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Abstract

Aflatoxins are toxic secondary metabolites that often contaminate food and animal
feed, causing huge economic losses and serious health hazards. Aflatoxin contamination
has become a major concern worldwide. Biological methods have been used to reduce
aflatoxins in food and feed by inhibiting toxin production and detoxification. Among
biological methods, lactic acid bacteria are of significant interest because of their safety,
efficiency, and environmental friendliness. This study aimed to review the mechanisms
by which lactic acid bacteria degrade aflatoxins and the factors that influence their
degradation efliciency, including the action of the lactic acid bacteria themselves (cell
wall adsorption) and the antifungal metabolites produced by the lactic acid bacteria.
The current applications of lactic acid bacteria to food and feed were also reviewed.
This comprehensive analysis provided insight into the binding mechanisms between
lactic acid bacteria and aflatoxins, facilitating the practical applications of lactic acid
bacteria to food and agriculture.
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Background

Fungal contamination of food and feed commodities has
become common because of the ubiquitous nature of many
fungi and their capability to grow under various environmental
conditions. Mycotoxins are secondary metabolites produced
by fungi during their growth process, which not only
significantly harm the health of humans and animals but
also cause substantial economic losses. The prevalence of
mycotoxins in food crops has been reported to be 60%-80%,
with annual economic losses of over US$ 932 million globally
for agricultural products contaminated with mycotoxins [1].
The level of toxic mycotoxins entering the food chain has
increased due to climate change worldwide and improper
storage in developing countries [2]. Consumption of food
and feed contaminated with fungi and their mycotoxins has
carcinogenic, teratogenic, mutagenic, and immunosuppressive
effects on humans and animals [3].

The fungi that contaminate food and feed are classified
into Aspergillus, Penicillium, Fusarium, and so forth. High
temperatures and humid environmental conditions promote
the growth of fungi and the production of toxins, which mainly
include aflatoxins, fumonisins, ochratoxins, zearalenone, and
so forth [4]. The most widely known mycotoxins are aflatoxins
(AFs), which are the most toxic mycotoxins creating the most
problems. Ingestion of AF-contaminated food may lead to
various complications, such as hepatotoxicity, teratogenicity,
and immunotoxicity, posing a serious threat to human and
animal health [5]. Aflatoxins have been shown to have serious
liver carcinogenicity. Aflatoxin Bl (AFBI1) is a major cause of
hepatic cell carcinoma (HCC) worldwide. Chronic liver injury
in humans is caused by frequent exposure to AFs, and HCC is
easy to develop if not monitored for a long time [6].

As a result, several physical and chemical methods have
been used to remove mycotoxins from food and feed, but
for a variety of reasons they have not met the needs of the
population. Nowadays, biodegradation methods are being
extensively investigated to solve the problem of mycotoxin
contamination in our daily lives. This study aimed to review
the latest research progress on the degradation of AFs using
lactic acid bacteria (LAB).

Search engines PubMed, PubMed Central, and Web
of Science were used for this review. Keywords searched
include “mycotoxins” or “aflatoxin”, “lactic acid bacteria” or
“Lactiplantibacillus plantarum”, and “degradation”, “adsorption”,
and “biointegration”. First, articles that do not deal with
aflatoxin at all were excluded. From these, articles in which
LAB (including Lactiplantibacillus plantarum, Lactobacillus
rhamnosus, Lactobacillus kefiri, Lactobacillus reuteri and so
on) play a role were then screened. Articles that did not bring
anything new to the table were excluded after a complete reading.
Figure 1 provides a better description of the literature selection
as an article selection flowchart.

