
compared to control (Mannaa et al., 2017). The gram-negative
bacillus Achromobacter xylosoxidans belongs to the Alcaligenaceae
family and is non-fermentative which had a biological activity that
prevented A. parasiticus from producing AF (Yan et al., 2004).
Lactobacillus are lactic acid bacteria that ferment sugars to
produce lactic acid and are most used microorganism in food
industries. Many researchers found that L. plantarum is the most
effective lactobacillus species that can act as biocontrol agent out
of L. delbrueckii, subsp. lactis, L.
L. acidophilus, L. paraplantarum, L. rhamnosus, L. fermentum, and
L. pentosus (Ahlberg et al., 2017; Ghanbari et al., 2018).
Aflatoxin generation by Aspergillus flavus was suppressed in

reuteri, L. plantarum,

vitro by saprophytic yeasts isolated from almond, pistachio, and
walnut fruits (Hua et al., 1999). In a Petri dish assay, a Candida
krusei strain and a Pichia anomala strain reduced aflatoxin
formation by 96 and 99%, respectively. A chemical has been found
in an ascomycete (Rosellinia necatrix), a marine sponge (Rhaphisia
pallida), and Halobacillus litoralis, a marine bacterium (Yan et al.,
2004). Using a tip culture approach, the compound’s ICs, value for
AFBI1 production was ascertained to be 200g/mL. At a high
concentration of 6,000g/mL, it inhibited A. parasiticus growth.
Takeuchi et al. (1991) discovered dioctatin A from Streptomyces
sp. SA-2581 is something of a suppressor of human dipeptidyl
peptidase IT, which explains the compound’s immunosuppressive
properties. Dioctatin A is likewise a powerful inhibitor of AF
synthesis by A. parasiticus, according to Yoshinari et al. (2007).
They discovered that an ICs, value of 4.0uM suppressed AF
synthesis without affecting fungal growth. Dioctatin A has some
known advantages, including a straightforward structure, a lack
of toxicity for mammals, a reduction in AF forming in a model
contagion system on raw peanuts, suppression of AF as well as
conidiogenesis without impacting fungal infections (reducing the
likelihood of resistance propagation), and a focus on secondary
metabolism rather than primary metabolism.

Aflastatin A was initially isolated from solvent extracts of soil
isolation of Streptomyces sp. MRI142’s mycelial cake. It completely
reduced AF production by A. parasiticus NRRL2999 at a dose of
0.5g/mL without affecting fungal growth in solid and liquid
cultures (Ono et al., 1997). The influence on the AF biosynthesis
pathway and glucose metabolism in A. parasiticus was used to
investigate its inhibitory mechanism (Kondo et al, 2001).
Streptomyces species-specific changes in the aflR/aflS ratio
appeared to inhibit aflM and aflS (Verheecke et al., 2015) and thus
by changing the transcription of the afIR gene, aflastatin A can
directly limit the production of AF, or it can do so in a more
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indirect way by interfering with the carbon metabolism regulatory
system (Kondo et al., 2001).

Blasticidin A, a peptidyl nucleoside antibiotic, isolated from
Streptomyces griseochromogenes was first described as an anti-
phytopathogenic agent by Fukunaga et al. (1955). It is a potent
inhibitor of the AF biosynthesis of A. parasiticus (Sakuda et al.,
2000). Based on two-dimensional differential gel electrophoresis
(2D-DIGE), Yoshinari et al. (2010) discovered that blasticidin A
decreased AF (total of BI and G1) synthesis and fungal growth
with ICs, values of 0.25 and 1.6 pM, respectively. Protein synthesis
was found to be the potential target location for blasticidin A in
toxic fungi. In the same experiment, it was shown that blasticidin
S, a different peptidyl nucleoside antibiotic, had a somewhat
inhibitive effect on fungal growth (ICs,> 1,000 pM) and was an
inhibitor of AF production (ICs,=28 pM).

