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Abstract: Liver S9 fraction is usually employed in mutagenicity/genotoxicity in vitro assays, but
some genotoxic compounds may need another type of bioactivation. In the present work, an alterna-
tive S9 fraction from the kidneys was used for the genotoxicity assessment of 12 mycotoxins with the
SOS/umu test. The results were compared with liver S9 fraction, and 2–4 independent experiments
were performed with each mycotoxin. The expected results were obtained with positive controls
(4-nitroquinoline-N-oxide and 2-aminoanthracene) without metabolic activation or with liver S9, but
a potent dose-dependent effect with 4-nitroquinoline-N-oxide and no activity of 2-aminoanthracene
with kidney S9 were noticed. Aflatoxin B1 was genotoxic with metabolic activation, the effect being
greater with liver S9. Sterigmatocystin was clearly genotoxic with liver S9 but equivocal with kid-
ney S9. Ochratoxin A, zearalenone and fumonisin B1 were negative in all conditions. Trichothecenes
were negative, except for nivalenol, 3-acetyldeoxynivalenol, 15-acetyldeoxynivalenol, T-2 and HT-2
toxins, which showed equivocal results with kidney S9 because a clear dose-response effect was not
observed. Most of the mycotoxins have been assessed with kidney S9 and the SOS/umu test for the
first time here. The results with the positive controls and the mycotoxins confirm that the organ used
for the S9 fraction preparation has an influence on the genotoxic activity of some compounds.

Keywords: genotoxicity; liver S9; kidney S9; in vitro; bioactivation

Key Contribution: 4-nitroquinoline-N-oxide showed a high dose-related genotoxic activity with
kidney S9. Trichothecenes were assessed for the first time by the SOS/umu test with kidney S9. The
genotoxic activity of the positive controls and seven mycotoxins was different depending on the
origin of the S9 fraction.

1. Introduction

Mycotoxins are secondary metabolites produced by fungi with several toxicologi-
cal effects to humans and animals [1]. Genotoxicity and carcinogenicity are important
toxicological endpoints due to the possible chronic exposure to mycotoxins [2]. A priori-
tization strategy based on the genotoxic potential of 12 mycotoxins has been performed
using in silico approaches and the SOS/umu test [3]. The mycotoxins selected were
aflatoxin B1 (AFB1), sterigmatocystin (STER), ochratoxin A (OTA)—all of which are pro-
duced by Aspergillus and Penicillium species—and 9 mycotoxins produced by Fusarium
species: zearalenone (ZEA), fumonisin B1 (FB1), nivalenol (NIV), deoxynivalenol (DON),
3-acetyldeoxynivalenol (3ADON), 15-acetyldeoxynivalenol (15ADON), T-2 (T-2), HT-2
(HT-2) and fusarenon-X (F-X). In the SOS/umu test performed with and without metabolic
activation, AFB1 and STER were classified as genotoxic dependent on metabolic activation,
whereas OTA, ZEA and FB1 were nongenotoxic [3]. The S9 mixture for the SOS/umu test

Toxins 2022, 14, 400. https://doi.org/10.3390/toxins14060400 https://www.mdpi.com/journal/toxins1
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was prepared with a commercial post-mitochondrial supernatant 9000 g fraction (S9) from
rodent livers at 8%.

The study design of the in vitro genotoxicity assays must consider the use of an ex-
ogenous metabolic activation fraction for chemical testing [4,5]. Rat liver S9 fraction is the
standardly used in the genotoxicity assays; it can be obtained from different rat strains
and after different treatments with enzyme inducers, but some inconsistencies have been
found [6]. Moreover, there is no a clear statement on the rat strain, enzyme concentration
(mg protein/mL) and the most convenient treatment for the induction. This lack of ho-
mogeneity can generate variable genotoxic responses during in vitro assessments [6]. To
overcome this problem, some alternatives have been proposed, such as the biotechnological
animal free “ewoS9R” [7]. On the other hand, the International Council for Harmonisation
of Technical Requirements for Pharmaceuticals for Human Use (ICH) guideline for the
genotoxicity assessment of pharmaceuticals (ICH S2R1) recommends the use of alternative
methods/systems for metabolic activation when negative results are obtained in vitro and
further testing is considered [5]. One of the reasons for explaining the failure of these
strategies for detecting genotoxic carcinogens is concerning metabolism and the different
biotransformation pathways of chemicals in cells of different tissues. Therefore, the Inter-
national Workshop on Genotoxicity Test (IWGT) Strategy Expert Group also recommended
the use of alternative systems/tissues/species for genotoxicity testing in vitro [8]. The
Organization for Economy and Co-operation and Development (OECD) bacterial reverse
mutation assay guideline also considers different patterns for the metabolic activation of
chemicals as a cause for missing some mutagens with this assay [4]. Different organs than
liver have been considered for the S9 preparation (e.g., kidney and spleen) [9]. Human
kidney microsomes exerted a similar response to a liver S9 fraction in the biotransformation
of peptides [10]. The kidney has a prominent role in the toxicity of numerous drugs, envi-
ronmental pollutants and natural substances [11]. In addition, several organic substances
are nephrotoxic just after being transported into tubular cells. For instance, citrinin induces
proximal tubular necrosis [12]. OTA has been shown to be negative in mutagenicity as-
says [13]. However, it was mutagenic when using a mice kidney microsomal fraction [14].
Therefore, the use of a kidney S9 fraction in genetic toxicology testing may be relevant for
some compounds.

In this work, the in vitro genotoxic effect of 12 mycotoxins and the influence of the
tissue origin of the metabolic activation fraction has been studied using two S9 fractions.
On the one hand, is the standard liver S9 fraction from induced rats and on the other, is a
kidney S9 fraction from uninduced rats. For that purpose, the medium-throughput test
SOS/umu, previously used to prioritize mycotoxins based on their genotoxicity [3], has
been selected. It has been demonstrated to have a high concordance with the regulatory
accepted Ames test (TG OECD 471 [4]) [15,16]. The SOS/umu was selected because it has
the following advantages with respect to the Ames test: (i) the results are obtained the
same day of the experiment (1 day); (ii) the amount of test compound is lower; and (iii) it
allows for the assessment of a maximum of six different compounds in one experiment. In
summary, there is a significant reduction in material expenses and workload [17]. In the
present study, the SOS/umu test has been performed with each of the mycotoxins and with
both S9 fractions in 2–4 independent assays. Negative and positive controls were included
in all the assays.

2. Results

The results of the negative control (C−) from eight independent experiments are
presented in Figure 1. Seven replicates were generated in each experiment. The average
and standard deviation of each of the replicates are shown in the figure. The absence of
toxicity and genotoxicity is confirmed in each condition.
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Figure 1. Negative control results in the SOS/umu test without metabolic activation (PBS) or with
metabolic activation from liver S9 or kidney S9. Average and standard deviation of each of 7 replicates
per experiment from a total of 8 experiments are presented. The bars represent the induction factor
(IF) and the grey line the bacterial survival as percentage. The standard deviation (SD) between
experiments is presented with the SD bars or with the soft grey area for the survival. Results were
considered non-toxic if survival was >80%. Values were considered genotoxic if inductor factor (IF)
value was ≥2 at non-toxic concentrations. The red line has been depicted to indicate IF = 2.

The results of the positive controls 4-nitroquinoline-N-oxide (4NQO) and 2-aminoanthracene
(2AA) without metabolic activation (PBS) and with metabolic activation from liver (liver S9)
or from kidney (kidney S9) are presented in Figure 2. 4NQO without metabolic activation
has IF values greater than 2 at high concentrations (0.63–2.5 μg/mL) with a concentration–
response tendency. In the presence of liver S9, a positive result was only observed at the
highest concentration (2.5 μg/mL), but with kidney S9, a strong genotoxic effect with a
concentration–response trend was registered. Moreover, the highest concentration had
IF values around 6 (Figure 2). IF variability was greater with kidney S9 (max % CV:
62.9) than with liver S9 (max % CV: 50.6). Considering 2AA, it was negative without
metabolic activation and with kidney S9. However, it was positive with liver S9, showing a
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concentration–response tendency and reaching IF values around 4 (Figure 2). IF variability
was greater with kidney S9 (max % CV: 66.7) than with liver S9 (max % CV: 45.8).

Figure 2. Positive controls results of the SOS/umu test without metabolic activation (PBS) or with
metabolic activation from liver S9 or kidney S9. Average and standard deviation from 8 independent
experiments are presented. The bars represent the inductor factor (IF) and the grey line the bacterial
survival as percentage. The standard deviation (SD) is presented with the SD bars or with the soft grey
area for the survival. Concentrations were considered non-toxic if survival was >80%. A compound
was considered genotoxic if inductor factor (IF) value was ≥2 at non-toxic concentrations. The red
line has been depicted to indicate IF = 2.

The results of AFB1 and STER are shown in Figure 3 and Figure S1 of Supplementary
Materials. There was a weak genotoxic tendency without metabolic activation for both
mycotoxins (see Figure S1). AFB1 showed a clear concentration–response tendency with
both metabolic fractions, although the effect was more pronounced with liver S9. The
bacterial survival decreases at the highest concentrations. However, AFB1 is still genotoxic
and non-toxic at the lowest concentrations (see Figure 3). IF variability was greater with
liver S9 (max % CV: 65.6) than with kidney S9 (max % CV: 39.9). STER gave IF values greater
than two, and a concentration–response was evident with liver S9. However, equivocal
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results were observed with kidney S9: no genotoxicity in three out of four experiments.
IF values of day 1 were above two with a weak concentration–response (see Figure 3). IF
variability was greater with kidney S9 (max % CV: 87.2) than with liver S9 (max % CV: 47.4).

Figure 3. AFB1 and STER results in the SOS/umu test with metabolic activation from liver S9 or
kidney S9. The number of independent experiments of AFB1 are 2 for the liver S9 or 3 for the
kidney S9. The number of independent experiments of STER are 4 in both conditions. The dots
represent the inductor factor (IF) of each individual experiment and the grey line the mean bacterial
survival as percentage. The standard deviation of the survival is presented with the soft grey area.
Concentrations were considered non-toxic if survival was >80%. A compound was considered
genotoxic if inductor factor (IF) value was ≥2 at non-toxic concentrations. The red line has been
depicted to indicate IF = 2. Data from two assays with liver S9 (days 3 (AFB1) and 4 (STER)) were
published in [3]. Percentage survival values above 120 were corrected to 120%.

The results of DON, F-X, NIV, 3ADON, 15ADON, T-2 and HT-2 without metabolic
activation were all negative (see Figures S2 and S4 of Supplementary Materials). The
results with metabolic activation are shown in Figure S3 (DON, F-X) and 4 (NIV, 3ADON,
15ADON, T-2, HT-2). DON and F-X were negative with metabolic activation. The highest
IF values obtained were 1.94 for DON (kidney S9, 431 μg/mL) and 1.88 for F-X (kidney S9,
1 μg/mL). There was no concentration–response tendency for any mycotoxin.

NIV, 3ADON, 15ADON, T-2 and HT-2 were all negative with liver S9 (Figure 4). How-
ever, NIV, 3ADON and T-2 gave IF values above two in three out of four experiments,
and 15 ADON and HT-2 gave IF values above two in two out of four experiments with
kidney S9. Nonetheless, there was not a clear concentration–response in any of the exper-
iments (see Figure 4). IF variability was greater with kidney S9 (max % CV of 3ADON:
60.1; 15ADON: 51.8; T-2: 47.3; HT-2: 54.9) than with liver S9 (max % CV of 3ADON: 49.3;
15ADON: 42.8; T-2: 40.7; HT-2: 36). For NIV, liver S9 variability was greater (max % CV
54.2) than with kidney S9 (max % CV 51.3).

5
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Figure 4. NIV, 3ADON, 15ADON, T-2 and HT-2 results in the SOS/umu test with metabolic activation
from liver S9 or kidney S9. The number of independent experiments was 4 for all conditions. The
dots represent the inductor factor (IF) of each individual experiment and the grey line the mean
bacterial survival as percentage. The standard deviation of the survival is presented with the soft grey
area. Concentrations were considered non-toxic if survival was >80%. A compound was considered
genotoxic if inductor factor (IF) value was ≥2 at non-toxic concentrations. The red line has been
depicted to indicate IF = 2. Data from two assays with liver S9 (days 2 and 3) were published in [3].
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The results of OTA, ZEA and FB1 are shown in Figures S5 and S6 of Supplementary
Materials. All the mycotoxins were negative both with liver or kidney S9 and without
metabolic activation.

3. Discussion

Metabolic activation is a pivotal aspect in genetic toxicology testing, due to metabolic
deficiencies of in vitro experimental systems. The enzyme preparations from mammalian
cells are added to in vitro systems for simulating in vivo xenobiotic bioactivation [8]. Sub-
cellular preparations are obtained by the centrifugation of tissue homogenates. Any tissue
could be applied [18]. However, liver is the most widely used because the enzymes from
the cytochrome P450 system are located mainly in the endoplasmic reticulum of hepatic
cells. There are two types of subcellular preparations. On the one hand, S9 fraction is
obtained with one centrifugation step at 9000 g; it contains the microsomal and the cytosolic
phases. The microsomal fraction requires an ultracentrifugation at 100,000 g to separate
the cytosolic soluble phase from the microsomes [18]. The most widely used S9 fraction
is obtained from rodent livers treated with inducing agents [8]. Liver homogenates were
recommended as the most convenient tissue in the Ames test [19]. When validating the
SOS assays as screening tests, liver S9 was also the most widely used [15,20–25]. However,
some procarcinogens could need another type of metabolic preparation to show their
biological effects [4,5]. For example, an Ames protocol modification was the inclusion of a
hamster S9 fraction for the assessment of azo compounds [26–28]. In addition, the use of a
different organ other than liver for preparing the S9 fraction may be recommended in some
circumstances. For instance, OTA was assessed with a mice kidney microsomal fraction
because the kidney is the target organ of OTA genotoxicity in rodents [14]. Moreover, the
kidney is one of the tissues responsible of the metabolic conversion of fusarenon-X into
nivalenol [29] and T-2 toxin transformation into HT-2 [30,31]. The present work analyzes
the mutagenic potential of 12 mycotoxins with a standard liver S9 fraction and a kidney
S9 fraction with the SOS/umu test. Most of the mycotoxins are assessed with kidney S9
and the SOS/umu test for the first time here. This assay is usually performed once in the
context of drug screening, but in the present study, 2–4 independent experiments have been
carried out for confirming the results and analyzing the variability of the test.

4NQO is standardly used as positive control without metabolic activation [32]. Ac-
cording to our results, it had a weak genotoxic response in this condition. However, it was
genotoxic with both metabolic fractions, which was not expected. Moreover, the genotoxic-
ity with kidney S9 was greater than without metabolic activation. 4NQO is quickly reduced
into 4-hydroxyaminoquinolone 1-oxide (4HAQO), a carcinogenic metabolite [33]. The
suspected enzyme responsible of the reduction was located in the supernatant fraction of
rat liver and kidney, but with a higher specific activity in liver [34]. However, we registered
greater genotoxicity with kidney S9. The carcinogenic activity of 4HAQO was higher than
4NQO in mice. Consequently, it was suggested that 4NQO acts through its reduced form,
4HAQO [34]. Therefore, in our case, 4NQO’s metabolic conversion with both S9 fractions
and the possible presence of 4HAQO could explain the genotoxic response obtained with
metabolic activation.

2AA is probably the most widely used mutagen [35] and seems to be activated by
hepatic preparations from most animal species (rat, mice, hamster, pig and human) [36],
which agrees with the results obtained with liver S9. However, it was negative with kidney
S9. Just one author assessed the mutagenicity of 2AA with the Ames test and kidney S9
from oyster toadfish. The addition of the kidney S9 increased the mutagenicity of 2AA [37].
The different species and S9 concentration in the metabolic activation mixture could be the
cause of the discrepancy.

AFB1 is a genotoxic and carcinogenic compound. It forms DNA adducts and induces
gene mutations and chromosomal aberrations. The mutagenicity in Salmonella tester strains
TA 98 and TA 100 was 1000 times higher with metabolic activation than without bioac-
tivation [38]. AFB1 has been used as positive control for liver S9 in SOS test [32,39,40].

7
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The results with metabolic activation in our study are also greater than without, with a
more pronounced response with liver S9 than with kidney S9. Just one author explored the
mutagenicity of AFB1 with the Ames test and kidney S9 from oyster toadfish. The addition
of the kidney S9 increased the mutagenicity of AFB1 [37].

STER is an intermediate of the aflatoxins biosynthesis pathway with a comparable
genotoxic potential than AFB1 [41]. Moreover, STER produced a greatest response than
AFB1 in SOS/umu test with liver microsomes from human and rat [42]. In most of the SOS
tests it is also genotoxic [40,43]. In our study STER was positive with liver S9 but equivocal
with kidney S9. In all cases, it was less genotoxic than AFB1. Nonetheless, the assessment
with kidney S9 has been conducted for the first time.

Regarding trichothecenes, NIV, F-X, DON, 3ADON and T-2 were assessed with the
Ames test without and with liver S9. In all cases, mutagenic activity was not found [44–49].
DON was also negative with SOS chromotest [45]. In the present study, all were negative
without and with liver S9. In some cases, the genotoxicity assessment with SOS/umu test
was carried out for the first time (15ADON and HT-2) [50,51]. Moreover, the genotoxicity
assessment with S9 fraction of kidney origin was carried out for the first time for all
trichothecenes. DON and F-X were also negative with kidney S9; however, NIV, 3ADON,
15ADON, T-2 and HT-2 produced equivocal results.

Ochratoxin A is suspected of being one of the etiological agents of Balkan Endemic
Nephropathy (BEN) and was associated with urinary track tumors in humans [52]. Since
its last revision in 2020, the uncertainty of the mode of action for kidney carcinogenicity
has increased [13]. However, it is known that oxidative stress is involved [53]. OTA
mutagenicity assessed with Salmonella tester strains was consistently negative [13], which
agrees with our results obtained in all conditions. OTA induced a weak response in SOS
chromotest, but without a concentration-response trend, which was considered a negative
outcome [40]. OTA induced SOS repair activity with SOS chromotest without metabolic
activation. However, the concentration tested was cytotoxic [54]. A mixture of OTA and
OTB (85% and 15%) induced a weak mutagenic response with a liver S9 fraction in the
Ames test. However, in the same experiment, OTA alone was negative [48]. Therefore, in
most cases, OTA was found as negative with and without metabolic activation in the SOS
test [43,55], which agrees with our results.

However, OTA was mutagenic when using a mice renal microsomal fraction in 1535,
1538 and 98 strains with the Ames test. NADP and arachidonic acid were used as cofactors,
and in both cases, OTA was positive in the three strains [14]. The type of preparation
(microsomal fraction) and the species (mice) are different from our study, as is the use
of arachidonic acid, which could explain the different results obtained with the kidney
fraction in the present work. The mutagenicity of 1535 was higher with this cofactor, which
would support the hypothesis according to which prostaglandin synthase would be the
key element for oxidative metabolism of genotoxic compounds in mouse kidney [14].

Regarding zearalenone, negative results were observed in the Ames test without
and with (liver S9) metabolic activation [44,48,56]. In addition, negative outcomes were
obtained with SOS tests [39,40,43,55,57], which agrees with our results. In just one case,
ZEA was able to induce SOS repair in Escherichia coli, but the genotoxic concentration
(1.5 mM) was also toxic (IC50 1.45 mM) [58]. The assessment with kidney S9 has been
performed for the first time.