Aflatoxin
Definition and sources of aflatoxins

Aflatoxin is a highly toxic, low-molecular-weight secondary
metabolite produced by fungi such as Aspergillus flavus, A.
parasiticus, and A. specific, which are highly toxic, mutagenic,
and carcinogenic [7]. More than 20 AFs have been identified
to date, with aflatoxins B1 (AFB1), B2 (AFB2), G1 (AFG1), G2
(AFG2), and M1 (AFM1) being the most common, and AFB1
being the most toxic and carcinogenic [8]. Aflatoxins are most
likely to be found in food and feed in hot and humid regions.
They are found in soil, plants, animals, and various nuts, and
are particularly likely to contaminate grains such as peanuts,
maize, rice, soybeans, wheat, and oil seeds [9].

Dangers of aflatoxins

Infection caused by aflatoxins can cause economic losses and
health risks. The economic losses are reflected in reduced yields,
loss of nutritional value, and reduced market value of agricultural
products. Commodities such as maize, peanuts, pistachios,
almonds, walnuts, and cottonseed are highly susceptible to AFs
contamination [10]. Aflatoxins are associated with acute toxicity
and chronic carcinogenicity in human and animal populations
[11]. Symptoms of acute AFs poisoning include vomiting,
abdominal pain, edema, hemorrhagic necrosis of the liver, and
severe drowsiness [10]. Acute poisoning, although generally rare
in developed countries, is common in some developing countries
(especially in regions of Africa), while chronic carcinogenicity
is a global problem [12]. Aflatoxin Bl is classified as a Group 1
carcinogen in humans by the International Agency for Research
on Cancer (IARC) [13]. Aflatoxins specifically target the liver
organ, where bioactivated AFB1 can bind to DNA and cause
a base G-T reversal. The human p53 gene is the main target
of the AFB1-DNA adduct. Therefore, the carcinogenicity of
HCC caused by AFs is mainly due to oxidative damage to
DNA [14]. Additionally, AFs are teratogenic, mutagenic, and
immunosuppressive.

Degradation of aflatoxins

Several strategies are already in place to prevent or eliminate
AFs contamination to restore the safety and edibility of food and
feed. Degradation methods are mainly classified into physical,
chemical, and biological methods. The physical methods for
removing AFBI from food most commonly use microwave and
gamma-ray heating. Patil et al. [15] used low-power microwave
heating (360, 480, and 600 W) to reduce the AFB1 content
by 59%-67% in peanuts. Studies have also reported using
y-rays (such as °Co) to irradiate foods on several different
food matrices, including peanuts, cereals, and animal feed,
employing ionizing radiations ranging from 3 to 10 kGy [16].
By exposing solutions of water, buffers, and acids to a plasma
discharge, cold plasma-induced ions (H*, H,0*, O*, H’, O", and
OH), molecules (N,, O,, O,, and H,0,), and reactive radicals
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Figure 1. Article selection flow chart.

(O, H, OH, and NO") are formed, which collectively are called
reactive chemicals. The production of these reactive substances
hasled researchers to use cold plasma to degrade various toxins,
including AFs [17]. Porto et al. found a 57% reduction in AFs
levels in maize pellets following ozonation treatment [18]. Many
physical and chemical methods have been shown to reduce AFs
levels. However, these methods have several negative effects,
including the possibility of producing other harmful substances,
the possibility of altering food properties, and the high cost of
use, thereby failing to meet the FAO (Food and Agriculture
Organization of the United Nations) requirements of reducing
AFs without residual toxicity, ensuring nutritional value, and
not altering food or feed properties [19].

Therefore, alternative, safe, and cost-effective strategies must
be explored to prevent or reduce mycotoxin contamination in
food and feed. At present, biological detoxification methods are

widely studied for their safety, environmental friendliness, and
high efficiency. Of these, LAB are the most promising fungal
antagonists for use in food, as they have been used extensively
in traditional food fermentation since ancient times. In terms
of the biodegradation of AFs, approximately 17% of the studies
were related to the degradation of AFs using Lactobacillus [20].
Lactiplantibacillus plantarum (L. plantarum) also belongs to
the genus Lactobacillus.