Mushrooms and microfungi

Mushrooms have been researched as potential AF
contamination control agents because of their hepatoprotective
effects (Reverberi et al., 2005; Zjalic et al., 2006). Reverberi et al.
(2005) found that pure p-glucans from the edible basidiomycetous
fungus Lentinula edodes and its culture filtrate significantly
suppressed AF synthesis by A. parasiticus. They hypothesized that
the reduction of AF formation by B-glucans and L. edodes culture
filtrate was due to a stimulation of the fungal anti-oxidant system,
which activates antioxidant enzymes like SOD, catalase, and
glutathione peroxidase. As a result, a delay in AF gene
transcription causes a significant reduction in AF biosynthesis.
The culture filtrate of L. edodes is a promising method for
controlling AF contamination of crops before and after harvest.
Zjalic et al. (2006) tested Trametes versicolor, an industrially
important fungus, for antifungal efficacy against an AF-producing
A. parasiticus. T. versicolor culture filtrate’s antioxidant effect may
be linked to p-glucan, a free radical scavenging agent that inhibits
AF production. T. versicolor filtrate also dramatically decreased
norA expression and markedly delayed aflR transcription,
according to RT-PCR investigations of AF biosynthesis genes. Lee
et al. (2007) found that at a concentration of 1 M, wortmannin
inhibited fungal growth, asexual sporulation, the production of
AF, and the expression of AF pathway genes verl and norl.
Similar to the signaling mechanism discovered by Rondinone
etal. (2000) for human hepatocytes, the decrease in AF synthesis
appears to interfere with this pathway, which is regulated by
phosphatidylinositol 3-kinase.

Plant-based inhibitions

Our knowledge of AF-producing fungi’s survival in nature
and just how they assault host plants to produce AF has improved
with the use of genomes, proteomics, and metabolomics data
(Rajasekaran et al., 2006; Kim et al., 2007; Bhatnagar et al., 2008;
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Brown et al.,, 2010). In response to fungal invasion and infection,
plants produce enzymes that break down fungal cell walls, specific
inhibitors of fungal growth and/or AF synthesis, proteins that are
sensitive to ROS and stress, increased lignification and cell wall
cross-linking, and host cell death at the sites of infection (Liang
et al., 2006; Bhatnagar et al., 2008). Plant-based metabolites are a
possible alternative, as plants produce a wide range of chemicals
as part of their natural development or in reaction to stress or
infections. There are several plant-derived inhibitors of aflatoxin
production (Bhatnagar and McCormick, 1988). The search for
new inhibitors of AF biosynthesis in natural sources has been
intense, with many bioactive AF inhibitory chemicals such as
terpenes, phenolics, phenylpropanoids, and nitrogen-containing
compounds having been found in herbal treatments (Razzaghi-
Abyaneh et al., 2009). The strongest antifungal and AFB1
inhibitory activity were seen in chloroformic extracts of Albizia
amara, Cassia spectabilis, and Solanum indicum, as well as
methanolic extracts of Acacia catechu, Albizia saman, and
Anogeissus latifolia (Thippeswamy et al., 2014). Certain plant-
derived volatile chemicals are examples of natural products that
may have the ability to improve host plant tolerance against
Aspergillus flavus infection. Aflatoxin production and the fungal
growth are both altered when cotton-leaf or maize volatiles are
present during in vitro culture of aflatoxigenic strains of A. flavus
and A. parasiticus (Zeringue Jr, 1992; Zeringue et al., 1996).
Specific volatile chemicals have been studied not just for their
effect on fungal growth and toxin generation, but also for their
effect on fungal morphology (Greene-McDowelle et al., 1999;
Wright et al., 2000). In another study, Wright et al. (2000) looked
at how three volatile compounds, viz., n-decyl aldehyde, hexanol,
and octanol, generated from corn affected A. parasiticus. These
three chemicals were previously discovered to be expressed in a
variety of ways in five Aspergillus-resistant maize variants and
three susceptible maize varieties. In contrast to octanol, only
n-decyl aldehyde inhibited the manufacture of aflatoxin in
A. parasiticus. While n-decyl aldehyde had less impact on radial
growth than other volatiles, yet it did cause a greater proportion
of distinctly aerial hyphae and significantly fewer conidiophores
in the treated colonies than in the reference and other aldehyde
intervention groups. Several other chemicals found in corn,
peanuts, and walnuts have a substantial impact on aflatoxin
production. For example, aflatoxin formation was inhibited by
4-acetyl-benzoxazolin-2-one (ABOA), anthocyanins, and similar
flavonoids and carotenoids with an a-ionone type ring (from
maize) (Miller et al., 1996; Norton, 1997, 1999). At concentrations
of 50 pg/mL, p-carotenes from maize were more effective, almost
90%, than those of peanuts in reducing aflatoxin formation
(Wicklow et al., 1998). Aspergillus flavus spore germination and
growth, as well as aflatoxin biosynthesis, were found to
be inhibited by naphthoquinones present in walnut husks
2000).
(anthraquinones, coumarins, and llavone-type flavonoids) derived