FB1 was related with renal carcinogenicity in rats, probably not mediated by a geno-
toxic mode of action [59]. The mutagenic potential studied with the Ames test was negative
without and with liver S9 [45,60,61]. Knasmüller et al. 1997 [45] assessed FB1 genotoxicity
with Escherichia coli PQ37 in the SOS chromotest and was found to be negative, which is in
agreement with our results [45]. In the present study, FB1 reached IF values of 1.99 with
kidney S9 (31 and 63 μg/mL in day 1) but without a dose–response tendency (see Figure S6).
The genotoxicity assessment with kidney S9 has been performed for the first time.

In all compounds tested, the IF variability was high (CV > 30%). In addition, it was
higher with kidney S9 than with liver S9, except with NIV and AFB1, which showed higher
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variability with liver S9 than with kidney S9. In spite of this, the SOS/umu test can be
considered a reproducible assay. This is very evident with the positive controls results.
In seven out of eight experiments, it could be concluded that 4NQO was genotoxic with
kidney S9, and in eight out of eight experiments, it was genotoxic with PBS. For 2AA, in
eight out of eight experiments, it was genotoxic with liver S9. AFB1, was also genotoxic
in all experiments with liver S9 and kidney S9. The common aspect observed in all of
them was the concentration–response tendency. For NIV, 3ADON and T-2, IF values above
two were registered in three out of four experiments with kidney S9; 15ADON and HT-2
in two out of four experiments; and STER in one out of four experiments. However, a
concentration–response tendency was not observed in any of those cases. It seems that the
high variability with kidney S9 would affect the reproducibility of these compounds under
this condition. Therefore, these mycotoxins were classified as equivocal. In summary, the
recommendation could be, depending on the compound, that the assay could be performed
once, e.g., if there is a clear positive (with a concentration-response tendency) or negative
response (IF values < 1.5). However, when analyzing equivocal compounds (IF values
around 2), it could be advisable to perform at least two independent experiments. In
addition, the Ames test is the gold standard assay for mutagenicity screening [62]. The
SOS/umu test has a high concordance with this assay [15,16]. Therefore, it would be
advisable to obtain confirmatory results with the miniatured version of the Ames test using
a kidney S9 of the mycotoxins with equivocal results obtained in this work with kidney
S9 (sterigmatocystin and trichothecenes type A and B). The miniaturized version of the
Ames test has a high concordance with the standard version [63]. Only in the case of still
obtaining equivocal results could the standard version be performed.

4. Conclusions

The SOS/umu test can be considered a reproducible test. Consistent results have been
obtained with negative (PBS) and positive (4NQO and 2AA) controls. Thus, this assay
could be used not only for screening but also for genotoxic characterization as a first step.
The organ used for the S9 fraction preparation has an influence on the genotoxic activity of
some compounds, including 4NQO and 2AA and some mycotoxins. Thus, the use of S9
fraction from kidney tissue may be advisable in some cases.

5. Materials and Methods

5.1. Chemicals and Reagents

DMSO and Na2CO3 were purchased from PanReac AppliChem (Barcelona, Spain).
Bactotryptone for TGA medium was obtained from Bectone Dickinson (Madrid, Spain)
and dextrose and NaCl were from PanReac AppliChem (Barcelona, Spain). Ampicillin,
ONPG (2-nitrophenyl- β-D-galactopyranoside), the B-buffer ingredients (Na2HPO4 2H2O,
NaH2PO4 H2O, MgSO4 7H2O, sodium dodecyl sulfate, β-mercaptoethanol) in which
the ONPG was dissolved, PBS ingredients (Na2HPO4 2H2O, NaH2PO4 H2O) and the
positive controls 2-aminoanthracene (2AA) and 4-nitroquinoline-N-oxide (4NQO) were
purchased from Sigma-Aldrich (Darmstadt, Germany). The KCl for B-buffer was from
PanReac AppliChem (Barcelona, Spain). Ingredients for the S9 mix preparation were
obtained from Sigma-Aldrich (Darmstadt, Germany)—phosphate buffer (NaH2PO4 H2O,
Na2HPO4 2H2O), glucose-6-phosphate and NADP solutions—or from PanReac AppliChem
(Barcelona, Spain)—saline solution (MgCl2 6H2O, KCl).

5.2. Experimental System

The genetically modified Salmonella typhimurium 1535/pSK1002 used in the SOS/umu
test was purchased from the German Collection for microorganisms and Cell cultures
(DSMZ 9274) (Berlin, Germany). The bacterium contains a plasmid in which two genes are
fused, one involved in DNA repair and the other accountable for β-galactosidase activity.
Therefore, SOS repair activity was monitored through β-galactosidase induction activity
determined with spectrophotometric measures.

9



Toxins 2022, 14, 400

5.3. Mycotoxins

All mycotoxins were purchased in powder form from Sigma Aldrich (Darmstadt,
Germany), dissolved in DMSO or water and maintained at −20 ◦C until use. The reference
commercial number and CAS number is indicated in each case: AFB1 (A6636; CAS: 1162-65-
8), STER (S3255; CAS:10048-13-2), DON (D0156; CAS: 51481-10-8), F-X (33438; CAS:23255-
69-8), NIV (32929; CAS: 23282-20-4), 3ADON (A6166; CAS:50722-38-8), 15ADON (32928;
CAS: 88337-96-6), T-2 toxin (33947; CAS: 21259-20-1), HT-2 toxin (T4138; CAS: 26934-87-
2), OTA (O1877; CAS: 303-47-9), ZEA (Z2125; CAS: 17924-92-4) and FB1 (F1147; CAS:
116355-83-0).

5.4. Rat Tissue Fractions and S9 Mix Preparation

Two rat S9 fractions were used, one obtained from liver and the other one from kidney.
The kidney S9 was purchased from Tebu-bio (Barcelona, Spain), and the liver S9 was
obtained from Trinova Biochem (Giessen, Germany). Both were extracted from Sprague
Dawley male rats of 5 to 8 weeks of age. Liver S9 was obtained from rats treated with
Aroclor 1254 as enzyme inductor. The kidney S9 was extracted from rats not treated with
any inducing agent. The sterility of kidney S9 fraction was verified in our laboratory.

The S9 mixtures at 8% with each one of the fractions were prepared just before the
assay by adding the S9 fraction to the following solution: phosphate buffer (0.2 M pH 7,4
NaH2PO4 H2O, Na2HPO4 H2O), glucose-6-phosphate (1 M), NAPD (0.1 M) and saline
solution (1.6 M MgCl2 6H2O, 0.4 M KCl). The S9 mixture was filtered through a 0.45 μ filter.

5.5. Replicates and Number of Independent Experiments

The number of independent experiments for the positive and negative controls was 8
in all conditions. The number of replicates for the negative control in each experiment was
7. In the case of positive controls and mycotoxins, technical replicates were not included in
each experiment. The number of independent experiments for the mycotoxins are between
2 and 4. If the conclusion among the experiments was the same (no genotoxic/genotoxic),
there were two independent experiments. If there was no concordance in the conclusion of
the experiment, it was repeated up to 4 times. Some experiments of the PBS and liver S9
fraction conditions were already published [3] (day 1 of FB1; day 3 of AFB1, OTA, ZEA,
DON and F-X; day 4 of STER; days 2 and 3 of NIV, 3ADON, 15ADON, T-2 and HT-2).

5.6. SOS/umu Assay

The SOS/umu test was performed according to the method proposed by [20,24], with
some modifications. The procedure of the assay and the stock solution preparation of the
mycotoxins and positive controls are described in [3].

The bacteria were incubated overnight at 37 ◦C in 100 mL TGA medium supplemented
with ampicillin (50 μg/mL), with slight orbital shaking (155 rpm) from 15 to 17 h until an
optimal orbital density (OD600 from 0.5 to 1.5) was reached. Then, the overnight culture
was diluted with fresh TGA medium (not supplemented with ampicillin) and incubated for
2 h at 37 ◦C with orbital shaking (155 rpm) in order to obtain a log-phase bacterial growth
culture (OD600 from 0.15 to 0.4).

The test was performed in the absence (PBS) and presence of an external metabolic
activation system (8% of rat S9 mix from liver or kidney S9 fraction). In each test, negative
and positive controls were included.

The test procedure was as follows: first, mycotoxins were dissolved at their respective
maximum concentrations. Then, 11 serial half dilutions in DMSO (or water for FB1) of
mycotoxins and positive controls were prepared in a 96-well plate (plate A). The final
volume in each well was 10 μL. The wells on the last row of the plate contained the negative
control (DMSO or water). Afterwards, 70 μL water was added to each well. At this point,
each well was checked in order to detect any precipitation of the mycotoxins. Then, the S9
mixes were prepared.
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Thereafter, in another 96-well plate (plate B), 10 μL S9 mix or 10 μL PBS, were added,
followed by 25 μL of the concentrations of the different mycotoxins previously prepared
(plate A). Finally, 90 μL/well of exponentially growing bacteria suspension was added to
each well. Then, the plates were incubated for 4 h at 37 ◦C with orbital shaking (500 rpm).
After the incubation period, A600 was measured to evaluate toxicity as follows:

% Survival =
A600 for each concentration tested
Average A600 for negative control

× 100 (1)

Afterwards, for the determination of β-galactosidase activity, 30 μL/well of treatment
plates (plates B) were transferred to new wells (plates C) containing 150 μL/well of ONPG
solution for the enzymatic reaction. A total of 0.9 mg/mL in B-buffer was prepared
according to [24] for an enzymatic reaction. Plates C were incubated for 30 min at 28 ◦C
with orbital shaking (500 rpm) in the dark. After the incubation period, the reaction
was stopped by adding 120 μL/well of Na2CO3 (1M). Finally, A420 was measured and
β-galactosidase activity was determined as follows:

β-galactosidase activity relative units (RU):

RU =
A420 for each concentration tested
A600 for each concentration tested

(2)

Additionally, induction factor (IF)

IF =
RU for each concentration tested
Average RU for negative control

(3)

where average β-galactosidase RU for negative control:

RU =
AverageA420 for negative control
Average A600 for negative control

(4)

IF values above or equal to two were considered as positive when the bacterial survival
is above 80%, following the criteria of [20]. IF values below 1.5 were considered negative.
Finally, IF among 2 and 1.5 were considered equivocal.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/toxins14060400/s1, Figure S1. AFB1 and STER results in the SOS/umu test without
metabolic activation (PBS). Figure S2. DON and F-X results in the SOS/umu test without metabolic
activation (PBS) (n = 3 experiments). Figure S3. DON and F-X results in the SOS/umu test with
metabolic activation from liver S9 or kidney S9 (n = 2 experiments). Figure S4. NIV, 3ADON,
15ADON, T-2 and HT-2 results in the SOS/umu test without metabolic activation (PBS) (n = 4 ex-
periments). Figure S5. OTA, ZEA and FB1 results in the SOS/umu test without metabolic activation
(PBS). Figure S6. OTA, ZEA and FB1 results in the SOS/umu test with metabolic activation from liver
S9 and kidney S9 (n = 2 experiments).
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Abstract: Fungal infections in cereals lead to huge economic losses in the food and agriculture
industries. This study was designed to investigate the occurrence of toxigenic fungi and their
mycotoxins in marketed cereals and explore the effect of the antagonistic yeast Cyberlindnera jadinii
volatiles against key toxigenic fungal strains. Aspergillus spp. were the most frequent contaminating
fungi in the cereals, with an isolation frequency (Fr) of 100% in maize, followed by wheat (88.23%),
rice (78.57%) and oats (14.28%). Morphological and molecular identification confirmed the presence
of key toxigenic fungal strains in cereal samples, including A. carbonarius, A. flavus, A. niger, A.
ochraceus and A. parasiticus. Aflatoxins (AFs) were detected in all types of tested cereal samples, with
a significantly higher level in maize compared to wheat, rice, oats and breakfast cereals. Ochratoxin
A (OTA) was only detected in wheat, rice and maize samples. Levels of mycotoxins in cereals were
within EU permissible limits. The volatiles of Cyberlindnera jadinii significantly inhibited the growth of
A. parasiticus, A. niger and P. verrucosum. The findings of this study confirm the presence of toxigenic
fungi and mycotoxins in cereals within the EU permissible limits and the significant biocontrol ability
of Cyberlindnera jadinii against these toxigenic fungi.

Keywords: toxigenic fungi; ochratoxin A; aflatoxins; wheat; rice; maize; oats; breakfast cereals;
biocontrol; food safety

Key Contribution: Mycotoxins were detected within the permissible limits in cereals marketed in
Qatar. Cyberlindnera jadinii, an antagonistic yeast, significantly inhibits key toxigenic fungi in cereals.

1. Introduction

Throughout the world, dietary starch and proteins are mainly obtained from cereals [1].
Other nutritional components of cereals include fiber, non-starch carbohydrates, lipids,
minerals and vitamins [2]. Because of their high nutritive values, good health effects
and their availability, cereals have been an essential source of human food for millions of
years [3]. In the year 2022, estimated cereal production is 2799 million tons, with a high
proportion of coarse grains, wheat, maize and rice [4]. However, cereal crops are prone to
several biotic and abiotic stressors, among which fungal infections are considered a major
biotic factor, rendering deceased and/or low quality cereals [5]. Mold contamination of the
cereals occurs at different stages of their growth, processing and preservation [6]. These
infections can be categorized as pathogenic, for infections leading to plant diseases and low
productivity, and toxigenic, for infections resulting in the accumulation of toxic metabolites
affecting productivity. In both cases, the quality and quantity of the cereals is compromised,
leading to huge annual economic losses in the agricultural sector worldwide [7].

Fungi, particularly those from the genera Aspergillus, Penicillium and Fusarium, might
accumulate, during target infection, secondary metabolites known as mycotoxins. Among
the 300 known mycotoxins, aflatoxins (AFs), synthesized by A. flavus and A. parasiticus;
ochratoxin A (OTA), synthesized by A. carbonarius, A. ochraceus, A. westerdijkiae, and some
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strains of A. niger; and Zearalenone (ZEN), synthesized by F. graminearum and F. culmorum,
are widely studied due to their significant health effects [8]. In 2004, Abdulkadar and
others [9] detected AFs in 3 out of 5 basmati rice samples in the range of 0.14–0.24 μg/kg,
while the other varieties of rice were free from AF contamination. The presence of OTA,
DON and ZEN were also confirmed in the rice samples in their study. Similarly, wheat
and corn samples were found contaminated with Fusarium mycotoxins (such as DON and
ZEN) only. More recently, Aspergillus, Penicillium and Fusarium fungi and their toxins were
detected in cereals intended for animal feed in the state of Qatar [10,11].

A huge range of toxic effects of mycotoxins are reported in people exposed to ce-
reals contaminated with mycotoxins. Depending on the nature of the mycotoxin and
their exposure dose, the effects may be mild gastrointestinal, growth retardation, immuno-
suppression, teratogenicity, mutagenicity, etc. [12]. In keeping toxicity data, world food
regulatory bodies have set regulatory limits for some mycotoxins. However, in recent years,
there are increasing reports of the (simultaneous) occurrence of multiple mycotoxins in the
food chain [13,14]. The presence of several mycotoxins in food commodities is due to either
(a) the contamination of a commodity with different fungal species, (b) the production of
more than one mycotoxin by a single fungus, or (c) the mixing of cereals contaminated
with different mycotoxins. Although the individual mycotoxin levels are within the per-
missible limits, the synergistic or additive toxic effects may pose huge risks to the exposed
communities [15–17]. This developing dilemma of the co-occurrence of fungal toxins in
food and the setting of regulatory limits by the food and health regulatory authorities can
be understood better through adequate mycotoxin interaction data.

Conventionally toxigenic fungi are identified on the basis of their colony morphology,
such as their size, shape, color, sporulation, etc. Such a method is not only time consuming
but also requires expertise in the field of fungal identification [18]. Recently, species-
specific PCR primers targeting ITS regions have been designed for the accurate and early
identification of fungal species [19,20]. This molecular identification technique allows
foe the differentiation of closely related fungal species, which is relatively difficult to
achieve through morphological identification. Moreover, the amplification of cluster genes
involved in mycotoxin synthesis pathways can be a helpful tool in differentiating potentially
toxigenic fungal strains from non-toxigenic ones [10,21].

Although it is impossible to prevent fungal infection and mycotoxin accumulation in
cereals, it is essential to minimize the levels of toxins in food. There are several chemical
and physical approaches to inhibit the growth and spread of fungi in cereal crops and their
products [22]. Fungicides are effective in preventing fungal growth, but the accumulation
of synthetic chemicals in the food chain renders these cereals unacceptable for the con-
sumer. Currently, consumers prefer green-labeled, minimally proceeded and high-quality
products, driving the food industry towards bio-preservation, which, in fact, safeguards
nutritive quality and organoleptic characteristics. Several in vitro studies reported suc-
cessful application of friendly yeast and bacterial strains against toxigenic fungi [23–25].
The volatile organic compounds (VOCs) of Lachancea thermotolerans, identified mainly as
2-phenylethanol, significantly inhibited A. parasiticus, P. verrucosum and F. graminearum
in artificial media and suppressed their potential to synthesize mycotoxins. Additionally,
the VOCs of Lachancea thermotolerans inhibited the germination and spread of F. oxysporum
spores inoculated on tomato leaf surfaces [23]. In another study [25], a yeast, Kluyveromyces
marxianus QKM-4, isolated from a local dairy product (laban), inhibited several fungal
species from the genera Aspergillus, Penicillium and Fusarium. Moreover, this strain was
able to inhibit OTA synthesis by A. carbonarius and P. verrucosum by 98.7% and 99.6%,
respectively. Microbial volatiles and diffusible organic compounds are being tested for
their antifungal activities to replace the application of chemical pesticides on food crops.

This study was designed to investigate the presence of toxigenic fungi and mycotoxins
in cereals marketed in Qatar. A PCR-based approach using specific primers was applied due
to its suitability for identifying toxigenic fungi from cereal foods. Finally, an antagonistic
yeast strain was applied for the biocontrol of toxigenic fungi. The novelty of this study
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consists in the validation of molecular techniques for the early and reliable identification of
toxigenic mycobiota in cereals and in the potential application of Cyberlindnera jadinii in the
protection of cereals, particularly during their storage, from the toxigenic fungal growth
and synthesis of mycotoxins.

2. Results and Discussion

2.1. Fungal Contamination of Cereal Samples

Fungal contamination of cereals showed the highest contamination in maize, followed
by wheat, rice and oats. All the samples of breakfast cereals were free from fungal con-
tamination, which can be attributed to the impact of heat treatment during processing,
killing the fungal spores. Another reason could also be the quality of the cereal, which
may be augmented by the fact that there was no OTA detected in the breakfast cereal
samples (Section 2.1). The presence of AFs in all cereal samples and the absence of fungal
communities together suggest the killing of fungal spores during processing. The aver-
age contamination of the grain samples with at least one fungal colony was 7.5% (oats),
52.7% (maize), 16.1% (rice) and 23.2% (wheat). The contamination of cereal grains with
mycotoxigenic fungi has been reported by several researchers [10,21,26]. In a similar, study
conducted on animal feed cereals marketed in Qatar [18], there were higher percentages
of grains contaminated with mycotoxigenic fungi in the animal feed samples. Relatively
lower contamination was noticed in the present study, which could be associated with the
good quality of the cereals for human consumption. Damaged grains, either by insects or
due to other physical factors, can also lead to fungal infections and mycotoxin contamina-
tion. In the present study, all the cereals were of good quality and apparently free from
any damage.

There are several reports on the prevalence of mycotoxigenic fungi in food cereals.
Aspergilli is the most important food spoilage fungi. In Iran [27], A. flavus was the major
producer of AFs in marketed rice and other cereals. In the Romanian cereals, maize was
the most contaminated commodity, among others (wheat and barley), with Aspergilli,
particularly A. flavus and A. fumigatus [28]. In the present study, Aspergillus was the most
prominent fungi in wheat, rice, maize and oats (Table 1).

Table 1. Frequency (Fr) and relative density (RD) of Aspergillus and Penicillium in the cereal samples.