Lactic acid bacteria and their mechanism of action
Potential of lactic acid bacteria to inhibit fungi

Many different sources of LAB have been shown to have
antifungal activity and the potential for biopreservation (Table 1).
Notably, L. plantarum is the best-known LAB species in terms
of fungal inhibitory activity. Ahlberg et al. [21] classified species
belonging to the genera Lactococcus, Lactobacillus, Pediococcus,
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and Leuconostoc as capable of inhibiting the growth of toxin-
producing fungi or inhibiting mycotoxin species. Among the
23 strains of LAB isolated from traditional Egyptian fermented
milk, strain RM1 had the highest antifungal capacity, with
complete inhibition of both AFB1 and ochratoxin A production
at a free supernatant concentration of 15 mg/mL of strain RM1
[22]. Russo et al. [23] used the plate overlap method to screen the
antifungal activity of L. plantarum 88 strains against A. flavus,
A. niger, Penicillium dilatancy, P. roqueforti, Fusarium, and
Cladosporium, reporting significant phenotypic heterogeneity
among their antifungal activity traits. Similarly, Nazareth et al.
[24] reported that the cell-free supernatant (CFS) of L. plantarum
CECT 749 showed good inhibition of A. flavus and Fusarium
flavus infesting maize seeds, reducing mycotoxin production
by 73.7%-99.7%. Numerous studies have identified different
strains of LAB, all with potent antifungal activity.

Table 1. Antifungal/anti-mycotoxin potential of LAB strains.

However, the effectiveness of different LAB in controlling
mycotoxin contamination varies from strong to weak, suggesting
that not all strains of the species have the same potential to avoid
fungal spoilage. The reason is the differences in the mechanisms
of action of different LAB antifungals (Figure 2) [20]. Prevention
of mycotoxin production and detoxification are the two main
strategies for controlling mycotoxin contamination.

Inhibition of fungal growth

The production of mycotoxins is closely related to the growth
status of the fungus, as the onset of mycotoxin production
usually occurs at the end of the growth phase of the fungus.
Therefore, inhibition of fungal growth is generally considered
the most effective strategy to avoid mycotoxin production. When
microorganisms co-exist in an environment, the production
of growth antagonists and competition between different

Percentage

Mycotoxmf LAB species for LAB sources Medium  reduction of References
(Fungal species) mycotoxin removal .
mycotoxins
Aflatoxin
L. plantarum goat milk MRS 55% Escriva et.al (2023) [25]

AFB1/ (Asp erg’.”L.JS Lactobacillus acidophilus probiotic yogurt MRS-sorbitol 46% Ondiek et.al (2022) [26]
flavus, A. parasiticus) agar

Levilactobacillus brevis Brazilian artisanal cheeses MRS 50% Moller et al. (2021) [27]

Chaudhary and Patel
L. plantarum - MRS 72%
AFM1/ (Aspergillus P (2023) [28]
lavus, A. parasiticus i
f P ) Lactococaus factis ssp . MRS 81.4% Muaz et al. (2021) [29]
cremoris
Ochratoxin A L. plantarum - MRS 56.8% ESP'”‘E;S'ZS;)'gédOC]’ etal
(OTA)/ (Aspergillus { actobadil
carbonarius) gctobacilus Tibetan kefir grains MRS 26.9% Du et al. (2021) [31]
kefiranofaciens

Zearalenone Lactobacillus buchneri pickles MRS 72.8% Gan et al. (2022) [32]
(ZEN)/ (Fusarium ) ) ) ) . )
graminearum) Lactobacillus acidophilus healthy human urine PBS 57.4% Ragoubi et al. (2021) [33]