(Mahoney et al, Several natural substances

from a variety of plants have been demonstrated to be effective
inhibitors of aflatoxin B1-8,9-epoxide production (Lee et al., 2001).
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Monoterpenes,  flavonoids,  furanocoumarins,  and
phenylpropanoids of both Anethum graveolens and Petroselinum
crispum (Apiaceae family), have been found to be related to a
variety of biological roles (Crowden et al., 1969). Phenylpropanoids
are a type of plant phenol with a three-carbon side chain and a
phenyl ring which is made from phenylalanine via shikimic acid
pathway (Korkina, 2007). Plant-derived phenolics such as
flavonoids, coumarins, and lignins are produced through the
metabolism of phenylpropanoids (MacRae and Towers, 1984).
Dillapiol, with an ICs, of 0.15M and no impact on fungal growth
or AFBI1 biosynthesis, a phenylpropanoid molecule extracted
from A. graveolens leaf as essential oil was shown to be a potent
inhibitor of AFG1 production by A. parasiticus (Razzaghi-
Abyaneh et al, 2007). In the same investigation, apiol, a
phenylpropanoid extracted from the seed essential oil of
P crispum, had similar effect to dillapiol, with an ICs, value of
0.24 M for AFGL. These phenylpropanoids are thought to block
AFG1 production by inhibiting CypA, a cytochrome P,s,-
dependent monooxygenase involved in the AF biosynthetic
pathway’s conversion of O-methyl sterigmatocystin to AFG1.
One of the most widely used medicinal plants in the world is
Matricaria recutita L., a member of the Asteraceae family
(Salamon, 1992). The major ingredient is a-bisabolol, a stable
natural monocyclic sesquiterpene alcohol (Tolouee et al., 2010).
This plant is generally considered safe by the FDA (GRAS)
(Bradley, 1992; Newall et al., 1996). Yoshinari et al. (2008) used a
microbioassay technique to screen 110 commercial essential oils
from various plants and discovered a unique biological activity
from M. recutita had suppressed AFG1 synthesis in A. parasiticus
NRRL2999 at a dose of 100 g/mL. Spiroethers may reduce AFG1
synthesis by inhibiting the activity of a cytochrome P,5-dependent
enzyme. The CypA, a P,5, monooxygenase enzyme, is most likely
the target of spiroethers inhibition on AFG1 production.
Another Asteraceae family member, Ageratum conyzoides, is
an exotic plant with exceptional levels of environmental
adaptability. The primary chemical components of this plant
have been linked to many health advantages, including
terpenoids, flavonoids, and phenolics, which have antibacterial
activities against various bacteria and fungi (Kong et al., 2004).
According to Nogueira et al. (2010), the essential oil of the plant’s
aerial parts (0.1g/mL) fully prevented A. flavus IMI190 from
producing AFBI, as well as retarded the growth of the fungus.
Two dimethyl chromenes, precocenes I and II, were found to
be the primary ingredients of A. comnyzoides essential oil.
Ultrastructural alterations in the plasma membrane and
membranous organelles, particularly the mitochondria, were
discovered using electron microscopy on oil-treated fungal
formations. At concentrations of more than 10% (v/v), aqueous
extracts of Azadirachta indica leaves and seeds limit AF synthesis
by A. parasiticus without affecting the fungal growth. Razzaghi-
Abyaneh et al. (2005) found that the cultures with 50% neem leaf
and seed extracts suppressed AF formation by 90 and 65%,
respectively, after 96 h. The integrity of cell barriers, especially
the cell wall, is crucial in the control of AF biosynthesis and
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excretion, according to electron microscope analysis of treated
and untreated fungi. This relationship was found between
decreased AF production and morphological changes.