Item Fungi Isolated No. of Isolates Isolation Frequency (%) Relative Density (%)

Wheat (n = 17)
Aspergillus 25 88.23 ± 13.33 a 67.56 ± 11.73
Penicillium 3 11.76 ± 5.21 8.57 ± 2.27 b

Rice (n = 14)
Aspergillus 17 78.57 ± 14.81 a 73.91 ± 16.20
Penicillium 2 14.28 ± 6.67 8.69 ± 0.94 b

Maize (n = 13)
Aspergillus 31 100 ± 0.00 a 65.95 ± 8.59
Penicillium 7 30.76 ± 6.53 14.89 ± 3.36 a

Oats (n = 14)
Aspergillus 5 14.28 ± 3.25 b 55.56 ± 7.31
Penicillium 0 0 0

Breakfast Cereals (n = 17)
Aspergillus 0 0 0
Penicillium 0 0 0

The frequency (Fr) and relative density of the isolated Aspergillus and Penicillium species were determined in
cereal samples by using the formulas given in methodology sections. Aspergillus spp. are found in abundance in
cereal samples except breakfast cereals. Penicillium was the least present in all cereals, with no contamination
in oats and breakfast cereals. Values in columns with different superscripts are significantly different from each
other at p ≤ 0.05.

All maize samples (100%) were contaminated with Aspergilli, followed by wheat
(88.23%), rice (78.57%) and oats (14.28%). Oats were the cereals least contaminated with
fungal communities. Among all the isolated fungi, Aspergillus constituted 73.91% in rice,
67.65% in wheat, 65.95% in maize and 55.56% in oats. In line with the present study, in
Tunisia, [29] detected the highest prevalence of Aspergillus spp. in maize, particularly
A. flavus and A. parasiticus.
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2.2. Morphological Identification of the Isolated Fungi

In the present study, fungal species were initially identified on the basis of their mor-
phological characteristics, including colony size, shape, color (observe and reverse), spore
size and shape and microscopic appearance [30]. Two fungi, A. flavus and A. parasiticus,
showed closely related morphological characteristics, such as greenish-yellow, olive green
or deep green conidia on CYA. Similarly, the size of the colonies on CYA was 60–70 mm,
and on MEA it was 50–70 mm. The differentiation between these two species was made
by microscopic examination. A. flavus produced conidia having different sizes and shapes,
with relatively thin walls, and ranging from smooth to rough. On the other hand, A. para-
siticus conidia were spherical with thick and rough walls. Furthermore, A. flavus vesicles
were larger, reaching 50 μm in diameter and bearing metulae, while A. parasiticus vesicle
diameters rarely exceeded 30 μm and metulae were not seen. These findings were in
line with the key characteristics described by Pitt and Hocking [30]. In accordance with
the present study, A. flavus from four districts in Kenya was identified in maize and soil
samples using the morphological approach [31]. In 2014, Iheanacho et al. [32] also used
the same morphological and molecular approaches to identify and distinguish A. flavus
and A. parasiticus from the compound feed samples in South Africa. Two other species,
A. niger and A. carbonarius, both producing black sporulation, were differentiated on the
basis of conidia color. In A. niger, the conidia color was brownish black, while in the case of
A. carbonarius, it was jet black.

2.3. Molecular Identification of Mycotoxigenic Fungi Isolated from Cereal Samples

Universal primers (ITS1/ITS4) amplified all DNA samples with a single band of 600 bp
confirming that the quality of DNA was appropriate for PCR reactions [33]. Species-specific
PCR primers were used for the amplification of DNA samples from the selected fungal
isolates. Six isolates (coded as 3MZd, 9MRc, 9MRg) showed specific amplification using
ITS1/NIG primer pair (product size 420 bp), confirming the species to be A. niger (Figure 1).
Three isolates (3RCb, 5OTe, 4WTa) produced a single amplification band of 500 bp, using
FLA1/FLA2 primer pair, confirming the species as A. flavus. One isolate (1WTb) was
confirmed as A. parasiticus as it showed a single amplification band (430 bp) with the
primer pair PAR1/PAR2. Two isolates (4MZd, 5 MZa) showed an amplification of a 439 bp
sequence using primer pair OCRAF/OCRAR and confirming them as A. ochraceus. In line
with the present study, A. flavus from wheat flour was identified by using FLA1/FLA2
primer pair with a PCR amplification product of 500 bp [34]. In another study, ITS-based
primers were used for the selective identification of black Aspergilli. ITS1/NIG primer pair
was used for A. niger and CAR1/CAR2 primer pair for A. carbonarius, and selected primer
pairs allowed for the successful differentiation of two species [35]. In line with the present
study, A. flavus, A. parasiticus, A. niger and A. carbonarius isolated from the animal feed sam-
ples marketed in Qatar were identified using species-specific primers [10]. These findings
confirm the accuracy and suitability of PCR-based identification for toxigenic fungi.
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Figure 1. PCR amplification using species-specific primers for fungal isolates. Lanes: 1, primer
ITS1/NIG with DNA from A. niger (amplicon size 420 bp); 3, primer PAR1/PAR2 with template DNA
from A. parasiticus (amplicon size 430 bp); 5, primer OCRAF/OCRAR with DNA from A. ochraceus
(amplicon size 430 bp); 7, primer FLA1/FLA2 and DNA from A. flavus (amplicon size 500). Lanes 2,
4, 6 and 8 represent the non-template control of their previous lane. Lane M, 1kb plus DNA marker
with fragment sizes 12,000, 11,000, 10,000, 9000, 8000, 7000, 6000, 5000, 4000, 3000, 2000, 1000, 850,
650, 500, 400, 300, 200 and 100 bp.

2.4. Levels of AFs and OTA in Cereals

Human exposure to mycotoxins is mainly due to the ingestion of grains and grain-
based products [5]. There are several reports on mycotoxin occurrence in cereal grains and
legumes. The levels of mycotoxins depend on the types of cereals and climatic conditions, in
addition to many other factors. In Nigeria, Makun et al. [36] detected AFs at 34.1 μg/kg and
OTA at 188.2 μg/kg in rice. In the present study, among the tested cereal samples, 7 samples
(41%) of wheat and 10 (71%) of rice were positive for AF contamination. However, all the
samples (100%) of maize, oats and breakfast cereals were found to be contaminated with
AFs (Table 2).

Table 2. Mycotoxin levels in different cereal samples.

Item

Mycotoxin Concentration (μg/kg)

Aflatoxins (AFs) Ochratoxin A (OTA)

Range
(Min–Max)

Mean ± SD
Range
(Min–Max)

Mean ± SD

Wheat (n = 17) ND *–3.14 2.81 ± 1.21 b 1.91–2.79 2.31 ± 0.43
Rice (n = 14) ND–3.50 2.23 ± 1.07 b 1.84–2.91 2.41 ± 1.43
Maize (n = 13) 1.93–6.7 3.89 ± 1.32 a 1.57–2.58 2.05 ± 0.89
Oats (n = 14) 1.8–2.58 1.87 ± 0.86 b 0 0
Breakfast Cereals (n = 17) 2.23–3.62 2.59 ± 1.60 b 0 0

The values in the columns with different superscript letters are significantly different from each other at p ≤ 0.05;
* ND = not detected.
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The aflatoxin contamination for different cereals was in the range of nd–3.14 μg/kg
for wheat, nd–3.50 μg/kg for rice, 1.93–6.70 μg/kg for maize, 1.8–2.58 μg/kg for oats and
2.23–3.62 μg/kg for breakfast cereals. None of the cereal samples showed aflatoxin levels
higher than the EU maximum limit of 4 μg/kg.

Since maize is intended to be further processed before human consumption, its set
limit is 10 μg/kg [37,38]. None of the tested samples showed levels higher than this limit.
The European Union maximum levels for cereals excluding maize are 4 μg/kg, while
maize that is intended to be further processed before human consumption has levels of
10 μg/kg [37,38]. Although all the tested samples of maize, oats and breakfast cereal
samples were positive for AF contamination, the levels were within the EU’s permissible
limits. This high percentage of samples showing AF contamination is predominantly
related to the occurrence of aflatoxigenic fungi in the maize, oats and mixed-grain cereals
(breakfast cereals). A. flavus and A. parasiticus are commonly detected in maize and oats as
compared to rice and wheat [30,39]. The differentiation witnessed in the fungal ecology
might be responsible for the high incidence of AFs in maize and its products. Moreover, the
origin of the samples is an important factor, as in the present work, the majority of the maize
and oat samples originated from South East Asia, where the occurrence of aflatoxigenic
strains is reported more frequently due to favorable weather conditions and relatively poor
cereals storage [30].

In the case of OTA contents, all samples (100%) of wheat, rice and maize were found
contaminated with mycotoxins, while none of the oats and breakfast cereals showed the
presence of OTA (Table 2). Like AFs, none of the samples among the wheat, rice and maize
had OTA contents higher than the EU maximum limit of 4 μg/kg. The contamination of
cereal within the EU permissible limits indicates the good quality of the cereals marketed
in the Qatari market. These findings are in line with those of AbdulKardar et al. [9],
who reported similar levels (1.65–1.95 μg/kg) of OTA in rice samples marketed in Qatar.
However, in the same study, they did not detect OTA in any wheat, wheat flour or corn
flack samples. The findings are in accordance with the incidence of ochratoxigenic fungi,
which were likely less commonly found in the rice and oats samples.

2.5. Effects of Cyberlindnera Jadinii 273 Volatiles on Fungal Growth

In the presence of yeast volatile organic compounds (VOCs), the growth of A. para-
siticus was significantly inhibited compared to the unexposed control. The effect of yeast
volatiles was significant at days 3, 5 and 7 of co-incubation. The diameter of A. parasiticus
colony exposed to Cyberlindnera jadinii 273 VOCs at days 3, 5 and 7 was 22.56 ± 2.51 mm,
26.63 ± 2.67 mm and 29.50 ± 4.21 mm, respectively. These values were significantly
lower than the control, whereas at days 3, 5 and 7 the diameters were 32.5 ± 0.9 mm,
35.0 ± 1.0 mm and 40.0 ± 1.2 mm, respectively (Figures 2 and 3A). In line with these
findings, diameters of A. flavus [23,25] and A. carbonarius [40] colonies were significantly
reduced on exposure to yeast VOC. The biocontrol activity of the yeast VOCs is attributed
to the release of different antifungal compounds, mainly 2-phenylethanol, which is known
to inhibit the growth of fungi even at very low concentrations [41]. Another mechanism
of inhibition was noted in Pichia anomala volatiles, in which the growth of A. flavus was
inhibited by downregulating the expression of the genes associated with fungal vegetative
growth [42].
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Figure 2. Effect of Cyberlindnera jadinii 273 VOCs on the colony sizes and sporulation of the fungal
strains isolated from the cereal samples. A. parasiticus, A. niger and P. verrucosum were incubated in
the environment of yeast volatiles for 3, 5 and 7 days. Yeast volatiles significantly inhibited fungal
growth and sporulation.

Similarly, the colony size of A. niger was measured at days 3, 5 and 7 of exposure
to yeast volatiles and was compared with the control (fungi not exposed to yeast VOCs).
As shown in Figures 2 and 3B, yeast volatiles significantly inhibited the growth and
sporulation of A. niger. At days 3, 5 and 7, the colony size of fungi exposed to yeast VOCs
were 25.54 ± 4.32 mm, 28.60 ± 3.2 mm and 29.80 ± 2.5 mm compared to 34.50 ± 1.3 mm,
35.0 mm ± 1.9 and 36.0 ± 2.0 mm for the control, respectively. In compliance with the
present study, B. simplex volatiles, composed mainly of quinoline and benzenemethanamine,
significantly inhibited A. flavus and A. carbonarius in coffee beans [43]. These findings
suggest potential application of Cyberlindnera jadinii 273 during storage of food items in
commercial as well as domestic settings.

Finally, P. verrucosum, an important ochratoxigenic species for fruits and cereals,
was exposed to Cyberlindnera jadinii 273 volatile in co-incubation assays. The growth
of P. verrucosum was monitored at days 3, 5 and 7 in the treated fungi, as shown in
Figures 2 and 3C. The colony diameters of the fungi were 6.5 ± 0.5 mm, 6.5 ± 0.75 mm and
7.0 ± 0.81 mm as compared to 13.0 ± 1.5 mm, 20.0 ± 2. 6 mm and 20.0 ± 2.9 mm in the
untreated control fungi, respectively. This growth retardation might be associated with the
downregulation of genes associated with fungal growth [41,44]. In a similar approach [23],
there were significant reductions in the growth and OTA synthesis ability of P. verrucosum
upon exposure to the VOCs of a low-fermenting yeast, Lachancea thermotolerans. At days
3, 5 and 7, the growth of P. verrucosum was inhibited at rates of 32%, 37.91% and 43.72%,
respectively [23]. These activities are mainly associated with 2-phenylethanol (2-PE), which
was a major component of the head-space volatiles of this yeast strain [41]. This assumption
can be confirmed from the findings of Tilocca and others [44], where an artificial mixture of
commercial 2-PE showed a significant inhibition of toxigenic A. carbonarius.

21



Toxins 2022, 14, 404

 
Figure 3. Effect of yeast volatiles on colony diameter of three toxigenic fungi. All three fungal strains
A. parasiticus (A), A. niger (B) and P. verricusum (C) were significantly inhibited by Cyberlindnera jadinii
273 at all three time points i.e., 3, 5 and 7 days. (*), treated.
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3. Conclusions

In this study, 75 cereal samples (including wheat, rice, maize, oats and breakfast
cereals) were tested for the presence of mycotoxins and toxigenic fungi. Aspergillus spp.
were the most frequent contaminating fungi of the cereals, with the highest isolation
frequency 100% in maize samples. The occurrence of key toxigenic fungi, such as A. flavus,
A. parasiticus, A. ochraceus, A. carbonarius and A. niger, was confirmed by their morphological
characteristics and molecular profiles. All types of cereals were contaminated with AFs,
with significantly higher levels in maize samples. Levels of OTA were negligible in all
cereals and were non-significant in wheat, rice and maize samples. Overall, none of the
toxins in any of the cereals was higher than the EU’s permissible limits, suggesting no
expected threat of mycotoxin exposure to humans. The volatiles of Cyberlindnera jadinii
(an antagonistic yeast) significantly inhibited the growth and spread of the A. parasiticus,
A. niger and P. verrucosum strains. These findings suggest the presence of toxigenic fungi
and mycotoxins in marketed cereals and the biocontrol activities of Cyberlindnera jadinii
against toxigenic fungi, which potentially can replace the application of synthetic fungicides
in the agriculture and food industry.

4. Materials and Methods

4.1. Material and Supplies

Cyberlindnera jadinii 273 was kindly provided by Prof. Quirico Migheli, UNISS, Italy.
RIDASCREEN® Ochratoxin A 30/15 and Aflatoxin Total ELISA kits and data reduction
software R9996 RIDA® were obtained from R-Biopharm, Dermstadt, Germany. Tecan
Sunrise® microplate absorbance reader (Tecan, Grödig, Austria). The fungal isolation
media, potato dextrose agar (PDA), Czapek Dox Yeast Extract Agar (CYA), Malt extract agar
(MEA), Dichloran Rose Bengal Chloramphenicol Agar (DRBC) and Glycerol 25% nitrate
(G25N) were all purchased from Sigma, Dermstadt, Germany. All the buffer solutions were
prepared in the lab.

4.2. Sampling

In total, 75 samples of cereals, including wheat grain (n = 17), rice (n = 14), maize
(n = 13), oat (n = 14) and breakfast cereals (n = 17) were collected from the local markets
in Doha (Qatar). Since toxigenic fungi and mycotoxins have a heterogeneous distribution
in food, the contents of bags were well mixed before collecting a representative sample.
Each sample of food item was collected from each different lot at three different points and
pooled together to generate at least 1 kg of final sample. All the samples were aseptically
transported to the research lab at Qatar University and kept at 4 ◦C prior to analysis.

4.3. Isolation and Morphological Identification of Fungi

After surface disinfection of the grains with 1.5% bleach, they were directly plated
on DRBC agar plates. Based on the size of grains, up to 20 grains were aseptically placed
on the media. In case of powdered samples, dilution plating method of Pitt and Hocking
was adopted [30]. Samples were diluted in sterile distilled water and 100 μL was plated
on DRBC media plates. All the plates were incubated at 28 ◦C for five days. In the
case of grains, the fungal infection was calculated in percentage (%) by using following
the formula:

Grains in f ection (%) =
No. o f grains showing at least a single f ungal sp.

Total No. o f grains
× 100

For the ground samples (powder), the fungal infection was calculated as CFU/g of
the cereal samples [10].
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To calculate the isolation frequency (Fr) of Aspergillus and Penicillium in the cereal
samples, the following equation was used:

Fr (%) o f Aspergillus or Penicillium =
No. o f samples with a specie o f genus

Total No. o f samples
× 100

However, relative density (RD) of genus Aspergillus and Penicillium was calculated by
the following formula:

RD (%) =
No. o f isolates o f Aspergillus or Penicillum

Total No. o f Isolates
× 100

All the fungal strains were purified by monosporic isolation using the method de-
scribed by Balmas et al. [45]. Pure strains were transferred to identification media CYA,
MEA and G25N and were incubated at 30 ◦C, 37 ◦C and 5 ◦C for 7 days. Colony morpho-
logical characteristics, such as size, color, extent of sporulation, and microscopic features,
were all pooled to match the Aspergillus and Penicillium key [30].

4.4. Molecular Identification of Fungi Isolated from the Cereal Samples

Fungal DNA was extracted using QIAGEN Plant DNeasy kit as described by Has-
san et al. [10]. Briefly, fungal spores from five-day-old pure colonies were suspended in
100 mL of potato dextrose broth (PDB) and incubated in shaking incubator (180 RPM) at
28 ◦C for 24 hrs. Freshly growing mycelia were obtained by filtration using Whatman No.
1 filter papers. Colonies were ground to powder in liquid nitrogen and DNA extraction
protocol was followed as described in QIAGEN manual. Extracted DNA was tested for suit-
ability in PCR reaction using ITS1 (TCC GTA GGT GAA CCT GCG G) ITS4 (TCC TCC GCT
TAT TGA TAT GC) primers. For the specific identification of mycotoxigenic species, primer
pair FLA1 (GTAGGGTTCCTAGCGAGCC) FLA2 (GGAAAAAGATTGATTTGCGTC) for
A. flavus, PAR1 (GTCATGGCCGCCGGGGGCGTC), PAR2 (CCTGGAAAAAATGGTTGTTT-
TGCG) for A. parasiticus, ITS1 (TCCGTAGGTGAACCTGCGG) NIG (CCGGAGAGAGGGG-
ACGGC) for A. niger, CAR1 (GCATCTCTGCCCCTCGG) CAR2 (GGTTGGAGTTGTCG-
GCAG) for A. carbonarius, OCRAF (CTTTTTCTTTTAGGGGGCACAG), OCRAR (CAAC-
CTGGAAAAATAGTTGGTTG) for A. ochraceus and WESTF (CTTCCTTAGGGGTGGCACAG),
WESTR (CAACCTGATGAAATAGATTGGTTG) for A. westerdijkiae were used. All the PCR
mixes and conditions were adopted [10]. Amplified PCR products were analyzed by 1%
agarose gel DNA electrophoresis and visualized by UV.