Figure 2. Mechanism of action of lactic acid bacteria in the degradation of aflatoxins. The inhibition may be the effect of these mechanisms acting together.
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microorganisms for space and nutrients affect the growth and
physiological activities of each other. Living LAB have been
found to prevent the growth of fungi through competition for
available space and nutrients in an environment in which they
co-exist [34]. In apple juice, Lactobacillus kefiri M4 prevented the
fungus from germinating because when nutrient concentrations
were low, LAB preferentially competed for and used nutrients,
resulting in insufficient nutrients for fungal growth [35]. Rahayu
etal. [36] used L. plantarum HL-15 alone or in combination as
a fermenting agent for cocoa bean fermentation for inhibiting
the growth of A. niger and the synthesis of ochratoxin A during
fermentation drying. Marie et al. [37] found that L. plantarum
LO-3 and its CFS inhibited the growth of AF-producing
mycobacteria in tomato paste. After inhibiting the growth of
the fungus, the production of mycotoxins decreases. LAB can
also prevent toxin production by inhibiting the expression of
genes involved in aflatoxin synthesis in Aspergillus flavus [38].
Furthermore, the metabolites produced during the growth of L.
plantarum may alter the pH, temperature, moisture, nutrients,
and substrate properties of the growth environment. However,
completely counteracting the harm caused by mycotoxins by
simply inhibiting fungal growth with LAB is difficult. This is
because it is possible to reduce the production of mycotoxins
only when fungal growth is reduced to a level where mycotoxins
cannot be produced due to their retarded growth. So, further
research is needed to neutralize mycotoxins.

Cell wall adsorption

Aflatoxin removal via cell wall component adsorption by LAB
is the most widely studied mechanism (Figure 3) [34]. LAB can
adsorb AFs to their cell wall functional groups. Peptidoglycans,

carbohydrates, phosphate, or proteins form an intrinsic part of
the cell wall of LAB that interacts with the functional groups
and binds to the toxin through physical adsorption, ion
exchange, and complexation [39, 40]. However, polysaccharides
and peptidoglycans are considered the main components of
mycotoxin removal by LAB. Differences in the mycotoxin-
binding capacity of LAB can be reasonably explained by existing
differences in the structure of their cell wall peptidoglycan and
the number of available binding sites [41]. Liu et al. [42] observed
that AFs had a reversible noncovalent interaction with the cell
wall of L. plantarum through binding potential, independent
of the cellular activity. However, the binding of AFs to the
cell wall of L. plantarum is affected by factors such as growth
medium, bacterial status (alive or dead), incubation temperature,
incubation time, and pH value of the medium [34]. Heat and
acid treatments significantly affect the structural integrity of
bacterial cell wall polysaccharides and peptidoglycans. The
cell surface of many Lactobacillus strains has been reported
to change from strongly hydrophilic to hydrophobic after heat
treatment [43], and heat-treated L. plantarum was more readily
bound to AFs. Ma et al. [44] also reported the highest binding
of AFBI to L. plantarum and Lactobacillus brucei at pH 2.5, and
the lowest binding was observed at pH 8.5. The results indicated
that acid treatment increased hydrophobic interactions due to
denaturing the cell surface proteins and exposing the more
binding area to AFBI.

Antifungal metabolite action of the fungus

LAB degrade AFs by producing several antifungal metabolites,
releasing organic acids (such aslactic acid, benzoic and propionic
acids, formic acid, butyric acid, caproic and hexanoic acids, and

Figure 3. Mechanism of AFs (exemplified by AFB1) adsorption by lactic acid bacteria cell walls. LAB can adsorb AFs via peptidoglycan, polysaccharide, and

phosphate in the cell wall, and through hydrophobic and electrostatic interactions.
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phenyl lactic acid (PLA)), novel antifungal peptides, diacetyl,
phenolic compounds, reuterin, bacteriocins, and so forth, during
metabolism [45], all of which associated with fungal activity
blocking (Figure 4) [46].