All 11 of the carotenoids studied by Norton (1997) in his
investigation for the impact of maize carotenoids on A. flavus AF
production were examined, except for a-tocopherol, which
significantly reduced AFB1 production. The carotenoids with the
a-ionone ring, such as a-carotene, lutein, and a-ionone, were the
most potent suppressing AFB1 synthesis by more than 90%. There
is evidence that a-carotene has a target site(s) in the AF pathway
before NOR biosynthesis. Based on the structure/activity data, two
explanations for the observed suppression were put forth:
modification of cell membranes, which directly impacts cytosolic
polyketide synthase, and specific contact with hydrophobic
domains of AF pathway enzymes.

Phenolic-based inhibitions

The most prevalent secondary metabolites in plants are
phenolics, which have over 8,000 distinct structural variations,
ranging from straightforward phenolic acids to more intricate
structures like tannins (Dai and Mumper, 2010). Numerous
studies have examined how phenolics affect AF synthesis and
microbial development (Hua et al., 1999; Kim et al., 2005, 2006;
Razzaghi-Abyaneh et al, 2008). Zhou et al. (2015) tried
tea-derived polyphenol combinations and several individual
polyphenols for observing inhibition of both A. flavus fungi as
well as aflatoxin. It was observed that only quercetin inhibited the
fungal growth at 800pg/mL while catechin mixtures and
polyphenols at individual levels differentially obstructed the
fungal AFB1 biosynthesis. Gomaa and El Nour (2014) discovered
that green tea phenolic extract was utilized as it prevented the
generation of aflatoxin while having no impact on fungal mycelial
proliferation. The innovative biological activity of Satureja
hortensis L. leaf essential oil as a potent inhibitor of A. parasiticus
NRRL2999 AF production was discovered by Razzaghi-Abyaneh
etal. (2008). These phenolics inhibited AFB1 and AFG1 synthesis
in a dose-dependent manner at doses ranging from 0.041 to
1.32mM in all two-fold dilutions. The compounds’ IC, values for
AFB1 and AFGI were 0.50 and 0.06 mM, respectively. Because
these phenolics are powerful antioxidants, their inhibitory effects
on AF synthesis are most likely mediated through the fungus’
oxidative stress levels. Using an S. cerevisiae model system, Kim
et al. (2006) showed that natural phenolics effectively work in
conjunction with well-known antifungal medications such as
carboxin and strobilurin. They discovered that the phenolics
salicylic acid, vanillin, thymol, vanillyl acetone, and cinnamic
acid suppress A. flavus growth by targeting the mitochondrial
oxidative stress defense mechanism. Because mitochondria
provide acetyl-CoA, a crucial component for the production of
AF, antifungal phenolics’ inhibitory effects on AF production
may be due in part to disruption of the mitochondrial
respiration chain.
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Antioxidant-based inhibitions