4.5. Monitoring of Aflatoxins (AFs) and Ochratoxin A (OTA) in Cereal Samples

Mycotoxin analysis was carried out using ELISA kit procured from R-Biopharm,
Germany. Manufacturer’s guidelines were followed for the extraction of mycotoxins
from the cereal matrices. For the extraction of AFs, cereals samples were suspended in
methanol and filtered [10]. After dilution, 50 μL of the analyte was used in ELISA wells.
On the other hand, cereal samples were first acidified with 1 N HCl and then suspended in
dichloromethane (DCM) for the extraction of OTA. Samples were diluted in dihydrogen
carbonate buffer before loading in ELISA wells. All the absorbance values were measured
at 450 nm and values of the unknown samples were calculated by generating a calibration
curve based on the absorbance values of known standard solution provided with the kits.
The software RIDA®SOFT Win (Art. No. Z9999) was used for these calculations.

4.6. Biocontrol of Toxigenic Fungi Using Antagonistic Yeast (Cyberlindnera jadinii 273) Volatiles

The antagonistic yeast (Cyberlindnera jadinii 273) was used to produce antifungal
volatile organic compounds (VOCs) to inhibit the growth of selected toxigenic fungi isolated
from the cereal samples. For this purpose, yeast cells were pre-cultured on yeast extract
peptone dextrose broth (YPDB) for 24 hrs. A suspension of 100 μL of yeast cells was plated
on YPDA plates and incubated at 28 ◦C for 24 hrs [40]. For co-incubation assay, the lid of
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yeast plates was replaced by bottom PDA plates freshly inoculated in the center with 10 μL
spores of A. flavus, A. niger and P. verrucosum. After tight sealing to inhibit the evaporation
of VOCs and allow the direct exposure of fungal spores to yeast compounds, the plates were
incubated at 28 ◦C. Fungi in the control plates were incubated with YPDA media without
inoculated yeast cells. After days 3, 5 and 7 of incubation, colony diameters of treated fungi
were measured and compared to the control. Moreover, fungal growth inhibition ration
(FGI %) was calculated as given below.

Fungal growth inhibition (%) =
C − T

C
× 100

where, C is the diameter (mm) of control fungi and T is the diameter of treated fungi
at different time points. In total, 12 replicates were prepared for each fungus and its
respective controls.

4.7. Statistical Analysis

The analysis of variance test (ANOVA) was performed using SPSS software (ver. 23).
Different group means were compared either by Duncan’s multiple range (DMR) test
or by student t-test [46]. Colony-forming units (CFU/g), relative density (RD), isolation
frequencies and fungal growth inhibition ratios were calculated by using specific equations
given in their respective sections.
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in the Average Polish Diet? Nutrients 2019, 11, 679. [CrossRef] [PubMed]

3. Food and Agriculture Organization (FAO). World Agriculture: Towards 2015/2030: Summary Report; FAO: Rome, Italy, 2002.
4. FAO. Crop Prospects and Food Situation; Quarterly Global Report No. 4, December 2021; FAO: Rome, Italy, 2021. [CrossRef]
5. Oliveira, G.; da Silva, D.M.; Alvarenga Pereira, R.G.F.; Paiva, L.C.; Prado, G.; Batista, L.R. Effect of Different Roasting Levels and

Particle Sizes on Ochratoxin A Concentration in Coffee Beans. Food Control 2013, 34, 651–656. [CrossRef]
6. Palma-Guerrero, J.; Chancellor, T.; Spong, J.; Canning, G.; Hammond, J.; McMillan, V.E.; Hammond-Kosack, K.E. Take-All Disease:

New Insights into an Important Wheat Root Pathogen. Trends Plant Sci. 2021, 26, 836–848. [CrossRef]
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Abstract: Fusarium graminearum is one of the most devastating diseases of wheat worldwide, and
can cause Fusarium head blight (FHB). F. graminearum infection and mycotoxin production mainly
present in wheat and can be influenced by environmental factors and wheat cultivars. The objectives
of this study were to examine the effect of wheat cultivars and interacting conditions of temperature
and water activity (aw) on mycotoxin production by two strains of F. graminearum and investigate
the response mechanisms of different wheat cultivars to F. graminearum infection. In this regard, six
cultivars of wheat spikes under field conditions and three cultivars of post-harvest wheat grains
under three different temperature conditions combined with five water activity (aw) conditions were
used for F. graminearum infection in our studies. Liquid chromatography tandem mass spectrometry
(LC–MS/MS) analysis showed significant differences in the concentration of Fusarium mycotoxins
deoxynivalenol (DON) and its derivative deoxynivalenol-3-glucoside (D3G) resulting from wheat
cultivars and environmental factors. Transcriptome profiles of wheat infected with F. graminearum
revealed the lower expression of disease defense-factor-related genes, such as mitogen-activated
protein kinases (MAPK)-encoding genes and hypersensitivity response (HR)-related genes of infected
Annong 0711 grains compared with infected Sumai 3 grains. These findings demonstrated the
optimal temperature and air humidity resulting in mycotoxin accumulation, which will be beneficial
in determining the conditions of the relative level of risk of contamination with FHB and mycotoxins.
More importantly, our transcriptome profiling illustrated differences at the molecular level between
wheat cultivars with different FHB resistances, which will lay the foundation for further research on
mycotoxin biosynthesis of F. graminearum and regulatory mechanisms of wheat to F. graminearum.

Keywords: wheat; Fusarium graminearum; mycotoxin; water activity; temperature; transcriptome

Key Contribution: Mycotoxin production by F. graminearum in different FHB-resistant wheat spikes
under field conditions and in post-harvest wheat grains under different laboratory conditions and
transcriptomes of different FHB-resistant wheat cultivars during F. graminearum infection were
investigated, which provides references for mycotoxin control and mechanism research governing
the response of wheat to F. graminearum.

1. Introduction

Wheat is an essential food source for humans. Plant diseases and insect pests such
as head blight, rusts, powdery mildew, leaf blotch, and wheat curl mite negatively affect
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the quality and yield of wheat [1,2]. Fusarium head blight (FHB) is a devastating disease
that occurs widely in wheat crops in humid and semihumid regions of the world [3]. The
average yearly occurrence of FHB has caused severe yield losses [4,5]. During recent
decades, many efforts have been deployed to dissect FHB resistance, investigating both the
wheat responses to infection and the fungal determinants of pathogenicity [6]. From this,
different cultivars of wheat with FHB resistance have been widely conducted as research
objects [7–9].

FHB can be caused by a variety of Fusarium graminearum species complexes (FGSC),
and among them, F. graminearum is the most prevalent and aggressive pathogen of FHB in
wheat [5,10,11]. During infection of wheat, F. graminearum can synthesize a large amount
of deoxynivalenol (DON) and its derivates, and different F. graminearum strains show
differences in the capacity of infection and toxin biosynthesis [12–15]. DON can cause acute
physiological effects in humans and animals including vomiting, diarrhea, intestinal in-
flammation, and gastrointestinal hemorrhage [16]. In some cases, DON can be degraded into
masked forms by phase I metabolism or phase II metabolism [17]. Owing to the low toxicity,
deoxynivalenol-3-glucoside (D3G) is generally regarded as a detoxification product of DON
in plants, and its production is usually related to wheat resistance [18–21]. Biotransforma-
tion of DON in Fusarium-resistant and -susceptible wheat lines shows differences [18,22].
More importantly, it has been reported that D3G can be converted into DON in some
food-processing processes, such as dough extrusion, fermentation, and steaming [23,24].
Studies have also shown that some microbiotas in intestines of animals and even humans
can rapidly hydrolyze D3G into DON, which provides reasons for much more attention on
D3G [25–31].

In previous studies, the environmental effects on fungal growth and potential my-
cotoxin contamination were demonstrated by inoculating F. graminearum, F. verticillioides,
F. langsethiae, and F. meridionale in different cereal matrixes such as maize, oat, and soy-
bean [15,32–34]. It has been reported that biosynthesis of DON and D3G is usually affected
by environmental temperature, humidity, and hosts [22,34–37]. However, studies on the
effect of F. graminearum strains and abiotic factors on mycotoxin production and response
mechanisms in wheat-based matrixes are still not comprehensive.

In order to demonstrate that some plant functions and the expression of specific genes
are needed to promote FHB, an increasing list of effectors, genes, and mechanisms in the
development of FHB have been found using omics approach [20,38]. In particular, the in-
creasing application of transcriptomes has successfully helped researchers map the regulatory
responses, which provides an efficient tool for mechanism investigation [39–41]. In our study,
six cultivars of wheat spikes and three cultivars of post-harvest wheat grains were used for
two strains of F. graminearum infection to demonstrate differences between wheat cultivars.
Further, three different temperature conditions combined with five water activity (aw) condi-
tions were applied to investigate the interacting effect of wheat cultivars and environmental
factors on mycotoxin production. Furthermore, we analyzed the transcriptomic profiles
of wheat grains infected with F. graminearum F1. Using mycotoxin production analysis
combined with transcriptomic analysis, we revealed the differences in toxin concentration
and gene expression caused by different F. graminearum strains, environmental factors, and
wheat cultivars. The results of our study may provide a reference for wheat breeding and
wheat storage to reduce the FHB incidence and mycotoxin accumulation in wheat and
wheat products, preventing harm to humans. Furthermore, our transcriptome profiling
will lay the foundation for further research on mycotoxin biosynthesis and regulatory
mechanisms of wheat to F. graminearum.

2. Results

2.1. Evaluation of Toxin Accumulation of Six Wheat Cultivars under Field Conditions

Field experiments showed that there were significant differences in resistance to FHB
among the wheat cultivars. Both F. graminearum PH−1 and F. graminearum F1 produced
spikelets with blight symptoms on these wheat cultivars (Figure S1). The average symp-
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tomatic spikelet numbers of Sumai 3 and Wangshuibai were significantly lower than those
of other cultivars of wheat (Figure 1A and Figure S1). In these F. graminearum PH−1-infected
wheat groups, Sumai 3 was the most resistant, with the lowest symptomatic spikelet rate
of 5.21%, while the highest symptomatic spikelet rate was 98.00% of ZK001 (Figure 1A).
In the F. graminearum F1−infected groups, Wangshuibai was the most resistant cultivar
with the lowest symptomatic spikelet rate of 1.54%, while the highest symptomatic spikelet
rates were in Nanda 2419 and ZK001, which were up to 90.0% (Figure 1A). Then, wheat
spikelets were collected and subjected to mycotoxin determination. The results showed
that there were differences in the accumulation of DON between the six varieties of wheat
spikelets (Figure 1B). Among them, the concentration of DON produced by F. graminearum
PH−1 was highest in ZK001 and Aikang 58 followed by Zhongmai 66B (Figure 1B). When
inoculated with F. graminearum F1, the concentration of DON was highest in Zhongmai 66B
followed by ZK001, with values of 8211 μg/kg and 5218 μg/kg, respectively (Figure 1B).
The content of DON was lowest in Sumai 3 and Wangshuibai and had no significant differ-
ence between these two cultivars when they were infected by F. graminearum PH−1 and F1
(Figure 1B). However, compared with DON, the accumulation of D3G was significantly
lower (Figure 1C). Furthermore, D3G content was highest in ZK001 and lowest in Nanda
2491 when spikes were infected with F. graminearum PH−1 and was highest in Zhongmai
66B and lowest in Aikang 58 and Nanda 2491 when spikes were infected by F. graminearum
F1 (Figure 1C). By using Nonlinfit analysis, we found that there was a certain negative
correlation showing an exponential model change between the ratio of D3G and total
DON with symptomatic spikelet rate (Figure 1D). Obviously, the strength of the correlation
between D3G/total DON and the symptomatic spikelet rate varies among F. graminearum
strains (Figure 1D). The R2 value was as high as 0.9405 between D3G/total DON and the
symptomatic spikelet rate when they were infected by F. graminearum PH−1 and 0.8794
between D3G/total DON and the symptomatic spikelet rate when they were infected by F.
graminearum F1 (Figure 1D). The ratios of D3G/total DON of the FHB-resistant cultivars
Sumai 3 and Wangshuibai were higher than other cultivars (Figure 1D).

2.2. Accumulation of DON and D3G in F. graminearum PH−1-Infected Wheat Grains under
Different aw and Temperature Conditions

To explore the influence of abiotic factors (temperature and aw) on the accumulations
of toxins in wheat grains, we selected Sumai 3 (highly resistant), Annong 0711 (moderately
resistant), and Zhongmai 66B (susceptive) for F. graminearum PH−1 infection. When the
infection time reached one week, DON and D3G had significantly accumulated in the
matrixes (Figure 2A,B). Toxin accumulation was most significant at aw 0.99, but varied
with temperature (Figure 2A). The production trends of DON and D3G were consistent
at each temperature, which were higher in susceptive cultivars than resistant cultivars
(Figure 2A,B). The concentration of DON reached a maximum at 25 ◦C (Figure 2A). For
D3G, the maximum content was at 25 ◦C followed by 20 ◦C (Figure 2B). At 25 ◦C, the
accumulation of DON was approximately 10 times higher in Annong 0711 grains and
5 times higher in Zhongmai 66B grains than in Sumai 3 grains, and the content of D3G was
much lower in proportion, reflecting the difference in fungal resistance of wheat cultivars
(Figure 2A,B). However, when the aw was below 0.99, the accumulation of DON and D3G
was not obviously detected in any of the three cultivars, which indicated the importance
of aw to the accumulation of DONs. Furthermore, the production of DONs at different
temperatures did not show significant differences between the three cultivars of wheat
grains after infection with F. graminearum PH−1 for 7 days (Figure 2A,B). In Figure 2C, the
ratio of D3G and total DON did not show a significant difference between these groups.
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Figure 1. Differences in toxin production levels and symptomatic spikelet numbers between dif-
ferent wheat cultivars. (A) Symptomatic spikelet rate of 6 different cultivars of wheat spikes after
inoculation with Fusarium graminearum PH−1 and F. graminearum F1. (B) Deoxynivalenol (DON)
concentration in 6 varieties of wheat spikes infected with F. graminearum PH−1 and F. graminearum
F1. (C) Deoxynivalenol-3-glucoside (D3G) concentration in 6 varieties of wheat spikes infected with F.
graminearum PH−1 and F. graminearum F1. (D) Correspondence between symptomatic spikelet rates
and D3G/total DON of different wheat cultivars infected with F. graminearum PH−1 and F1. Bars
with different letters represent significant differences (p < 0.05) according to two-way ANOVA; the
correspondence was analyzed by Nonlin fit.

 

Figure 2. DON (A) and D3G (B) produced by F. graminearum PH−1 and the ratios of D3G/total
DON (C) of Sumai 3, Zhongmai 66B, and Annong 0711 groups at 20, 25, and 30 ◦C with water
activity (aw) of 0.99. Bars with different letters represent significant differences (p < 0.05) according to
two-way ANOVA. The ratio of D3G/total DON was presented as the mean ± SD and analyzed by
two-way ANOVA.
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2.3. Accumulation of DON and D3G in F. graminearum F1-Infected Wheat Grains under Different
aw and Temperature Conditions

Since wheat contamination in nature is not limited to a single F. graminearum strain,
we also used F. graminearum F1 to infect these cultivars of wheat grains to better illustrate
the difference between different FHB-resistance wheat cultivars under different aw and
temperature conditions. After infection with F. graminearum F1 for 7 days, DON and D3G
were not obviously detected in Sumai 3 and Zhongmai 66B wheat grains. However, the
accumulation of toxins in Annong 0711 was very significant but was lower than that when
grains were infected by F. graminearum PH−1 (Figure S2).

To clearly measure DON and D3G content differences among the three wheat cultivars,
we extended infection time to 14 days. The accumulation of DON and D3G in all three
cultivars was much lower under aw below 0.99 than above; among these cultivars, DON
was highest in Annong 0711 wheat grains but not more than 1500 μg/kg (Table S1). Under
the condition of aw 0.99, DON in Sumai 3 was highest at 25 ◦C, followed by 20 ◦C, while in
Zhongmai 66B and Annong 0711, DON was highest at 25 ◦C, followed by 30 ◦C (Figure 3A).
For D3G, the accumulation in Sumai 3 and Zhongmai 66B reached the highest level at 20 ◦C,
followed by 25 ◦C. The content of D3G in Annong 0711 was highest at 30 ◦C, followed by
20 ◦C (Figure 3B).

 

Figure 3. DON (A) and D3G (B) produced by F. graminearum F1 and the ratios of D3G/total DON
(C) of Sumai 3, Zhongmai 66B, and Annong 0711 groups at 20, 25, and 30 ◦C with an aw of 0.99. Bars
with different letters represent significant differences (p < 0.05) according to two-way ANOVA. The
ratio of D3G/total DON is presented as the mean ± SD and was analyzed by two-way ANOVA.
* p < 0.05, **** p < 0.0001: Zhongmai 66B group and Annong 0711 group, respectively, compared with
the Sumai 3 group at the three temperatures.

The concentration of DON in Zhongmai 66B showed significant differences between
20 ◦C and 25 ◦C, 25 ◦C and 30 ◦C, and the DON contents in Sumai 3 and Annong 0711
were significantly different under the three temperature conditions (Figure 3A). For D3G,
the contents in Sumai 3 showed no differences at the three temperature conditions, but in
Zhongmai 66B and Annong 0711 the contents showed a significant difference under the
three temperature conditions (Figure 3B).

At 20 ◦C, the DON and D3G contents showed significant differences between Sumai 3
and Zhongmai 66B, Sumai 3 and Annong 0711, and the D3G content significantly differed in
all three cultivars (Figure 3A,B). At 25 ◦C, the DON content showed a significant difference
between Sumai 3 and Annong 0711, Zhongmai 66B and Annong 0711, and the D3G content
showed a significant difference between the three cultivars (Figure 3A,B). At 30 ◦C, the
DON content showed a significant difference among the three groups, and the D3G content
showed a significant difference between Sumai 3 and Zhongmai 66B, Sumai 3 and Annong
0711(Figure 3A,B). Compared with F. graminearum F1-infected Sumai 3, the ratios of D3G
and total DON of F. graminearum F1-infected Zhongmai 66B and Annong 0711 groups were
significantly different at 20 ◦C and 30 ◦C (Figure 3C). At 25 ◦C, only the ratios of Zhongmai
66B and Sumai 3 were statistically different (Figure 3C).
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2.4. Overview of Differentially Expressed Genes (DEG) between F. graminearum F1-Infected Sumai
3 and Annong 0711 Wheat Grains

To understand the molecular mechanisms underlying the phenotypic differences
between different wheat cultivars, we sequenced the interaction transcriptome of wheat
grains and F. graminearum F1 under the infection condition of 20 ◦C and aw 0.99 (GEO:
GSE188959). Based on the sequencing data, the rates of total mapped clean reads of
Sumai 3 and Annong 0711 averaged 64.72% and 66.57%, respectively, which indicated
similar infection degrees of the two groups, while the low mapping rate of Zhongmai
66B wheat reads indicated that susceptible varieties were very weak in resistance to F.
graminearum infection (Figure 4A). Then, Venn analysis was performed for the indicated
two groups (Figure 4B). The transcriptome profile of wheat grains showed a significant
difference between the infected Sumai 3 and Annong 0711. The results obtained from a
differential expression analysis of F. graminearum F1-infected Annong 0711 compared with
F1-infected Sumai 3 wheat grains showed that 1583 out of 4131 genes were upregulated,
while 2548 genes were downregulated, and these genes were annotated based on the
clusters orthologous groups (COG) database (Figure 4C).

Figure 4. RNA sequencing analysis of Sumai 3 and Annong 0711 wheat gene responses to F. gramin-
earum F1. (A) Ratio of mapped RNA sequencing reads of the indicated wheat to all sequencing reads
after inoculation with F. graminearum F1. (B) Venn diagram illustration of the genes between the F.
graminearum F1-treated Sumai 3 group and Annong 0711 group. (C) Clusters orthologous groups
(COG) annotation of differentially expressed genes (DEGs) between the F. graminearum F1-infected
Sumai 3 group and Annong 0711 group.