Organic acids

The main metabolites of Lactobacillus include organic acids,
which have a major impact on fungal growth by inhibiting
mycelial growth. Organic acids produced by L. plantarum
metabolism include lactic acid, acetic acid, propionic acid, formic
acid, and PLA. Russo et al. [23] revealed that L. plantarum had
a wide range of antifungal activities due to the high yield of
lactic acid. Besides lactic acid, PLA, hydroxy PLA, and indole
lactic acid are also found to strongly inhibit AFs production [47].
However, in a recent study, Quattrini et al. [48] reported that
acetic acid was the most potent antifungal metabolite of LAB.
The mode of action of organic acids is to lower the pH in the
environment, causing the inhibition of AFs. The inhibition of
organic acids is due to the undissociated form of organic acids.
It can diffuse through the cell membrane once internalized
into anions and protons. Proton ions contribute to a decrease
in internal pH, disrupting proton dynamics and blocking the
substrate transport mechanism [49].

Novel antifungal peptides

Besides organic acids, inhibitory peptides produced by L.
plantarum have also been shown to be effective against A.
flavus and A. parasiticus [50]. These antimicrobial peptides are
chains of 5-100 amino acids linked together by peptide bonds
of natural origin (linked together by peptide bonds). Treatment

Figure 4. Antifungal metabolites produced by lactic acid bacteria.

of the supernatant with protease is a method that can often
be used to determine the peptide composition of antifungal
compounds. Treatment of Lactobacillus fermentum CRL251
supernatant with trypsin, protease K, and pepsin resulted in a
50%, 4%, and 3% reduction in bacteriostatic activity, respectively
[51]. Thirty-seven polypeptides were identified from the CFS of
L. plantarum TE10. Treatment of bread with partial peptides
resulted in a fourfold reduction in the microscopic growth
and spore formation of A. flavus [52]. Muhialdin et al. [53]
used Sephadex g-25 (dextran gel) to separate CFS-containing
peptides obtained from L. plantarum IS10 using size-exclusion
chromatography. Fraction 10 showed 60% antifungal activity
against A. flavus MD3 at a concentration of 0.02 mg/mL peptide.
The mechanism of action of antifungal peptides is through
binding to carpeted lipid bilayers and penetrating the channels
within them, thereby impairing their function.

Others

LAB produce a variety of protein hydrolases, including cell
wall proteases, peptide transporter proteases, and sufficient
intracellular peptidases, which are capable of biodegrading
mycotoxins into less toxic and less harmful compounds [5].
Smetankova et al. [54] observed that the mean inhibitory
area of L. plantarum against A. flavus accounted for 10.4%
of the total area, among which the antifungal compounds
effective against A. flavus contained diacetyl. The antifungal
mechanism of diacetyl may be due to the induction of ROS
(reactive oxygen species) accumulation, which can disrupt the
membrane structure and lead to leakage of cellular material and
cell death [55]. Gadhoumi et al. [56] found that fermentation
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of plant extracts with Lactobacillus exhibited high antifungal
activity, possibly due to an increase in phenolic compounds and
flavonoids during the fermentation process. The Lactobacillus
reuteri strain removed AFBI at a rate of 26.74% + 2.17% and
was identified as containing a decanoic acid derivative in its
antifungal fraction [57]. Kwak et al. [58] isolated 15 proline-
containing cyclic dipeptides and one proline-free cyclic dipeptide
from L. plantarum K10, all exhibiting antifungal activity. The
mechanism of action of antibacterial cyclins is primarily through
disrupting the structural integrity. They target cell envelope
components, leading to membrane cleavage or inhibition of
membrane and/or cell wall biosynthesis. In yogurt, reuterin
exhibited antifungal effects at a concentration of 1.38 mM [59].
Growth conditions and media can alter the amount of reuterin
produced by LAB. Reuterin’s mechanism of fungal inhibition
may be induced by modifying proteins and oxidative stress
of sulthydryl groups in the small molecules [60]. LAB reduce
molecular oxygen to hydrogen peroxide, the concentration
of which increases dramatically due to the lack of peroxidase
activity. High H O, amounts show an oxidative antibacterial
effect against various microorganisms [61].