Given that the polyketide synthase initiates aflatoxin
production and that its precursors are highly oxygenated, it has
been speculated that aflatoxin biosynthesis may represent a method
fungal of defense mechanism against oxidative stress (Kim et al.,
2005). However, it has been demonstrated that certain antioxidants
prevent the formation of aflatoxin. Most of the natural antioxidants
are found in plants materials like polyphenols (phenolic acids,
flavonoids, anthocyanins, lignans and stilbenes), carotenoids
(xanthophylls and carotenes) and vitamins (vitamin E and C)
(Baiano and del Nobile, 2015). Aflatoxin producing fungi infects
plants and produce aflatoxins but plants also produce antioxidants
thus, they may impede AF biosynthesis by influencing toxigenic
fungi’s oxidative stress responses. Zhao et al. (2018) observed that
by altering the transcription factors FarB and CreA, the antioxidant
gallic acid prevents Aspergillus flavus from producing aflatoxins. In
an RNA-based study, Ren et al. (2020) found that 3.5% of ethanol
hinders the aflatoxin Bl production in Aspergillus flavus.
Specifically, ethanol exposure resulted in the downregulation of the
stress-related transcription factor srrA and the upregulation of the
bZIP transcription factor ap-1, the C2H2 transcription factors
msnA and mtfA, as well as several genes of anti-oxidant enzymes,
such as Cat, Catl, Cat2, CatA, and the Cu, Zn superoxide dismutase
gene sodl. Gomaa and El Nour (2014) discovered that cultures
enriched with gallic acid (a potent antioxidant) and an extract rich
in phenolic compounds from green tea had no detectable aflatoxins
at all. Caffeic acid is also a well-known antioxidant secondary
metabolite found in many naturally occurring plant secondary
metabolites. Caffeic acid is a critical step in the formation of lignin
and is found in all plants. Kim et al. (2008) state that caffeic acid
has been used as a marker to clarify the antioxidant-based
regulation of AF biosynthesis. Caffeic acid was added to fat-riched
growth media at a final concentration of 12mM, which inhibited
AF synthesis by A. flavus NRRL3357 by >95% while not affecting
fungal growth. A series of events underlying the caffeic acid-
induced suppression of AF synthesis by A. flavus was proposed by
microarray analysis of a large number of genes engaged in lipid
metabolic pathways, cell wall integrity as well as transport, and
oxidative/antioxidative exercises.

Essential oil-based inhibitions

Fumigation with ginger Zingiber officinale Roscoe essential oil
(GEO) has strong antifungal efficacy against A. flavus, according
to Nerilo et al. (2020). It has been demonstrated in situ (maize
grains) in a dose-dependent way. At doses of 25 and 50g/g, the
GEO prevented aflatoxin synthesis while also controlling fungal
growth. As a result, GEO can be utilized as a successful and
non-toxic alternative to traditional therapies for the natural
control of A. flavus in stored maize grains. Citronella EO at
1000 g/g reduced A. flavus growth for just 3 days, but citronella EO
at 5000g/g completely inhibited A. flavus growth for 28 days,
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according to Thanaboripat et al. (2004). After 300 h of incubation,
Boldo essential oil dosages of more than 1.5g/g were shown to
suppress A. flavus by 93-100% at A,, of 0.98, 0.95, and 0.93 by
Passone et al. (2013). The ability to maintain antifungal activity
was only seen at the 3,000 g/g of the highest concentration of the
five EOs tested, which included Lippia maizeeto var. Integrifolia
(Griseb), Syzygium aromaticum L. (Clove), Pneumus boldus Mol.
(Boldo), Hedeoma multiflora Benth (Mountain thyme), and
Pimpinella anisum L. (Anisseed) (Bluma and Etcheverry, 2008). In
a 6-month in vivo investigation, the Rosmarinus officinalis EO at
1500g/g substantially protected Piper nigrum fruits against
A. flavus (Prakash et al., 2015). With 300 g/g of Artemisia nilagirica
EO, table grapes had a nine-day shelf life against A. flavus, A. niger,
and A. ochraceus (Sonker et al., 2015).