33



Toxins 2022, 14, 482

2.5. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) Enrichment
Analyses of DEGs in Wheat

The GO analysis placed the DEGs into three categories based on their functions: biolog-
ical process (BP), cellular component (CC), and molecular function (MF). Upregulated DEGs
were significantly enriched in eight GO terms; among these terms, functions associated
with CC followed by MF accounted for a large proportion (Table S2). KEGG pathway maps
included seven categories: metabolism, genetic information processing, environmental
information processing, cellular processes, organismal systems, human diseases, and drug
development. Upregulated genes were significantly enriched in “glutathione metabolism”
and “ribosome biogenesis in eukaryotes” (Table S3). For downregulated genes, the top 20
significantly enriched terms mainly belonged to BP and MF, among which the gene number
in “defense response to fungi” was the largest (Figure 5A). According to the KEGG analysis,
the top 20 maps of downregulated genes were distributed in metabolism, environmental
information processing, and organismal systems categories (Figure 5B).

 

Figure 5. Enrichment analysis of downregulated genes based on gene ontology (GO) and Kyoto
encyclopedia of genes and genomes (KEGG) analyses. The top 20 GO categories (A) and KEGG
pathways (B) of the downregulated genes in infected Annong 0711 grains vs. infected Sumai 3 grains
were separately grouped and arranged based on their p value ranks. The size of the circle represents
the gene number.

In these maps, “mitogen-activated protein kinases (MAPK) signaling pathway” and
“plant–pathogen interaction” accounted for the largest proportions (Figure 5B). Accord-
ingly, the GO function and KEGG pathway enrichment analyses revealed that compared
with the noninfected wheat grains, genes associated with plant defense in the infected
Sumai 3 and Annong 0711 grains were both upregulated, while the expression in Annong
0711 wheat grains was significantly lower than that in Sumai 3 (Figure 5 and Table S2).
In addition, the expression of genes related to “glutathione metabolism”, “phenylalanine
metabolism”, “glycolysis/gluconeogenesis”, “alpha-linolenic acid metabolism”, “galactose
metabolism”, “amino sugar and nucleotide sugar metabolism”, and “taurine and hypotau-
rine metabolism” was also upregulated in the two cultivars of infected wheat grains but
was significantly lower in Annong 0711 grains than in Sumai 3 grains, which may illustrate
the difference in toxin accumulation between these two wheat cultivars (Figure 5B and
Table S3).

Investigating the pathways related to plant defense against pathogen infection, we
found that the expression of genes related to MAPK and the hypersensitive response (HR)
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was lower in F. graminearum F1-infected Annong 0711 wheat grains than in Sumai 3 wheat
grains (Figure 6). The low-level expression of these genes directly or indirectly negatively
affected the fungal resistance response, including the defense response for pathogens, the
HR, and defense-related downstream gene induction of Annong 0711 wheat.

Figure 6. Schematic diagram of Annong 0711 wheat grain genes enriched in the “mitogen activated
protein kinases (MAPK) signaling pathway” (map04016) and “plant–pathogen interaction pathway”
(map04626). The blue font indicated that the genes that encode the protein were relatively lowly
expressed in Annong 0711 compared to Sumai 3 wheat grains.

3. Discussion

Fusarium graminearum is the major agent of FHB that causes wheat diseases and
reduces seed yield worldwide, and different F. graminearum strains show differences in
infection and toxin production ability [14,42–44]. Furthermore, the production of DON
and its derivatives was usually affected by environmental conditions such as temperature,
humidity and host species [15,22,34,36,37]. In previous studies, the circumstantial effects
from temperature and aw were demonstrated for potential contamination by inoculating
F. graminearum, F. verticillioides, F. langsethiae, and F. meridionale in a cereal matrix such
as maize, oat, or soybean [15,32–34]. However, studies on the effect of F. graminearum
strains and abiotic factors on mycotoxin production in wheat-based matrixes are still not
comprehensive. In our study, we compared the differences in the accumulation of DON
and D3G and rates of symptomatic spikelets between six cultivars of wheat spikes that
were infected by F. graminearum PH−1 and F. graminearum F1 under field conditions. We
found that there were significant differences in mycotoxin concentration and symptomatic
spikelet rates between these wheat cultivars and that the DON and D3G contents were
exponentially related to the rates of symptomatic spikelets (Figure 1).

To investigate the effect of abiotic factors on DON and D3G accumulation, we analyzed
the mycotoxin assay using three wheat cultivars of harvested wheat grains with known
resistance to FHB under indicated temperature and aw conditions in a laboratory. Then,
we found that the concentration of DON and D3G was significantly increased in Sumai 3,
Zhongmai 66B, and Annong 0711 wheat grains that were infected by F. graminearum PH−1
for 7 days, while the compounds did not show a significant difference under different
temperatures between these cultivars due to the high pathogenicity of PH−1 (Figure 2A,B).
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Additionally, when the wheat grains were infected by F. graminearum F1 for 7 days, the
accumulation of DON and D3G only occurred in Annong 0711 wheat (Figure S2). Ac-
cordingly, the accumulation of DON and D3G strongly related to the infectivity, genotype
and chemotype of F. graminearum strains. When the F. graminearum F1 infection time was
extended to 14 days, the accumulation of DON and D3G and the ratio of D3G to DON
showed significant differences between these wheat cultivars but had no relation with the
FHB resistance of cultivars (Figure 2C,D and Figure 3 and Table S1). We speculated that
under optimal inoculation conditions, the toxin concentration was more affected by the
nutrient content in wheat grains.

In order to explore the changes at the molecular level during interaction, we employed
RNA-Seq to perform a transcriptomic study and analyzed the changes in gene expression
in F. graminearum F1-Sumai 3, F. graminearum F1-Zhongmai 66B, and F. graminearum F1-
Annong 0711 wheat grains. Our results had demonstrated significantly DEGs between the F.
graminearum F1-Sumai 3 and F. graminearum F1-Annong 0711 libraries. In previous studies,
MAPK genes have been investigated in the plant response to fungal pathogens [45]. It has
been reported that DON exerts its effects at the cellular level by activating MAPK through a
process known as the ribotoxic stress response, and the outcome of DON-associated MAPK
activation is dose- and duration-dependent [16]. In the transcriptome assay, we found that
42 MAPK genes were upregulated in the infected wheat grains; however, compared with
infected Sumai 3, the expression of these genes was lower in infected Annong 0711 grains,
which is consistent with the DON concentration result (Figures 3 and 5 and Table S3). The
hypersensitivity response (HR) is found in all higher plants and is an extremely effective
component of the plant immune system [46]. In our study, the expression of genes related
to the defense response, especially HR, such as heat shock protein 90 (HSP90) and NADPH
oxidase, was also lower in Annong 0711 wheat grains (Figures 5A and 6). These results
indicated that the difference in FHB resistance between Sumai 3 and Annong 0711 wheat
cultivars was associated with the wheat HR to F. graminearum. However, the numbers of
DEGs between F. graminearum F1 on Sumai 3 and Annong 0711 and enriched pathways
were very small (Table S4).

In conclusion, our results illustrated the effect of wheat cultivars, temperature and
water activity on mycotoxin production by combining field and laboratory treatments,
which will be beneficial in determining the conditions of the relative level of risk of con-
tamination with mycotoxins and providing control strategies to reduce the risk of the
occurrence of mycotoxins in pre- and post-harvest wheat. Furthermore, our transcriptome
results demonstrated molecular changes in wheat with different FHB resistance and F.
graminearum, which will lay the foundation for further research on mycotoxin biosynthesis
of F. graminearum and the regulatory mechanisms of wheat to F. graminearum.

4. Materials and Methods

4.1. Wheat Sample and F. graminearum Strains

Wheat cultivars Sumai 3, Wangshuibai, Zhongmai 66B, ZK001, Aikang 58, and Nanda
2419 were provided by the Hefei Institute of Physical Science, Chinese Academy of Sciences
(Table 1). F. graminearum F1 and F. graminearum PH−1 species were donated by Huazhong
Agricultural University. All F. graminearum strains were stored as spore suspensions in 20%
glycerol at −80 ◦C.

4.2. Chemicals and Reagents

DON and D3G standard solution were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Ultrapure water (18.2 MΩ cm) used in our experiments was supplied by
Millipore (Bedford, MA, USA). Acetonitrile and methanol (HPLC-grade) were purchased
from Honeywell (Shanghai, China). Formic acid (HPLC-grade) was obtained from Anpel
(Shanghai, China). Potato dextrose agar medium (PDA) was purchased from BD Difco (San
Diego, CA, USA).
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Table 1. List of the F. graminearum strains, wheat cultivars, and experimental conditions used
for infection.

Strain Wheat Cultivar FHB Resistance Conditions Subject

F. graminearum PH−1
F. graminearum F1

Sumai 3 Resistant

Field conditions Wheat spikes * [9]

Wangshuibai Resistant
ZK001 Moderately Resistant

Nanda 2419 Moderately Resistant
Aikang 58 Susceptible

Zhongmai 66B Susceptible

F. graminearum PH−1
F. graminearum F1

Sumai 3 Resistant aw: 0.80, 0.85, 0.9, 0.95, 0.99
T (◦C): 20, 25, 30 [15]

Post-harvest wheat
grainsAnnong 0711 Moderately Resistant

Zhongmai 66B Susceptible

* F. graminearum spores were inoculated on wheat florets.

4.3. Inoculation and Incubation Conditions

Florets of 6 cultivars of wheat including Sumai 3, Wangshuibai, Zhongmai 66B, ZK001,
Aikang 58, and Nanda 2419 were used for F. graminearum PH−1 and F. graminearum
F1 infection. Then, 20 μL of F. graminearum spore suspension (5 × 105 per mL) was
inoculated on the florets (Table 1). Symptomatic spikelets on wheat spikes were measured
at 21 days post inoculation, and the rate of symptomatic spikelets was calculated based on
the following formula:

Symptomatic spikelets rate (%) = (number of symptomatic spikelets/total wheat spikes number) × 100 (1)

For laboratory conditions, one portion of every 25 g of post-harvest grains was irra-
diated at 8 kGy using a cobalt radiation source and then stored aseptically at 4 ◦C before
utilization. One portion for every 25 g of Sumai 3, Zhongmai 66B, and Annong 0711 wheat
grain was plated into a 100 mL sterile conical flask, and the initial aw of the wheat grain
was 0.572, which was confirmed by using a Novasina Labmaster-Neo water activity meter
(Novasina, Inc., WA, Swit). Then, sterile distilled water was added to rehydrate to the
required aw (aw: 0.80, 0.85, 0.9, 0.95, and 0.99). Flasks were subsequently refrigerated at
4 ◦C for 72 h with periodic shaking to ensure uniform absorption and equilibration of
water. After three days of equilibration, the wheat grains were inoculated centrally with
4 mm agar plugs taken from the margin of 7-day-old colonies of F. graminearum grown on
PDA at 25 ◦C. For all temperatures (20, 25, 30 ◦C) and aw treatments, three replicates per
strain were used. The total number of treatments was 3 wheat cultivars × 2 F. graminearum
strains × 3 temperatures conditions × 5 aw conditions × 3 replicates (Table 1). All treatment
groups were dried at 60 ◦C after 7 or 14 days post inoculation and stored at −20 ◦C until
mycotoxin extraction was carried out.

4.4. Mycotoxin Extraction

Mycotoxin extractions were determined according to a published method with minor
modifications [47]. All samples were ground into a homogenized powder, weighed into
50 mL centrifuge tubes, and then mixed with 10 mL of acetonitrile/water (84:16, v/v). The
tubes were shaken at 2500 rpm/min at 25 ◦C in an orbital shaker for 60 min and then
ultrasonicated for 40 min. Then, tubes were centrifuged at 4000 rpm/min for 30 min. Then,
2 mL of supernatant was transferred to a 15 mL centrifuge tube, 150 mg of anhydrous
magnesium sulphate was added, and the tube was vortexed. Then, the supernatant was
transferred to a new 15 mL centrifuge tube and 1 mL of n-hexane was added to a biosafety
cabinet for degreasing, shaken vigorously, centrifuged to remove n-hexane, and completely
dried in a stream of nitrogen. All dried extracts were dissolved in 1 mL of acetonitrile:water
(20:80 v/v). The purified supernatant was filtered through a 0.22 μm nylon filter and stored
in sampler vials at −20 ◦C until LC–MS/MS analysis.

37



Toxins 2022, 14, 482

4.5. Mycotoxin Determination by LC–MS/MS

LC–MS/MS analysis was performed as described by Yu et al. [15]. Mycotoxins
were quantified by an Accela 1250 UPLC system (Thermo Fisher Scientific, San Jose, CA,
USA) coupled to a TSQ VantageTM (Thermo Fisher Scientific, San Jose, CA, USA) triple-
stage quadruple mass spectrometer. An Agilent Extend C18 chromatographic column
(100 mm × 4.6 mm, 3.5 μm) was used at a flow rate of 0.35 mL/min at 30 ◦C and with
a 10 μL injection volume. The mobile phase consisted of 5 mM ammonium acetate (A)
and 100% methanol (B). The gradient was as follows: 0 min 15% B, 1 min 15% B, 6.5 min
90% B, 8.5 min 90% B, 9 min 15% B, and 12 min 15% B. Mass spectrometry analysis was
carried out in both positive (ESI + 3.5 kV) and negative (ESI − 2.5 kV) ionization modes
using selected reaction monitoring (SRM). For the MS/MS analysis, both the vaporizer and
capillary temperatures were 300 ◦C, the sheath gas pressure was 50 psi, and the aux gas
pressure was 5 psi. Raw data were analyzed using Xcalibur™ software (Thermo Fisher
Scientific, San Jose, CA, USA, 2011).

The ratio of D3G and total DON was calculated based on the following formula:

D3G/total DON = mD3G/(mDON + nD3G ∗ MDON) (2)

4.6. Total RNA Extraction

The total RNA of the mixture samples of Sumai 3, Zhongmai 66B, and Annong 0711
wheat and F. graminearum F1 for 14 days was extracted using Plant RNA Purification
Reagent for plant tissue (Invitrogen, Carlsbad, CA, USA) according the manufacturer’s
instructions, respectively. Genomic DNA was removed by DNaseI (Takara, Beijing, China).
The RNA quality and concentration were determined using a NanoDrop 2000 (Agilent
Technologies, Santa Clara, CA, USA).

4.7. Library Preparation and Sequencing

The RNA-seq transcriptome library was prepared using a TruSeqTM RNA sample
preparation kit from Illumina (San Diego, CA, USA) and 1 μg of total RNA. Second, double-
stranded cDNA was synthesized using a SuperScript double-stranded cDNA synthesis
kit (Invitrogen, CA, USA), 300 bp fragmented mRNA, and random hexamer primers. The
synthesized cDNA was then subjected to end repair and adaptor ligation according to
Illumina’s library construction protocol. Then, cDNA target fragments of 300 bp were
amplified using Phusion DNA polymerase (NEB) for 15 PCR cycles. After quantification by
TBS380, the paired-end sequencing library was sequenced using the Illumina HiSeq Xten
sequencer (2 × 150 bp read length) [48].

4.8. Read Mapping and DEG Analysis

The raw paired-end reads were optimized by SeqPrep (https://github.com/jstjohn/
SeqPrep (accessed on 7 June 2022)) and Sickle (https://github.com/najoshi/sickle, ac-
cessed on 7 June 2022) using default parameters to obtain clean reads. Then, clean reads
were separately aligned to the reference genome with orientation mode using HISAT2
(http://ccb.jhu.edu/software/hisat2/index.shtml, accessed on 7 June 2022) software [49].
Gene abundances were quantified using RSEM (http://deweylab.biostat.wisc.edu/rsem/,
accessed on 7 June 2022) [50]. A DEG analysis was performed using DESeq2 with a
|log2FC| > 1 and BH-corrected p value ≤ 0.05 [51].

4.9. Functional Annotation and Enrichment

A Clusters of Orthologous Groups of proteins (COG) annotation analysis was per-
formed using HMMER [52]. Gene Ontology (GO) functional enrichment and Kyoto En-
cyclopedia of Genes and Genome (KEGG) pathway analysis were carried out by Goa-
tools (https://github.com/tanghaibao/Goatools, accessed on 7 June 2022) and KOBAS
(http://kobas.cbi.pku.edu.cn/home.do, accessed on 7 June 2022) at a p value ≤ 0.05 or
corrected p value ≤ 0.05 [53,54].
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4.10. Quantitative Real-Time PCR Analysis

Total RNA of the mixed culture samples of Sumai 3, Zhongmai 66B, and Annong 0711
wheat and F. graminearum F1 for 14 days were prepared using TRIzol reagent (Invitrogen,
CA, USA). cDNA was synthesized using PrimeScript™ RT reagent Kit with gDNA Eraser
(Takara, Beijing, China). Each sample was quantified using TB Green Premix Ex Taq II
(Takara, Beijing, China) following the instructions of the manufacturer and applied to the
QuantStudio™ Real-Time PCR System (Applied Biosystems™). The primers employed
in this experiment were listed in Table S5. Actin was used as an internal control in this
experiment. The 2−ΔΔCt method was used to calculate the expression level and three
replicates were employed for every gene [55].

4.11. Statistical Analysis

The mycotoxin concentration analysis was constructed using GraphPad Prism 8
(GraphPad Software Inc., San Diego, CA, USA) by two-way ANOVA. Post hoc Tukey’s
testing was used to evaluate changes between groups. A p value < 0.05 was considered
statistically significant.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/toxins14070482/s1, Figure S1: Representative images of 6 different
cultivars of wheat spikelets at 21 days after inoculation with F. graminearum PH−1 and F. graminearum
F1; Figure S2: The accumulation of DON and D3G in Annong 0711 grains that were infected by F.
graminearum F1 at different temperatures and aw for 7 days; Table S1: DON and D3G accumulation in
Sumai 3, Zhongmai 66B, and Annong 0711 wheat grains infected by F. graminearum F1 under different
conditions; Table S2: GO and KEGG enrichment analysis of upregulated genes of infected Annong
0711 wheat grains; Table S3: Significantly enriched (corrected p value < 0.05) KEGG pathways of
upregulated genes in infected wheat grains; Table S4: GO and KEGG enrichment analysis of DEGs of
F. graminearum F1 in Sumai 3 and Annong 0711 wheat grains; Table S5: Primer sequences used for
RT-qPCR amplification of the differentially expressed genes selected for validation.
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Abbreviations

FHB Fusarium head blight
DON deoxynivalenol
D3G deoxynivalenol-3-glucoside
HPLC high performance liquid chromatography
LC-MS/MS liquid chromatography tandem mass spectrometry
aw water activity
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DEG differentially expressed gene
COG Clusters Orthologous Groups
GO Gene Ontology
KEGG Kyoto Encyclopedia of Genes and Genome
BP biological process
CC cellular component
MF molecular function
MAPK mitogen activated protein kinases
HR hypersensitivity response
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Abstract: Secondary metabolites/toxins produced by Purpeocillium lilacinum (Hypocreales; Phio-
cordycipitaceae), a well-known insect pathogen, can be used for the management of different insect
pests. We report the lethal and sublethal effects of cyclosporin C (a toxin produced by P. lilacinum)
against a major vegetable pest, Plutella xylostella, at specific organismal (feeding rate, larval growth,
adult emergence, fecundity, and adult longevity) and sub-organismal levels (changes in antioxidant
and neurophysiological enzyme activities). The toxicity of cyclosporin C against different larval
instars of P. xylostella increased with increasing concentrations of the toxin and the maximum per-
cent mortality rates for different P. xylostella larval instars at different times were observed for the
300 μg/mL cyclosporin C treatment, with an average mortality rate of 100% for all larval instars. The
median lethal concentrations (LC50) of cyclosporin C against the first, second, third, and fourth larval
instars of P. xylostella 72 h post-treatment were 78.05, 60.42, 50.83, and 83.05 μg/mL, respectively.
Different concentrations of cyclosporin C caused a reduction in the average leaf consumption and
average larval weight. Different life history parameters, such as the pupation rate (%), adult emer-
gence (%), female fecundity, and female longevity were also inhibited when different concentrations
of cyclosporin C were applied topically. The cyclosporin C concentrations inhibited the activities
of different detoxifying (glutathione S-transferase, carboxylesterase, and acetylcholinesterase) and
antioxidant enzyme (superoxide dismutase, catalase, and peroxidase) activities of P. xylostella when
compared to the control. These findings can serve as baseline information for the development of
cyclosporin C as an insect control agent, although further work on mass production, formulation,
and field application is still required.