Factors affecting the degradation of aflatoxins by
lactic acid bacteria

Types of lactic acid bacteria

Various species of LAB influence the effectiveness of LAB in
degrading AFs. Chlebicz et al. [40] observed that 12 strains of
LAB (Lactobacillus rhamnosus, Lactobacillus casei, Lactobacillus
paracasei, Lactobacillus reuteri, and Lactobacillus brevis) had
variable toxin-binding capacity after 24 h of incubation in PBS
(phosphate buffer saline) for 100 ug/L. The final fungal toxin
concentrations in the samples ranged from 28.96 to 55.80 g/
mL (44%-71% reduction, average 60%). Martinez et al. [62]
observed the degradation of AFMI in yogurt using three LAB
species (Pediococcus acidilactici, P. pentosaceus, and Lactobacillus
rhamnosus), with uptake ranging from 26% to 61%. Lactobacillus
rhamnosus RC007 showed the highest adsorption rate (61%).
Studies have shown [63] that the differences in AFs degradation
by different LAB species are mainly due to different cell envelope
structures and cell wall components (including the peptidoglycan
backbone and protein matrix layer as well as polysaccharides).

pH
Gerez et al. [64] demonstrated that the antifungal activity of
some Lactobacillus strains was lost after neutralization treatment
because the acidity of the antifungal metabolites was disrupted.
The bioactivity of L. plantarum is related to pH. Low pH is the
reason why L. plantarum has outstanding biological activity
against AF-producing strains [23]. Ma et al. [44] also reported
the highest binding of AFBI to L. plantarum and Lactobacillus
brucei at pH 2.5 and the lowest binding at pH 8.5 in phosphate
buffers. Another study [47] found that the CFS of L. plantarum
55 inhibited the growth of AF-producing fungi (A. flavus) by 32%

and AFs by 91%, but these inhibitory effects disappeared when the
pH of the center was neutralized. As the production of organic
acids lowered the pH in the environment, the aforementioned
studies suggested that the inhibitory capacity was related to the
presence of organic acids. Some studies also demonstrated the
pH-dependent antifungal activity of Lactobacillus CES [65].

Temperature

Chaudhary et al. [28] found a significant difference in the
AFMI-binding capacity of L. plantarum S2 at 37 °C and 4 °C
(p <0.05). Sokoutifar et al. [66] set three temperature gradients
0f4°C, 21 °C, and 37 °C to investigate the effect of temperature
on the degradation of AFM1 in dough by L. plantarum. The
results showed that L. plantarum achieved optimal efficiency in
removing AFM1 from dough at 21 °C. The ability of AFM1 to
bind to L. plantarum was mainly due to the hydrophobic pocket
on the surface of the L. plantarum cell wall [67]. Heat action may
increase the interference of inter and intra-bacterial electrostatic
bonds, and subsequently, the cell wall of the probiotic bacteria
can form additional bonds with AFMI. The cell wall of L.
plantarum becomes hydrophobic on increasing the temperature
of the medium, suggesting that this feature is responsible for
the additional bonding of AFM1 to the surface of the probiotic
[68]. So, an appropriate increase in temperature could facilitate
the binding of AFM1 by L. plantarum.

Treatment of bacteria

Abedi et al. [69] inoculated a mixture of L. plantarum ATCC
8014 and Lactobacillus rhamnosus ATCC 7469 into an AFBI-
containing medium in various modes. The different modes
were mainly classified as live cells, heat-inactivated cells, and
ultrasonically inactivated cells. The final results indicated that
the highest AFBI adsorption was in the order of sonication-
inactivated mix (8.042 pug/kg) > heat-treated mix (6.90 pg/kg)
> live mix (5.533 pg/kg). This might be because the sonication-
inactivated mixes were more stable in binding to AFBI1 and
less prone to a reversible process to release AFB1. Treatment
of AFM1-contaminated milk using live and dead LAB showed
that dead cells had better binding capacity than live cells from
4 to 24 h after treatment [70]. This might be due to the increase
in available binding sites of dead LAB cells.