In 1820, German scientist Friedlieb Ferdinand Runge found
the xanthine alkaloid caffeine in coffee. In submerged cultures
containing 2mg/mL caffeine, Buchanan and Lewis (1984)
observed practically full inhibition of AF synthesis as well as a
significant suppression (80-90%) of A. parasiticus growth. Based
on findings from feeding experiments with [U-C14] glucose and
enzymatic assays, Buchanan and Levis hypothesized that caffeine
reduces AF production by interfering with fungal cells’ respiratory
systems and preventing glucose uptake, which is necessary for the
production of acetyl-CoA, the compound that makes up AFs.
Salicylaldehyde reduces AF synthesis by 13-45% in A. flavus and
A. parasiticus at a dose of 9.5 mM and retards fungal development,
according to Kim et al. (2011). Using the model of yeast gene
deletion mutants, they argued that salicylaldehyde targets the
fungal antioxidant system and that vacuolar detoxification plays a
major role in fungal resilience. Maize kernel resistance-related
proteins (RAPs) have been discovered as favorable breeding
markers in comparative proteomics investigations (Bhatnagar
et al., 2008; Brown et al., 2010). Antifungal, storage, and stress-
responsive proteins were the three principal categories of RAPs.
The 14kDa trypsin inhibitor, a RAP from maize kernel, has been
used to demonstrate resistance to AF contamination and fungal
invasion (Brown et al., 2010). By inhibiting A. flavus, a-amylase,
a fungal pathogenic factor, this trypsin inhibitor indirectly inhibits
AF synthesis (Chen et al., 1998; Fakhoury and Woloshuk, 1999).
Alpha-amylase is one of the extracellular hydrolases in A. flavus
that breaks down starch into glucose and maltose, both of which
are important for fungus growth.

Amino acid-based inhibitions

One of the many factors known to influence aflatoxin
biosynthesis is amino acid catabolism. During aflatoxin
biosynthesis, A. flavus readily absorbed the amino acids
methionine, phenylalanine, tyrosine, tryptophan, and acetate
(Adye and Mateles, 1964). Proline and asparagine were discovered
to promote aflatoxin formation in both A. flavus and A. parasiticus
in addition to being easily integrated into aflatoxin (Payne and
Hagler, 1983). Antimicrobial peptides (AMPs) are bioactive
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molecules that can kill bacteria by disrupting their cellular
membrane structure, thus, few scientists tried the AMPs to stop
the growth of fungi also. For the management of mycotoxin-
producing Aspergillus, particularly A. flavus, several synthetic
peptides, including D4E1, MSI99, and AGM182, have been
described by De Lucca et al. (1998), DeGray et al. (2001),
Rajasekaran et al. (2001, 2018). Yan et al. (2004) showed that
Achromobacter xylosoxidans secreted cyclic dipeptide cyclo(L-
leucyl-L-prolyl) along with cyclo(D-leucyl-D-prolyl) and cyclo(L-
prolyl-Lvalyl) inhibited the aflatoxin production from Aspergillus
parasiticus. Inoguchi et al. (2019) reported that both blasticidin A
inhibited the aflatoxin biosynthesis which acts as protein tyrosine
phosphatase inhibitors which in turn can perform as potential
aflatoxin production inhibitors.

Conclusion

affect the aflatoxin

contamination in food/feeds in a variety of ways, including by

Numerous natural substances
suppressing the formation of aflatoxigenic fungus, preventing the
biosynthesis of aflatoxin, and removing or degrading aflatoxin.
These inhibitors have the potential to replace or supplement
existing ways of combating aflatoxin contamination in food and
are very promising in this regard. Aflatoxin biosynthesis is
selectively targeted by several inhibitors of aflatoxin formation,
which do not influence the growth of the fungus cells. However,
at greater concentrations, most of the inhibitors also prevent the
growth of fungi. This would mean that the secondary metabolism
(aflatoxin) is vulnerable to stress brought on by low levels of
chemicals that restrict growth. Natural inhibitors are being
discovered at an increasing rate, however, most of them still have
unclear mechanisms of action. More study is needed to fully
comprehend the mechanisms of action of such chemicals before
they can be employed commercially on a large scale. Researchers
are currently merging datasets from the profiling of transcripts,
proteins, and metabolites produced by inhibitory agents with
various mechanisms of action to better understand the various
aspects of aflatoxin control.
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