Keywords: biopesticides; cyclosporin C; diamondback moth; toxicity; antifeedant activity; fecundity;
enzyme activities

Key Contribution: This study reports the lethal and sublethal effects of cyclosporin C (a toxin
produced by P. lilacinum) against a major vegetable pest, P. xylostella, at specific organismal (feeding
rate, body weight, fecundity, and adult longevity) and sub-organismal levels (changes in antioxidant
and neurophysiological enzyme activities).

1. Introduction

Different species of insect pathogenic fungi are possible alternatives to chemical
insecticides for insect pest management. Their diversity (among taxa), production of
secondary metabolites, and environmental safety make them more practically applicable
biological control agents [1]. Members of fungal taxa, Purpureocillium Luangsa-ard, are
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pathogens of plant-feeding insects and nematodes [2,3]. Purpureocillium lilacinum is a well-
known insect pathogen that has been used to control different crop pests, such as aphids,
whiteflies, thrips, fruit flies, and plant parasitic nematodes [2–4]. Purpureocillium lilacinum
isolates produce different secondary compounds/toxins known as paecilotoxins [5]. These
toxins demonstrate oral toxicity against insects and nematodes [6].

Cyclosporins are nonpolar cyclic oligopeptides that are produced by different fungal
species belonging to genera such as Beauveria, Lecanicillum, Purpeocillium, and Tolypocla-
dium [5,7]. During insect infection, cyclosporins are secreted at later stages of host infection
and disrupt the immune response of the insect host, ultimately leading to insect mortal-
ity [8–10]. Cyclosporins act through the blocked glycoprotein-related pumps involved in
the removal of xenobiotics out of haemolymph [11]. Weiser and Matha [12] reported the
toxicity mechanism of cyclosporin A against Culex pipiens. Cyclosporin A toxicity induced
different histopathological changes to C. pipiens tissues (formation of swollen mitochondria
and vacuolization of the endoplasmic reticulum) [13]. Vilcinskas et al. [5] reported that
an artificial diet supplemented with a sublethal concentration of cyclosporin A reduced
the phagocytosis of plasmatocytes in Galleria mellonella. Mosquito (Aedes aegypti) larvae
treated with dried methanolic extract of Tolypocladium (with cyclosporin A as the predomi-
nant metabolite) caused high mortality because of the disruption of midgut mitochondrial
cells [14]. Cyclosporins have been reported to show a narrow spectrum of antibiotic and
immuno-suppressive activities in humans, recently being used for the cure of different
diseases [15–19], but the use of cyclosporins at high doses (above 25 mg/kg) can cause
adverse effects, including nephrotoxicity, diarrhoea, headache, anxiety, and metabolic toxic-
ity [20,21]. However, the use of cyclosporins at lower doses (below 3 mg/kg) was reported
to have no side effects [22]. Recent studies have shown that the immuno-suppressive effects
of cyclosporin C are lower than that of other cyclosporins [15], and therefore, it would be
of interest to study methods of mass production and the insecticidal efficacy of cyclosporin
C produced by insect pathogenic fungi P. lilacinum, keeping in mind the ecological implica-
tions of its application. Since cyclosporin C has been reported to be produced by different
plant pathogenic filamentous fungi (belonging to the genera Aspergillus and Fusarium) [23],
cyclosporin C should be used at low doses (below 3 mg/kg) for insect pest management to
avoid the risks of mycotoxin contamination and indirectly to avoid public health risks from
the consumption of mycotoxin-contaminated foods [24].

Plutella xylostella (L.) (Lepidoptera: Plutellidae) is a major threat to different vegetable
crops across the globe. The annual yield losses caused by P. xylostella worldwide are
estimated to be USD 4–5 billion [25]. This insect pest has a strong ability to develop
insecticide resistance [26]. Therefore, the use of insect pathogenic fungi or their secondary
metabolites can serve as an alternate strategy for P. xylostella management. Amiri et al. [27]
showed a reduction in the feeding rate of P. xylostella in response to destruxin (a fungal
toxin produced by Metarhizium anisopliae) application. The observed antifeedant index (AI)
was dose-related, and there were significant differences between the treated and untreated
leaves. Huang et al. [28] observed increased mortality of P. xylostella larvae with increasing
concentrations of destruxin A.

So far, very minimal work has been reported on the lethal and sublethal effects of
cyclosporin C on target insect hosts [29]. The sublethal effects have been observed on
a life history basis (fecundity/life table parameters) [28] and an immune response basis
(variations in activities of antioxidant and neurophysiological enzymes) [30]. The present
work was performed to assess the lethal and sublethal toxicity of cyclosporin C against
P. xylostella. The lethal toxicity was studied by testing the efficacy of different cyclosporin
C concentrations against different larval instars of P. xylostella. The sublethal toxicity was
observed at specific organismal (feeding rate, change in larval weight, adult emergence,
fecundity, and adult longevity) and sub-organismal levels (changes in antioxidant and
neurophysiological enzyme activities). We hope that this study will provide the basis for
the future development of cyclosporin C as a biological control agent for the management
of insect pests such as P. xylostella.
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2. Results

2.1. Toxicity of Cyclosporin C against P. xylostella
2.1.1. Concentration–Mortality Response of P. xylostella to Cyclosporin C

After 3 days of treatment, the percent mortality rates of different P. xylostella lar-
val instars were significantly different among the different treatments and the control
(F18,56 = 6 6.45; p < 0.01). The mortality of P. xylostella increased with an increasing con-
centration of cyclosporin C (Figure 1). The maximum percent mortality rates for different
P. xylostella larval instars at different times were observed for the 300 μg/mL cyclosporin C
treatment, with an average mortality rate of 100% for all larval instars.

 

Figure 1. Mortality (%) of different larval instars of Plutella xylostella treated with different concentra-
tions of cyclosporin C. Bars represent standard error of means (based on three independent replicates).
Bars with different letters represent significantly different means (Tukey’s, p < 0.05).

2.1.2. Transmission Electron Microscopic Examination of P. xylostella Midgut Following
Cyclosporin C Treatment

As shown in Figure 2, the nuclei of untreated cells had smooth nuclear membranes,
but after ingesting cyclosporin C, the nuclei of midgut cells were enlarged, and the nu-
clear membranes appeared to be folded. The degree of nuclei enlargement increased,
and the nuclear membrane folds became more obvious with an increase in time post-
treatment. However, the nuclei and nuclear membranes of the untreated midgut cells did
not change much.
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Figure 2. Changes in nucleus region of fourth Plutella xylostella (fourth instar larvae) midgut cells
following cyclosporin C treatment.

The microvilli of treated cells became shorter and more disorganized with the passage
of time (Figure 3). The microvilli of the midgut cells from P. xylostella larvae treated with
an 80 μg/mL concentration became completely detached and minute in size after 12 h of
treatment when compared to the control cells (Figure 3).
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Figure 3. Changes in microvilli of Plutella xylostella (fourth instar larvae) midgut cells following
cyclosporin C treatment.

2.2. Sublethal Effects of Cyclosporin C against P. xylostella
2.2.1. Effect of Cyclosporin C on Feeding and Larval Weight of P. xylostella

The average feeding rates (milligrams of leaves consumed per larvae) of P. xylostella
larvae at different time intervals were significantly different among the cyclosporin C
treatments and the control (F14,68 = 26.92, p < 0.0001). A decrease in the amount of leaf
consumed (mg) by P. xylostella larvae was observed with increases in the cyclosporin C
concentration. The amount of leaf consumed (mg) by P. xylostella larvae treated with the
30 μg/mL cyclosporin C treatment across the experimental period was significantly higher
than that of those treated with the 80 μg/mL cyclosporin C treatment, but it was still
significantly lower than that of the control (Figure 4A).
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Figure 4. Amount of cabbage leaf consumed (A) and change in larval body weight (B) of Plutella
xylostella larvae treated with cyclosporin C at different time intervals. Lines represent standard error
of means (based on three independent replicates). Lines with different letters represent significantly
different means (Tukey’s, p < 0.05).

The average weight (mg) of P. xylostella larvae at different time intervals were sig-
nificantly different among the cyclosporin C treatments and the control (F14,68 = 26.92,
p < 0.0001). A decrease in the average weight (mg) of P. xylostella larvae was observed
with increases in the cyclosporin C concentration. The average weight (mg) of P. xylostella
larvae treated with 80 μg/mL cyclosporin C was significantly lower than the larval weights
observed for those under the 30 μg/mL cyclosporin C treatment (except one day post-
treatment) (Figure 4B).

2.2.2. Sublethal Toxicity of Cyclosporin C

The pupation rate (%) of P. xylostella after 10 days of treatment was significantly differ-
ent among the different cyclosporin C treatments and the control (F2,5 = 21.69, p < 0.001).
Maximum pupation (96.66 ± 1.66%) was observed for the control, whereas the rates of pupa-
tion observed for the 30 μg/mL and 80 μg/mL cyclosporin C treatments were 58.33 ± 1.40
and 14.44 ± 0.93%, respectively (Table 1).
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Table 1. Sub-lethal effects of cyclosporin C on life history parameters of Plutella xylostella.

Life History Parameters Control 30 μg/mL 80 μg/mL

Pupation (%) 96.66 ± 1.66 a 58.33 ± 1.40 b 14.44 ± 0.93 c
Adult emergence (%) 66.66 ± 2.33 a 23.33 ± 1.66 b 7.78 ± 1.11 c

Pre-oviposition period (h) 7.25 ± 0.66 c 9.33 ± 0.50 b 11.50 ± 0.33 a
Fecundity (eggs/female) 197 ± 4.48 a 137 ± 2.93 b 82 ± 2.34

Female longevity (d) 12 ± 0.33 a 9 ± 0.66 b 7 ± 0.66 c
Means (±standard error) in same row followed by different letters (a, b, c) are significantly different from each
other (Tukey’s, p < 0.05).

The adult emergence (%) of P. xylostella after 10 days of treatment was significantly dif-
ferent among the different cyclosporin C treatments and the control (F2,5 = 34.84, p < 0.001).
The maximum adult emergence (66.66 ± 2.33%) was observed for the control, whereas
the rates of adult emergence observed for the 30 μg/mL and 80 μg/mL cyclosporin C
treatments were 23.33± 1.66 and 7.78 ± 1.11%, respectively (Table 1).

The pre-oviposition periods of P. xylostella after 10 days of treatment were signifi-
cantly different among the different cyclosporin C treatments and the control (F2,5 = 36.97,
p < 0.001). The longest pre-oviposition period (11.50 ± 0.33 hrs) was observed for 80 μg/mL
cyclosporin C, whereas the pre-oviposition periods of P. xylostella observed for the 30 μg/mL
treatment and the control were 9.33 ± 0.50 and 7.25 ± 0.66 hrs, respectively (Table 1).

The fecundity of P. xylostella adults that emerged from fourth instar larvae treated with
different cyclosporin C concentrations was significantly different among different treatments
and the control (F2,5 = 43.26, p < 0.001). The maximum fecundity (197 ± 4.48 eggs/female)
was observed for the control, whereas the P. xylostella female fecundity observed for the
30 μg/mL and 80 μg/mL cyclosporin C treatments were 137 ± 2.93 and 82 ± 2.34 eggs/female,
respectively (Table 1).

The longevity of P. xylostella adults that emerged from fourth instar larvae treated
with different cyclosporin C concentrations was significantly different among different
treatments and the control (F2,5 = 32.97, p < 0.001). The maximum P. xylostella female
longevity (12 ± 0.33 days) was observed for the control, whereas the P. xylostella female
longevity observed for the 30 μg/mL and 80 μg/mL cyclosporin C treatments were 9 ± 0.66
and 7 ± 0.66 days, respectively (Table 1).

2.2.3. Effect of Cyclosporin C Treatment on Neurophysiological and Antioxidant Enzyme
Activities of P. xylostella

The acetylcholinesterase (AChE) activities of P. xylostella were significantly different
among the cyclosporin C treatments and the control at different time intervals. The AChE
activities of P. xylostella larvae treated with 30 μg/mL or 80 μg/mL cyclosporin C were
significantly lower than those observed for the control. The lowest AChE activities were
observed for the 80 μg/mL cyclosporin C treatment throughout the experimental period,
whereas the highest (AChE) activities were observed for the control (Figure 5A).

The glutathione S-transferase (GST) activities of P. xylostella showed significant dif-
ferences among the different cyclosporin C treatments and the control at different time
intervals. The GST activities in response to different treatments showed an increasing
trend until 36 h post-treatment, whereas a sharp decline in GST activities was observed
at 36 h post-treatment until the end of the experimental periods. The lowest GST activi-
ties at different time intervals were observed for the 80 μg/mL cyclosporin C treatment,
whereas the highest (AChE) activities at different time intervals were observed for the
control treatments (Figure 5B).
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Figure 5. Effect of cyclosporin C on neurophysiological and antioxidant enzyme activities. (A) Acetyl-
cholinesterase activity (AchE); (B) glutathione S-transferase (GST); (C) carboxylesterase (CarE);
(D) superoxide dismutase (SOD); (E) catalase (CAT), and (F) peroxidase (POD). Bars represent stan-
dard error of means (based on three independent replicates). Bars with different letters represent
significantly different means at different time intervals (Tukey’s, p < 0.05).

The carboxylesterase (CarE) activities of P. xylostella were significantly different among
the cyclosporin C treatments and the control at different time intervals. The CarE activities
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in response to different treatments showed an increasing trend until 36 h post-treatment,
whereas a sharp decline in CarE activities was observed at 36 h post-treatment until the end
of the experimental periods. The CarE activities of P. xylostella larvae treated with 30 μg/mL
or 80 μg/mL cyclosporin C after 24, 36, and 48 h of treatment were significantly higher
than the CarE activities observed for the control treatment. The lowest CarE activities
throughout the experimental period (except 48 h post-treatment) were observed for the
80 μg/mL cyclosporin C treatment (Figure 5C).

The superoxide dismutase (SOD), catalase (CAT), and peroxidase (POD) activities
of P. xylostella were significantly different among the cyclosporin C treatments and the
control at different days post-treatment. The antioxidant enzyme activities in response to
different treatments showed an increasing trend until 48 h post-treatment, followed by a
sharp decline until the end of the experimental periods. The lowest antioxidant enzyme
activities throughout the experimental period were observed for the 80 μg/mL cyclosporin
C treatment, whereas the highest activities of antioxidant enzymes were observed for the
control (Figure 5D–F).

3. Discussion

Data on the toxicity of microbial toxins (such as cyclosporins) against different insect
pests are very limited to date [31]. This study demonstrated that cyclosporin C produced
by entomopathogenic fungus P. lilacinum can induce lethal and sublethal effects against
P. xylostella, which provides initial information about the potential of cyclosporin C for
P. xylostella management.

Bioassay studies have revealed that different larval instars of P. xylostella were sensitive
to different concentrations of cyclosporin C, showing a dose-dependent response. The
median lethal concentrations (LC50) of cyclosporin C against first, second, third, and
fourth instar larvae 72 h after application were 78.05, 60.42, 50.83, and 83.05 μg/mL,
respectively. The transmission electron microscopy of the midgut of fourth instar P. xylostella
larvae showed nuclei enlargement, folding of the nuclear membrane, and detachment
of the microvilli from the midgut cells. Our results are similar to those of Weiser and
Matha [12], who reported the toxicity of cyclosporin A against Culex pipiens, accompanied
by histopathological changes to C. pipiens tissues (the formation of swollen mitochondria
and vacuolization of the endoplasmic reticulum). Our results are also consistent with
those of Vilcinskas et al. [5], who reported that an artificial diet supplemented with a
sublethal concentration of cyclosporin A reduced the phagocytosis of plasmatocytes in
Galleria mellonella.

To date, not many studies on microbial toxins have focused on their effects on the
feeding rate, fecundity, and adult longevity of target insect pests, as these parameters can
influence the ultimate population dynamics of insect hosts. Observations on antifeedant
activity, larval growth rate, and adult emergence are very vital, as these variables are
directly related to growth and reproduction [31]. Our results show a significant reduction
in the amount of leaf consumed by P. xylostella per day, as well as an increase in the larval
weight per day compared to the control after treatment with cyclosporin C. Different life
history parameters, such as pupation rate (%), adult emergence (%), female fecundity, and
female longevity, were also inhibited by different concentrations of cyclosporin C. These
toxic properties of cyclosporin C can be related to the mode of action of cyclosporins. This
group of fungal toxins has an ionophore-like mode of action that targets the Ca+2 level of
invertebrate cells [32,33].

The biochemical responses by insect hosts to fungal are the least explained, and further
elaboration of these responses is required to improve our knowledge of the toxicity of fungal
cyclosporin C. Significant fluctuations in detoxifying and antioxidant enzyme activities of
P. xylostella were observed post-cyclosporin C treatment. Insect immune systems respond
to outer threats (pesticides or microorganisms) by regulating the enzyme activities of
detoxifying enzymes, such as esterases and glutathione-S-transferase [34]. This study has
revealed increased CarE and GSTs activities in P. xylostella larvae treated with cyclosporin
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C, confirming their role in cyclosporin C detoxification by P. xylostella. Our results are
consistent with those of Luo and Zhang [35], who observed similar changes in the CarE
and GSTs activities of P. xylostella treated with matrine. Acetylcholinesterase (AChE)
terminates insect nerve impulses through acetylcholine breakdown at insects’ synapses [36].
Our results show an increase in AchE activities until 48 h post-cyclosporin C treatment,
followed by a sharp decline. Antioxidant enzymes (SOD, CAT, and POD) are responsible
for reducing damage caused by reactive oxygen species (ROS) [29]. We observed an increase
in the SOD, CAT, and POD activities during the initial 48 h, followed by a reduction in
enzyme activities post-cyclosporin C treatment. The reduced antioxidant enzyme activities
might have resulted in the lower removal of the ROS and the denaturation of different
bio-molecules, which led to higher insect mortality [37].

4. Conclusions

Our results show promising findings about the lethal and sublethal effects of cy-
closporin C against P. xylostella, showing its potential for future development as a biocon-
trol agent of insects, such as the diamondback moth. These findings can serve as baseline
information for the development of cyclosporin C as an insect control agent. However,
further studies on the mass production, formulation, dose selection, and field application
of cyclosporin C, as well as the ecological implications of its application (including poten-
tial biosafety studies on natural enemies and other living organism side effects) are still
required for the successful development of cyclosporin C as a biopesticide.

5. Materials and Methods

5.1. Plutella xylostella and Cyclosporin C

The Plutella xylostella larvae used in this study were obtained from the stock cul-
tures reared on Brassica campestris L. (Datou Aijiao cultivar; Guangzhou Changhe Seeds,
Guangzhou China) at the Guangdong Key Laboratory of Biopesticide Innovation and
Application, South China Agricultural University, Guangzhou [38]. Freshly hatched first
instar larvae were used for anti-feedant assays, while fourth instar larvae were used for life
history studies and enzyme assays.

Cyclosporin C was extracted and purified from strain XI-5 of Purpureocillium lilacinum
(NCBI accession No. MW386435) following the method described by Burhan et al. [39].
The cyclosporin C was diluted to 500 μg/mL with dimethyl sulfoxide (DMSO) and stored
at 4 ◦C until further use.