Application of lactic acid bacteria in food and feed

Lactobacillus strains have been shown to have the potential
for use as antifungal protectants in excess food commodities
including dairy products, fruit juices, bakery products, meat,
fruit and vegetables, and animal feed, among others.

Degradation of aflatoxin M1 in dairy products

Aflatoxin M1 is considered a serious problem in dairy products.
In the production and processing of dairy products, raw milk,
production process, and storage environment may come into
contact with AFM1, and the content of AFM1 may change
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with temperature, time, and inoculation of LAB. Mousavi
Khaneghah etal. [71] found that ripened cheese had less AFM1
than fresh cheese. This may be because the hydrophilic portion
of the protein is the binding site for AFM1, and ripened cheese
contains less protein than fresh cheese. Moreover, the addition of
LAB to cheese production helps to ripen the cheese, and the cell
wall components of LAB (peptidoglycan, polysaccharide, etc.)
adsorb AFM1, resulting in a reduction in the amount of AFM1
in the cheese [72]. Fermentation of milk into lala (a traditional
fermented beverage) and yogurt using LAB has been shown to
significantly reduce AFMI1 levels. Lala reduced AFM1 by 71.8%
after 15h of incubation at room temperature, and yogurt reduced
AFM1 by 73.6% after 4 h of incubation at 45 °C [73]. This may
be due to the fact that the pH decreases with incubation time,
which may lead to denaturation and coagulation of casein, thus
further affecting the adsorption of AFM1 [74]. The inclusion of
LAB in dairy products not only helps to enhance the unique
flavor and nutritional value of dairy products but also degrades
AFMLI in dairy products.

Therefore, the use of LAB to remove AFM1 from milk and
its products is the best strategy. For example, Panwar et al.
demonstrated [75] the ability of Lactobacillus to bind to AFM1 in
artificially contaminated skimmed milk. The highest reduction
effect of AFM1 was found in the L. plantarum LU5, which had
the best degradation effect in dairy products (0.5-0.24 ug/kg)
[76]. The ability of L. plantarum strains to remove AFM1 from
fermented milk during storage in a temperature-dependent
manner (higher at 21 °C-37 °C) has also been reported [66].
Fakhrabadipour et al. [77] were able to effectively remove
90% of AFMI1 after co-incubating a 10" cfu/ml mixture of
Bifidobacterium bifidum and Saccharomyces cerevisiae with
AFMI-contaminated skimmed milk for 24 h at 37 °C.

Degradation of aflatoxin B1 in bread and silage

Feed and silage contaminated with AFB1 play an essential role
in the production of AFM1 in animals. Lactobacilli are widely
used as microbial inoculants in silage, which can improve the
aerobic stability of silage. Ma et al. [44] first applied lactobacilli
in maize silage to test the effect of bacteria in reducing AFB1.
Lactobacillus species reduced the initial concentration of AFBI1
in silage from 30 to 2 pg/kg within 2 h, probably due to the
direct binding effect of Lactobacillus species. During silage,
AFBI concentrations continued to decrease and reached safe
levels after 72 h. Gallo et al. [78] applied a variety of probiotic
bacteria to maize silage and showed that the best degradation
of AFBI after 90 days of silage was achieved by Lactobacillus
rhamnosus LR7 and L. plantarum ATCC 8014 silage, with an
approximately 50% reduction in AFBI.

Besides dairy products and silage, the potential of Lactobacillus
strains to remove mycotoxins has also been used in various
other food and feed commodities. For example, the potential
of L. plantarum strains to remove AFB1 has been used in bread
making, where antifungal strains increased the shelf life of
bread by three to four days and reduced AFs production in

bread by 99.9% compared with the control [79]. Fermented
yeast is directly used in the bread recipe to slow down the
growth of spoilage microorganisms. Sun etal. [80] found that L.
plantarum LB-1 significantly improved the textural properties
of sourdough and enriched its aroma-volatile compounds,
thereby improving the quality and extending the shelf life of
whole wheat bread compared with the control group. Luz et
al. [81] reported that sourdough bread formulated with whey
and additionally fermented with L. plantarum CECT 749 or
Lactobacillus bulgaricus CECT 4005 extended its shelf life by
two or four days, respectively. However, despite the antibacterial
activity of fermented dough and its aqueous extract, few studies
have investigated its antifungal activity.

Conclusion

Mycotoxin contaminations in food and animal feed are a
global concern because of their toxicity, posing risks to human
and animal health, in addition to associated economic losses.
Therefore, the application and innovation of biodetoxification
methods are essential to eliminate mycotoxin contamination
and prevent related health problems. Inhibition of mycotoxins
using LAB and their active metabolites is a key focus of
biodetoxification, which is also a natural tool for preventing
fungal growth, extending shelflife, and improving food safety.
In recent years, LAB has been used in real-life applications to
degrade AFs in bread and silage. Degradation mechanisms
include direct inhibition of fungal growth, cell wall adsorption
of toxins, and antifungal metabolites (organic acids, antifungal
peptides, diacetyl, cyclins, etc.) to degrade toxins. Furthermore,
factors such as the diversity of LAB, pH, incubation temperature,
and the way the bacteria are treated have been shown to influence
the efficiency of LAB in degrading AFs. However, most of these
studies have only looked at the changes in the amount of AFs
in the presence of LAB by varying these factors, and few have
discussed the mechanism of action of these factors in depth.
Subsequent studies can delve into how these factors (type of
LAB, temperature, pH, treatment of the bacteria, etc.) affect
degradation efficiency in terms of (i) inhibition of the growth
of AF-producing mycobacteria; (ii) type, quantity, and activity
status of the antifungal compounds produced by LAB; (iii)
stability of the LAB and AFs binders; and (iv) changes in the
structure of the LAB.

Another theory regarding the mechanism of AFs degradation
by LAB is that the CFS of LAB downregulates the expression of
genes related to AF synthesis. The afIR gene is involved in the
synthesis of AFs. Ghanbari et al. [82] found that the inhibition
of AF production at a concentration of 2 x 10° CFU/mL was due
to a significant decrease in the expression level of the afIR gene.
The CFS of L. plantarum MN880325 isolated from ferments,
such as batter, reduced AFs yield in peanut kernels by > 97%,
and quantitative real-time polymerase chain reaction (QPCR)
results showed that its CFS inhibited the afIR gene expression
by 50% [83]. Recent studies have only confirmed that CFS can
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downregulate the expression of AF synthesis genes. However,
many antifungal compounds exist in the CFS of Lactobacillus,
and it is yet unclear which components in the CFS downregulate
the expression of the afIR gene. Further studies can isolate and
purify the substances in the CFS, such as organic acids, antifungal
peptides, and cyclins, to find the substances that downregulate
the expression of the afIR gene.

Extensive laboratory evidence suggests that LAB are effective
in degrading AFs. Previous studies applied LAB as a biological
method to degrade AFs in food or feed and to minimize the
health and economic losses caused by toxin contamination.
However, in practice, many factors are difficult to strictly
control, and the use of LAB in food and feed also requires
consideration of aspects such as retaining nutritional value.
Pavlek et al. [70] found that after prolonged binding of AFM1
in milk by dead LAB, the trace elements in the milk changed,
with the largest deviations in Na, K, and Mg compared with
untreated milk. Therefore, further studies are needed on the
composition of food and feed, morphology, storage conditions,
and the detoxification effect of LAB when multiple combinations
of toxins are present together before they can be truly applied
in industrial mass production.
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