5.2. Toxicity of Cyclosporin C against P. xylostella
5.2.1. Toxicity Assays

Different concentrations of cyclosporin C (25, 50, 100, 150, 200, and 300 μg/mL)
were prepared from a stock solution through serial dilution using a 15% sucrose solution.
The toxicity assays of cyclosporin C against different larval instars of P. xylostella were
performed by oral route following the method by Ali et al. [40]. Briefly, cabbage leaf discs
(10 cm2) were dipped for 30 s in different concentrations of cyclosporin C and air-dried (for
2 h) on paper. The leaf discs similarly treated with ddH2O served as the control. Freshly
hatched first, second, third, and fourth instar P. xylostella larvae (30 individuals each) were
transferred to B. campestris leaves from individual treatments (different concentrations and
the control) via a camel hairbrush. P. xylostella larvae were fed on treated leaf discs for
48 h, followed by feeding on normal B. campestris leaf discs. The leaf discs were replaced
every 48 h. The Petri dishes were incubated at 26 ± 1 ◦C and 55 ± 10% R.H. and 14:10 h
(light/dark photoperiod). The leaf discs (treated and control) were replaced on a daily
basis. The number of dead insects was counted on a daily basis. All the treatments and the
control were repeated thrice with freshly hatched P. xylostella larvae.
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5.2.2. Transmission Electron Microscopic Examination of P. xylostella Midgut Following
Cyclosporin C Treatment

Fourth instar P. xylostella larvae were treated with two concentrations of cyclosporin
C (30 and 80 μg/mL) and the control treatment (ddH2O) following the method described
in Section 5.2.1. Changes in the appearance of the infected P. xylostella midgut were
directly monitored at 4, 8, and 12 h post-treatment under a JEM1011 transmission electron
microscope (Nikon Co. Ltd., Tokyo, Japan) following the method by Du et al. [36]. The
treated larvae were sampled at 4, 8, and 12 h post-treatment and dissected under a stereo
microscope (Stemi 508, ZEISS, Germany) to obtain midgut samples. The samples were
fixed overnight in 2.5% glutaraldehyde +2% paraformaldehyde solution at 4 ◦C, followed
by rinsing with PBS buffer (0.1 M). The samples were then stained overnight with 1%
uranyl acetate at 4 ◦C, followed by dehydration with gradient concentrations of ethanol.
The dehydrated tissues were embedded in silica gel blocks, and sections were cut using
an automatic microwave tissue-processing instrument (EM AMW, Leica, Germany), and a
cryo-ultramicrotome (EM UC7/FC7, Leica, Germany).

5.3. Antifeedant and Sublethal Toxicity of Cyclosporin C
5.3.1. Antifeedant Activity Assays

For antifeedant assays, B. campestris leaf discs (10 cm2) were dipped in different
concentrations of cyclosporin C (30 and 80 μg/mL) for 30 s, followed by air-drying (for
1 h) on Whatman Grade 1 filter paper. Leaf discs dipped in distilled water served as the
control. Freshly hatched first instar P. xylostella larvae were transferred to the treatment
and control leaf disks. The leaf disks were placed in Petri dishes lined with Whatman
Grade 1 filter paper. The Petri dishes were incubated at 26 ± 1 ◦C and 55 ± 10% R.H. and
14:10 h (light/dark photoperiod). The P. xylostella larvae were fed on the treated leaf discs
for 48 h, followed by feeding on normal B. campestris leaf discs. The leaf discs were replaced
every 24 h. The feeding rate was defined as the change in weight of the B. campestris leaf
discs after 24 h. The P. xylostella larvae from each treatment were weighed every 24 h
on a weighing balance (Sartorius BCE Entriss II Analytical Balance) and the difference in
the larval weight every 24 h was used as the change in larval weight per day. The effect
of feeding on larval development was measured by changes in body weight during the
observation period. All the treatments and the control were repeated thrice with freshly
hatched P. xylostella larvae (four leaf discs with 20 larvae each).

5.3.2. Sublethal Toxicity of Cyclosporin C

To determine the sublethal effect of cyclosporin C on pupation, adult emergence,
adult longevity, and fecundity, a partial life cycle test was performed by feeding fourth
instar P. xylostella larvae on B. campestris leaf discs (10 cm2) dipped in two concentrations
of cyclosporin C (30 and 80 μg/mL) and the control treatment (ddH2O), as described in
Section 5.3.1. The leaf disks were placed in Petri dishes lined with Whatman Grade 1 filter
paper. The Petri dishes were incubated at 26 ± 1 ◦C and 55 ± 10% R.H. and 14:10 h
(light/dark photoperiod). The P. xylostella larvae were fed on the treated leaf discs for 48 h
followed by feeding on normal B. campestris leaf discs. The leaf discs were replaced every
48 h. The P. xylostella larvae were observed on a daily basis until adult emergence. All of
the treatments and the control were repeated thrice. The pupation (%) and adult emergence
(%) were calculated as follows:

Pupation (%) = (Number of successfully pupating larvae/Total number of larvae) × 100

Adult emergence (%) = (Number of adults emerged/Total number of pupae) × 100

The emerged adults (from each treatment group) were reared following the method of
Ali et al. [40] to calculate the average number of eggs laid/day, and adult longevity.
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5.4. Effect of Cyclosporin C on Neurophysiological and Antioxidant Enzyme Activities

Fourth instar P. xylostella larvae (50 individuals each) were treated with two concen-
trations of cyclosporin C (30 and 80 μg/mL) and the control treatment (ddH2O). Larvae
from each treatment (5 individuals) were collected every 12 h post-treatment for enzyme
assays. The larvae were homogenized in specific buffers for each enzyme at 4 ◦C following
the method by Wu et al. [41]. Detailed information on the enzymatic assays can be seen
in the Supplementary Materials. A total protein assay was performed with a total protein
assay kit (Beyotime Biotech Inc., Shanghai, China), using bovine albumin serum as the
standard [42].

Glutathione S-transferase (GSTs) activity assays were carried out according to Habig et al. [36].
Changes in absorbance were recorded spectrophotometrically (iMark microplate absorbance
reader, Biorad, Feldkirchen, Germany) at 340 nm. A reduction in glutathione per minute per mg
protein was used as a unit of enzyme activity.

Carboxylesterase (CarE) was quantified using 1-naphthyl acetate as a substrate [43].
The reaction mixture (0.45 mL 0.05 mol/L sodium phosphate buffer, 1.8 mL 0.00003 mol/L
1-naphthyl acetate, and 0.05 mL sample) was incubated in water at 30 ◦C for 15 min,
followed by the addition of 0.9 mL 1% fast blue RR salt to terminate the reaction. The
change in absorbance was measured at 600 nm. The enzyme activity was determined by
the protein changes per unit over time.

The acetylcholinesterase (AChE) contents of M. usitatus from the different treatments
were observed following the methods of Wu et al. [41] and Ellman et al. [44]. Changes in
the absorbance were recorded spectrophotometrically (iMark microplate absorbance reader,
Biorad, Feldkirchen, Germany) at 405 nm for 40 min. A unit of enzyme activity was defined
as changes in the absorbance per minute per milligram of total protein.

The antioxidant enzyme (superoxide dismutase (SOD), catalase (CAT), and peroxidase
(POD)) assays were performed with the respective enzyme assay kits provided by Nanjing
Jiancheng Bioengineering Institute, Nanjing China. One unit of SOD was defined as the
amount of enzyme required to suppress 50% of nitroblue tetrazolium at 560 nm [45]. One
unit of CAT activity was defined as the amount of enzyme required to decompose 1 mmol
H2O2/min [46]. One unit of POD activity was defined as changes in the absorbance per
minute per milligram of protein [47].

5.5. Data Analysis

The data regarding mortality were arcsine-transformed, the means were compared
using analysis of variance (ANOVA-2), and the significance of the means was compared
using Tukey’s HSD test at a 5% level of significance. The data regarding the feeding
rate, larval weight, percent of pupation, and percent of adult emergence were subjected
to analysis of variance (ANOVA-1), and the significance of the means was compared
using Tukey’s HSD test at a 5% level of significance. SAS 9.2 was used for all statistical
analyses [48].

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/toxins14080514/s1.
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Abstract: Nowadays, the bakery industry includes different bioactive ingredients to enrich the
nutritional properties of its products, such as betalains from red beetroot (Beta vulgaris). However,
cereal products are considered a major route of exposure to many mycotoxins, both individually
and in combination, due to their daily consumption, if the cereals used contain these toxins. Only
the fraction of the contaminant that is released from the food is bioaccessible and bioavailable to
produce toxic effects. Foods with bioactive compounds vary widely in chemical structure and
function, and some studies have demonstrated their protective effects against toxics. In this study the
bioaccessibility and bioavailability of three legislated mycotoxins (AFB1, OTA and ZEN), individual
and combined, in two breads, one with wheat flour and the other with wheat flour enriched with 20%
Beta vulgaris, were evaluated. Bioaccessibility of these three mycotoxins from wheat bread and red
beet bread enriched individually at 100 ng/g was similar between the breads: 16% and 14% for AFB1,
16% and 17% for OTA and 26% and 22% for ZEN, respectively. Whereas, when mycotoxins were co-
present these values varied with a decreasing tendency: 9% and 15% for AFB1, 13% and 9% for OTA,
4% and 25% for ZEN in wheat bread and in red beet bread, respectively. These values reveal that the
presence of other components and the co-presence of mycotoxins can affect the final bioavailability;
however, it is necessary to assess this process with in vivo studies to complete the studies.

Keywords: bioaccessibility; aflatoxin B1; ochratoxin A; zearalenone; bread; beetroot; LC-Q-TOF-MS

Key Contribution: Quantities of mycotoxins and betalains decrease all along the digested phases; If
the mycotoxins are in a combined presence, the bioaccessibility decreases; ZEN combined with OTA
and AFB1 exhibited the lowest bioaccessibility (4%); High bioaccessibility of OTA; AFB1 and ZEN in
red beetroot breads was observed.

1. Introduction

Cereals and cereal-based products play a crucial role in the human diet and livestock
feed, due to their valuable nutritional content, such as carbohydrates, proteins, fatty acids
and vitamins [1]. However, these characteristics make cereals a good source of nutrients
for the growth and appearance of fungi. In the case of mycotoxigenic fungi, it represents a
toxicological risk that has to be controlled and, as far as possible, prevented. Mycotoxigenic
fungi stand out for their ability to grow in a wide spectrum of climatic conditions. Fungal
contamination of crops can be carried out at all stages of production; pre-harvest and
harvest (in the field) or in the post-harvest stages (transport and storage). Good handling
practices and a hazard analysis and critical control point (HACCP) system are essential in
prevention of fungal contamination. However, in many cases, such systems are not applied
and the presence of mycotoxins becomes possible. Aspergillus and Fusarium species colonize
cereals and cereal products, and they are producers of the following three most toxicological
mycotoxins: aflatoxins (Aspergillus flavus and Aspergillus parasiticus), ochratoxin-A (OTA)
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(Aspergillus ochraceus and Penicillum verucosum) and zearalenone (ZEN) (Fusarium gramin-
earum, F. culmorum, F. equiseti, and F. verticillioides). The intake of these mycotoxins could
cause health effects, such as mutagenicity, dermato-toxicity, neurotoxicity, hepatotoxicity,
teratogenicity, estrogenicity, carcinogenicity and immunosuppressive effects [2–5]. Further-
more, the IARC has classified aflatoxins (AFs) as agents of carcinogenicity. OTA is possibly
carcinogenic to humans and ZEN is not classifiable as regards humans. Due to these effects
in humans and animals, national and European legislative institutions have established
maximum tolerable levels of AFB1 and OTA in bakery products to protect consumers
from the health risks associated with their intake. It is established in EC Regulation No.
1881/2006 [6] that the highest legislative content for products derived from cereals, such
as bread, is 2 μg/kg for AFB1, 3 μg/kg for OTA and 100 or 50 μg/kg for ZEN in cereal
products or bread, respectively [6].

After ingestion of food contaminated by AFB1, OTA or ZEN, the quantities of myco-
toxins that are absorbed gastro-intestinally and reach the circulation system determines
their toxicological effect. In this sense, bioaccessibility is necessary to elucidate the risk
assessment. Furthermore, previous studies have elucidated that the presence of other
compounds, or the dietary source, influences the percentage of bioaccessibility. In wine,
OTA presented 26% bioaccessibility [7]. Versantvoort et al., [8] evaluated the effect of a
food-mix of peanut slurry, buckwheat and standard meal on the bioaccessibility of aflatoxin
B1 (AFB1) and OTA, obtaining 84% for AFB1 and 86% for OTA in combined contamination,
and 83% for AFB1 and 100% for OTA in single contamination.

Red beetroot is rich in bioactive ingredients that ensure health-promoting effects and it
is recognized as a functional food, due to its high nutritional value. Red beet is commonly
consumed and used for manufacturing food coloring agents. Its consumption has witnessed
a pronounced increase. In bakery, it is used to increase nutritional value of bakery products
and also to obtain colorimetrically acceptable and tasty products. Furthermore, red beet is
the precursor of betalains that have become popular because they have potent antioxidant,
anticarcinogenic, hepatoprotective, antibacterial and anti-inflammatory activities, as well as
intestinal and immune regulatory effects. In addition, they protect cells against peroxidation
and DNA damage [9]. Recently, Penalva-Olcina et al., [10] observed the effective protection
of beetroot extract in SH-SY5Y neuronal cells against Fumonisin B1, Ochratoxin A and their
combination. Beetroot extract in bread or biscuits, as a product of daily consumption, can
increase its intake and health effects.

Due to the health-related benefits, and as organoleptic ingredients, it would be a
good protective strategy to attenuate the biological effects of AFB1, OTA and ZEN in case
they are ingested. However, to consider these effects it is first necessary to evaluate the
bioaccessibility of both types of compounds. In this study, the bioaccessibility of three
different legislated mycotoxins (AFs, OTA and ZEA), individually and combined, in two
breads, one with wheat flour and the other with wheat flour enriched with Beta vulgaris, was
evaluated. Furthermore, the bioaccessibility of some betalains, identified in enriched bread,
all through the different digestive phases (salival, gastric and intestinal) were studied.

2. Results and Discussion

2.1. Fortification Levels of AFB1, OTA and ZEN Analysis

European legislation has established maximum levels (MLs) for OTA, AFB1 and ZEN
in all products derived from unprocessed cereals, including processed cereal products and
cereals intended for direct human consumption. Such levels are set at 3 and 2 μg/kg for OTA
and AFB1, respectively [6]. For unprocessed cereals the maximum level is set at 5 μg/kg
for OTA. However, in processed cereal-based foods and baby foods for infants and young
children the maximum is set at 0.5 and 0.1 μg/kg for OTA and AFB1, respectively [6]. The
highest values of ML for ZEN have been established as follows: 100 μg/kg for unprocessed
cereals; 50 μg/kg in bread, including small bakery wares, pastries, biscuits, cereal snacks
and breakfast cereals, excluding maize snacks and maize-based breakfast cereals; and
20 μg/kg for processed cereal-based foods (excluding processed maize-based foods) and
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baby foods for infants and young children. Despite these regulations and food controls, the
mycotoxins have been detected in routine customs analysis and in products from various
countries; in some cases, in bread from Guyana, Morocco, Portugal, Turkey and Malaysia,
at levels 30 times above the maximum limits (MLs) [11–16]. Surprisingly, it is possible that
many consumers have ingested these mycotoxins through one of the most consumed food
products, bread.

In literature, different studies indicate that during the bakery process a reduction in
the presence of mycotoxins by 7–85% and 6–40% for OTA and AFB1, respectively, has been
observed [17,18]. For this reason, this study was performed after the preparation of the
bread and it was established that the studied levels of fortifications would be at two levels,
100 μg/kg and 10 μg/kg, before the digestion process, by adding 1 mL of the working
solutions (100 μg/mL) in 10 g of wheat bread.

2.2. Bioaccessibility of OTA, AFB1 and ZEN in Studied Breads

Salival, gastric and intestinal phase digestions were evaluated. However, the bioacces-
sibility was calculated at the last phase, corresponding to the intestinal phase. These data
were analyzed for both beet and wheat bread, comparing the differences in bioaccessibility
between the levels of single mycotoxins and their combinations. The bioaccessibility value
obtained was a percentage value, representing availability to be absorbed at the intestinal
level, and it assumed the free fraction of the matrix. Therefore, the most relevant bioac-
cessibility results were those corresponding to the intestinal phase. Although, it should
not be forgotten that a slight absorption of the components can occur throughout the
gastrointestinal tract. For this reason, data from the other phases were collected and are
discussed in this work.

Availability was calculated for all three phases, and it was calculated as the percentage
of mycotoxins from the bread that was detected in extracts from each phase, using the
formula: Availability = [(CDE)/(CB)] ∗ 100. (CDE: concentration in digested extract and
CB: concentration in bread.

2.2.1. Availability of AFB1, OTA and ZEN in Salival, Gastric and Intestinal Phase in
Both Breads

The percentage of ZEN progressively decreased during the digestion process at a
fortification level of 100 ng/g in individual (51% to 22%) and combined (10% to 5%)
presence in wheat (Figure 1(a1)). In red beet bread (Figure 1(b1)) a decrease in values in the
intestinal phase was observed, but all values were above 23%. Regarding OTA and AFB1,
values presented variably along the digestion phases, reaching 15% in the intestinal phase
in wheat bread for both mycotoxins (Figure 1(a1)), and 17% and 15% in red beet bread
(Figure 1(b1)), respectively. OTA in the gastric phase presented higher percentages (20%,
42%, 31% and 25%) than in the saliva and intestinal phases, probably due to the fact that
the bread was less digested, because in this phase amylase and pepsin activities are present.
However, in the intestinal phase pancreatin and bile are active, so more components were
loose in the bolus and OTA was degraded.

According to the results obtained, availability in each phase increased significantly,
at the low level of fortification (10 ng/g), reaching the intestinal phase with values up to
65% for OTA and ZEA and, in the case of AFB1, values of availability between 10–45%
in wheat bread and slightly higher in beetroot bread with 25–45%. This fact might be
due to adhesion mechanisms that favor its protection against the enzymes responsible
for digestion. Contamination with these mycotoxins at low levels allows them to remain
embedded in the food matrix, and, therefore, the percentage digested is lower, compared
to those samples fortified at higher levels, where the mycotoxins are exposed to enzymatic
action. Furthermore, the chemical structure is different, with AFB1 presenting a higher
amount of lactone and pentanone than OTA or ZEN. Based on the results obtained, ZEN is
highly bioaccessible (100%) in wheat bread when fortified at 10 ng/g.
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Figure 1. Percentage of digested mycotoxin (%) in three studied phases of: (a) wheat bread at
100 ng/g individual (a1) and combined fortification (a2); (b) beet bread at 100 ng/g individual
(b1) and combined fortification (b2) (*: Salival-Gastric *** p < 0.001; ** p < 0.01; * p < 0.05; $: Gastric-
Intestinal $$$ p < 0.001; $$ p < 0.01; $ p < 0.05; and &: Salival-Intestinal &&& p < 0.001; && p < 0.01;
& p < 0.05).

Comparing both breads it was observed that red beet bread presented high availability
in the three phases in both fortifications (single Figure 1(b1) and combined Figure 1(b2)).
However, AFB1 presented the lowest values (8–16% and 6–15%). No differences were
observed between individual or combined fortifications.

The highest statistically significant differences for all three mycotoxins (p < 0.05) were
observed in combined fortifications between gastric to intestinal phases in wheat flour
bread (Figure 1(a2) and Figure 1(b2)).

2.2.2. Bioaccessibility of AFB1, OTA and ZEN in Both Breads

Bioaccessibility was calculated as the percentage of mycotoxins from the bread that
were detected in intestinal phase extracts by the formula: Bioaccesibility = [(CDE)/(CB)] ∗ 100
in which CDE is the concentration in digested extract and CB is the concentration in bread.

The results were analyzed as individual and combined (AFB1+OTA+ZEN) presence
of mycotoxins in bread (Figure 2). The results showed that ZEN had high bioaccessibility
in wheat flour bread as a single fortification (26%) and in red beetroot bread with both
fortifications (22% for single and 26% combined with the other two mycotoxins). OTA
presented values of 16% and 17% in wheat and beet bread, respectively, when fortified
individually with 100 ng/g of OTA, and in combination AFB1 + ZEN at 100 ng/g values of
14% in wheat bread and 10% in red beet bread.
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Figure 2. Individual (WB OTA, WB AFB1, WB ZEN) and combined (WB OTAC, WB AFB1C, WB
ZENC) bioaccessibility results in wheat bread (WB) versus beet bread (BB) at 100 ng/g of mycotoxin
(OTA, AFB1, ZEN) (*** p < 0.001; ** p < 0.01; * p < 0.05).

Similar values were observed with AFB1. However, in wheat flour bread combined
with OTA+ZEN at 100 ng/g the bioaccessiblity was 9%, which was 8 units lower than wheat
flour bread contaminated only with AFB1. The bioaccessibility of the three mycotoxins
in bread were lower than those observed by other authors individually without meal.
Sobral et al. [19] observed that AFB1 and OTA were released along GI digestion, exhibiting
a maximum cumulative isolated bioaccessibility of 51.6 and 72.4%, respectively, after
intestinal digestion.

Regarding interactions, the release of AFB1 or OTA was significantly affected by the
presence of the other mycotoxin.

2.2.3. Bioaccessibility of Betalains in Both Breads

Betanin is the only standard commercially available betalain and, therefore, it was the
only compound of the betalain family of on which to perform further specific studies, such
as qualitative and quantitative analyses. A tentative identification of betalains in dried
beetroot powder was possible by LC-Q-TOF-MS which permitted the identification of seven
betalains, two betacianins (betanin, betanidin) and four betaxanthins (Vulgaxanthin-III:
Asparagine-betaxanthin; Vulgaxanthin-I: Glutamine-betaxanthin; Vulgaxanthin-II: Glu-
tamic acid-betaxanthin; Tyrosine-betaxanthin). However, it was only possible to detect three
betalains (betanin, betanidin and Vulgaxanthin-III) in the three phases of digestion and they
were evaluated in digested red beetroot baked bread (Figure 3). In the literature, different
studies indicate the total betalain content in red beet and derivative products [19,20]. Most
recently, Sawicki et al., [21] studied thirteen varieties of red beets and reported betaxanthin
levels ranging from 2.71 to 4.25 mg/g DW, whereas the content of betacyanins varied
between 8.3–13.5 mg/g dry weight (DW).
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Figure 3. Total ion chromatograms (TIC) and extracted ion chromatograms (EIC) of betanidin,
vulgaxanthin−III and betanin, from red beet bread digested phases (salival, gastric, intestinal).

Regarding availability, the three betalain compounds mentioned above presented
high concentrations (80–90%) in the salival phase (Figure 4a), but during gastric and
intestinal digestion the quantities decreased and the percentage in the intestinal phase in
beet bread with a combination of AFB1+OTA+ZEN (100 μg/kg) remained at 20%, 27% and
10% for betanin, betanidin and vulgaxanthin-III, respectively (Figure 4). Similar values
were observed by Sawicki et al. (2020) for the gastric content after 2h of an intragastric
administration of fermented red beetroot juice in rats for betanin and betanidin, obtaining
values of 18% and 25%, respectively. These compounds in our study remained in intestinal
bolus after digestion, so these amounts would be available to be absorbed in the intestinal
tract. These results confirmed those shown by Sawicki et al. [22] in plasma and urine
from healthy volunteers that consumed juice with a dose of 0.7 mg betalains/kg body
weight, reaching the highest concentration in blood plasma (87.65 ± 15.71 nmol/L) and
urine (1.14 ± 0.12 μmol) after the first and second weeks of juice intake. The study also
indicated the presence of native betalains and their deglucosylated, decarboxylated, and
dehydrogenated metabolites in human physiological fluids.
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Figure 4. (a) Availability of three betalains (betanin, betanidin and vulgaxanthin-III) in beet-red bread.
(b) Percentage (%) of three betalains (betanin, betanidin and vulgaxanthin-III) in three digested
phases (S, G, I) of beet red bread contaminated with single (AFB1 S, AFB1 G, AFB1 I, OTA S, OTA
G, OTA I, ZEN S, ZEN G, ZEN I) and combined (3M S, 3M G, 3M I) mycotoxins at 100 μg/kg.
(*: Salival-Gastric *** p < 0.001; ** p < 0.01; * p < 0.05; $: Gastric-Intestinal $$$ p < 0.001; $$ p < 0.01;
$ p < 0.05; and &: Salival-Intestinal &&& p < 0.001; && p < 0.01; & p < 0.05).

3. Conclusions

According to the results reported, the quantities of the studied mycotoxins and be-
talains decreased all along the digested phases to the intestinal space. However, a high
bioaccessibility in red beetroot breads, without significant differences in the values ob-
tained, was observed. Whereas, if the mycotoxins were combined, the bioaccessibility
decreased, being more significant for ZEN with values of 4%. Betalains presented similar
bioaccessibility if the mycotoxins were in single or combined presence. It was observed that
their availability decreased during the different phases of digestion and had bioaccessibility
values of 20%, 27% and 10% for betanin, betanidin and vulgaxanthin-III, respectively.

These values revealed that the presence of other components, and mainly the copres-
ence of mycotoxins, could affect the final bioavailability. However, it is necessary to assess
this complete process with in vivo studies to fully understand the entire progression.
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4. Materials and Methods

4.1. Chemicals, Reagents and Equipment

Standard ochratoxin A (OTA), aflatoxin B1 (AFB1) and zearalenone (ZEA) were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). Individual stock solutions of mycotoxins
were prepared in AcN at 500 μg/mL and formed solutions in MeOH at 100 μg/mL. The so-
lutions were maintained at −20 ◦C in the dark. Betanin was purchased from Sigma-Aldrich
and diluted to prepare solution in EtOH.

To prepare the gastrointestinal solutions, KCl 89.6 g/L, KSCN 20 g/L, NaH2PO4
88.8 g/L, NaSO4 57 g/L, NaCl 175.3 g/L, NaHCO3 84.7 g/L, urea 20 g/L and Milli-Q
water (Milli-Q water purification system (Millipore, Bedford, MA, USA)) were used. First,
145 mg α-amylase in 100 mL of Milli-Q water was prepared. A pepsin solution with
0.5 mg pepsin (1 g in 25 mL HCl (0.1 N) (Pepsin from porcine gastric mucosa, powder,
≥250 units/mg solid, P-7000, Sigma-Aldrich, St. Louis, MO, USA) was used. A solution
of pancreatin: 1.10 mg (0,1 g Pancreatin (Pancreatin, from Porcine Pancreas, P1750, Sigma-
Aldrich, St Louis, MO, USA) and 0.625 g bile salts (Bile extract porcine, B8631, Sigma-
Aldrich, St. Louis, MO, USA) in 25 mL of NaHCO3 (0.1 N) was prepared. The saliva
solution was prepared mixing: 10 mL of KCl 89.6 g/L, 10 mL of KSCN 20 g/L, 10 mL of
NaH2PO4 88.8 g/L, 10 mL of NaSO4 57 g/L, 1.7 mL of NaCl 175.3 g/L, 20 mL of NaHCO3
84.7 g/L, 8 mL of urea (20g/L) and was completed to 500 mL with Milli-Q water.

4.2. Bread Preparation

Two different baked breads were prepared in the laboratory according to the following
recipe: 300 g wheat flour, 175 mL water, 20 g fresh yeast (Saccharomyces cerevisiae), 10 g
sugar and 5 g salt. All ingredients were mixed in a commercial bread maker. The bread
was baked at 200 ◦C for 40 min. Beetroot-enriched breads were prepared as detailed before
regarding wheat flour bread but with slight modifications to obtain a bread with 20%
beetroot. Beetroot dry powder was purchased from Agrosingularity S.L. (Murcia, Spain),
made from dehydrated beetroot and blended.

Fortifications were made after the preparation of the bread, adding individual and
mixed mycotoxins, before the digestion process, adding 1 mL of the working solutions
(100 μg/mL) to 10 g of wheat bread.

4.3. In vitro Digestion Procedure

The procedure was the in vitro static model of Brodkorb et al. [23]. Three digestion
phases were included: oral, gastric and duodenal. The assay was in triplicate for each
bread, using an individually sterilized plastic bag (500 mL).

For the oral phase, 10 g of milled bread was combined for 5 min in a shaker with 6 mL
of saliva solution (Section 2.1), 83 mL of milli-Q water, and 1 mL of -amylase solution. The
Stomacher IUL Instrument homogenized the slurry for 30 s while simulating mastication
(IUL S.A. Barcelona, Spain). An amount of 0.5 mL of pepsin solution for the stomach phase
was then added to the bolus in an opaque Er-Lenmeyer flask. With HCl 6 N solution, the
pH was raised to 2 to activate the stomach enzymes. The bolus was incubated for two
hours at 37 ◦C in a darkened room while being shaken at 100 rpm (orbital shaker, Infors
AG CH-4103, Bottmingen, Switzerland). After that, 1.10 mL of the pancreatin/bile salts
solution was added, and the pH was then raised to 6.5 for the duodenum phase using
NaHCO3 1 N (intestinal). It was shaken for two hours at 37 ◦C and 100 rpm. NaOH 0.5 N
was used to bring the pH back to 7.2 after the incubation period.

After each stage of digestion, aliquots of each were obtained (5 or 10 mL), placed in
an ice bath for 10 min to halt enzymatic activity, centrifuged for 5 min at 4500 rpm, 4 ◦C,
and then stored until the mycotoxins and duodenal bioaccessibility were determined. The
remaining duodenal phase was centrifuged in a conical flask for 10 min at 4000 rpm, 4 ◦C,
and filtered afterwards. All collected supernatants were frozen at –20 ◦C. Additionally,
enzyme inhibitors were utilized, It is strongly advised to use enough enzyme inhibitors
to block the target digestion enzymes, as has already been demonstrated [24]. Trypsin
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and chymo-trypsin were both inhibited by a Bowman-Birk inhibitor (BBI; Sigma-Aldrich,
cat. no. T9777). Amylase was inhibited by snap-freezing treatment and inactivation by
extraction solvent and pepstatin A was employed to block pepsin (Sigma-Aldrich, cat. no.
P5318). Pepstatin A was employed in a final concentration of 0.5–1.0 M in a total volume of
100 L of a BBI solution (0.05 g/L).

4.4. Sample Analysis
4.4.1. Extraction of AFB1, OTA and ZEN from Studied Bread

Spiked bread extraction was performed according to the validated method by Juan
et al. (2016) [25] with slight modifications. First, homogenized and representative portions
of 2 g were weighted into 50 mL polypropylene centrifuge tubes, spiked at the studied level
of digestion. After that, 10 mL of acetonitrile/water (84:16, v/v) was added and shaken
using a horizontal shaking device (IKA KS 260 basic) (250 shakes/min) for 1 h. Then, tubes
were centrifuged for 5 min at 4500 rpm at 5 ◦C with an Eppendorf Centrifuge 5810R. The
supernatant was filtered on Whatman filter paper No. 4 and 5 mL of the supernatant were
evaporated to dryness at 38 ◦C under a gentle stream of nitrogen using a multi-sample
TurboVap LV Evaporator (Zymark, Hoptkinton, MA, USA). The dried extract was prepared
according to the analytical determination technique used.

4.4.2. Extraction of AFB1, OTA and ZEN from the Simulated Physiological Fluids

At each stage of the digestion process, the mycotoxins were extracted into a simulated
physiological fluid. Ethyl acetate was used to do a liquid-liquid extraction in accordance
with El Jai et al. ‘s instructions with a few minor adjustments [26]. The amounts of 10 mL
of intestinal fluid, 5 mL of saliva, and 5 mL of stomach juice were centrifuged, with the
top layer being transferred to a falcon tube. Then, using an Eppendorf centrifuge 5810R,
5 mL of ethyl acetate was added twice, agitated, and centrifuged (Eppendorf, Hamburg,
Germany). Using a multi-sample TurboVap LV Evaporator, the upper layer was deposited
in 15 mL PTFE centrifuge tubes and evaporated to dryness at 35 ◦C with a mild stream of
nitrogen (Zymark, Hoptkinton, MA, USA).

4.4.3. Extraction of Betalains

Betalains were analyzed in dried powdered beetroot, in prepared breads and in the
simulated digestion solutions. An aliquot of dried powdered beetroot (0.1 g) or milled
bread (5 g) were dissolved in 10 mL of 50% ethanol, agitated for 10 s and the homogenate
centrifuged at 6000 rpm for 10 min. The simulated digestion solution (10 mL) was freeze-
dried before adding the ethanol. After the centrifugation, the supernatant was collected
and the same process was repeated twice to ensure maximum betalain extraction. The
supernatant was evaporated to dryness using a multi-sample TurboVap LV Evaporator
(Zymark, Hoptkinton, MA, USA) and redissolved with 1ml of a mixture of MeOH:H2O
(50:50, v:v), in order to be injected in LC-Q-TOF-MS.

4.4.4. Mycotoxin Analysis by LC–MS/MS

The dried residues were reconstituted to a final volume of 0.5 mL using methanol and
water (70:30, v/v), and then filtered through a 13 mm/0.22 m nylon filter obtained from
Analysis Vinicos S.L. (Tomelloso, Spain) before LC-MS/MS analysis.

A 3200 QTRAP®ABSCIEX, outfitted with a Turbo-VTM source (ESI) interface was
attached to an LC-MS/MS system made up of an LC Agilent 1200 using a binary pump
and an automated injector to carry out the analysis. At 25◦C, the analytes were separated
chromatographically using a reverse phase analytical column Gemini®NX-C18 (3 μm,
150 × 2 mm ID) and security guard cartridges Gemini-NX C18 (4 × 2 mm ID). Methanol
was used as phase A of the mobile phase, along with 0.1 percent formic acid and 5 mM
ammonium formate, and water was used as phase B (0.1 percent formic acid and 5 mM
ammonium formate). The gradient used was as follows: equilibration for two minutes
at 90 percent B, linear decrease to 20 percent of phase B in three minutes, maintenance
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of 20 percent of phase B for one minute, linear decrease from 20 to 10 percent of phase
B in two minutes, maintenance of 10 percent of phase B for six minutes, linear decrease
to 0 percent B in three minutes, maintenance of 100 percent A for one minute, and then
linear increase from 0 to 50 percent B in three minutes, maintenance of initial conditions
(90 percent B). In every phase, the flow rate was 0.25 mL/min. Runtime was 21 min in total.
The injection had a 20 L volume.

The QTRAP system was employed as a triple quadrupole mass spectrometry detector
(MS/MS) for mycotoxin analysis. The Turbo-VTM source was utilized in positive mode
with the following source/gas parameter settings to investigate AFs, OTA and ZEN: 3.1
vacuum gauge (10 × 10−5 Torr), 20 curtain gas (CUR), 5500 ion spray voltage (IS), 450 ◦C
source temperature, and 50 each of the ion source gases (GS1 and GS2). Table 1 displays
the collision energy (CE), product ions (Q3), and precursor ions (Q1). For all analytes,
the entrance potential (EP) was 10 V. Data collection and processing were carried out
with the use of the Analyst®197 program, 1.5.2. The monitored fragments (retention
duration, quantification ion, and confirmation ion), as well as the spectrometric parameters
(declustering potential, collision energy, and cell exit potential), were carried out earlier by
Juan et al. [27].

Table 1. Precursor ions (Q1), product ions (Q3), and collision energies (CE) used for the identification
and quantification of the studied mycotoxins in bread samples.

Mycotoxin Rt (min)
Quantitative Transition Qualitative Transition

Q1 (m/z) Q3 (m/z) CE (eV) Q1 (m/z) Q3 (m/z) CE (eV)

AFB1 7.4 313 241 41 313 284 39
OTA 8.5 404 239 97 404 358 27
ZEN 8.5 319 301 10 319 282 10

4.4.5. Betalains Analysis by LC-Q-TOF-MS

Liquid chromatography with time-of-flight mass spectrometry (LC-Q-TOF-MS) analy-
sis was carried out using an Agilent Technologies 1200 Infinity Series LC in conjunction
with an Agilent Technologies 6540 UHD Accurate-Mass LC-Q-TOF-MS (Agilent Technolo-
gies, Santa Clara, CA, USA), equipped with an electrospray ionization ion source Agilent
Technologies Dual Jet Stream (Dual AJS ESI). Chromatographic separation was performed
with an Agilent InfinityLab Poroshell 120 EC-C18 (3 × 100 mm, 2.7 μm) column. The mobile
phase consisted of 0.1% formic acid in milli-Q water (solvent A) and methanol (solvent B).
The steps of the mobile phase gradient were applied as follows: 0-2 min, maintain 10% B;
2–5 min, get 70% B; 5–7 min, get 80% B; 7–8 min, get 90% B; kept 4 min at 90% B; 12–16 min,
get 95% B; 16–18 min, get 50% B; 18–22 min, return to initial conditions 10% B; the total
gradient run time was 25 min. The injection volume was 10 μL, obtaining the following
chromatogram of the three studied betalains in red beetroot powder (Figure 5).

The N2 drying gas flow rate 12.0 L/min, the nebulizer pressure 45 psi, capillary
voltage, 3500 V; frag-mentor voltage, 130 V; skimmer voltage 65 V and octopole RF peak,
750 V, and the gas drying temperature 370 ◦C gas drying temperature were the Q-TOF-MS
conditions. Negative ions in the range of 100–1100 m/z for MS scans and 50–600 m/z for
auto MS/MS scans were obtained using a dual AJS ESI interface in negative ionization
mode at scan rates of 5 s/s for MS and 3 s/s for MS/MS, respectively. The collision energy
levels used for MS/MS were 20 eV, 30 eV, and 40 eV in automated mode of acquisition. In
order to enable internal mass correction, two reference masses at 121.0509 and 922.0098 m/z
were used. Agilent MassHunter Workstation software B.08.00 was used for instrument
control and data collecting. All the MS and MS/MS data of the validation standards were
integrated by MassHunter Quantitative Analysis B.10.0 (Agilent Technologies).
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Figure 5. Total ion chromatograms (TIC) and extracted ion chromatograms (EIC) of betanin, betanidin
and vulgaxanthin-III from red beetroot powder obtained with LC-Q-TOF-MS in negative electrospray
ionization (ESI). Spectrum scan at elution time of betanin (9.931 min).

The main tools used for tentative identification of betalains were the interpretation of
the observed MS/MS spectra (accurate mass, molecular formula and MS/MS fragmenta-
tion) in comparison with those found in the literature [28–30] and also by comparing their
chromatographic and mass spectra characteristics with several online databases (Phenol-
Explorer (Rothwell et al., 2012) [31], ChemSpider, MassBank, Spectral Database for Organic
Compounds), and mass spectral data generated by authentic standards or related structural
compounds (Table 2).

Table 2. Betalains tentatively identified by LC-Q-TOF-MS in red beet dried powder.

Betalains
Chemical Structure and

Molecular Formula

RT
(min)

Mass (Da)
ms/ms a [22]

Mass Error
(ppm)Theorical Observed

Betanidin

C18H16N2O8

8.6 390.2552 390.2547 345 1.28

Betanin

C24H26N2O13

9.9 552.3083 552.3077 389 1.08

Vulgaxanthin-III

C13H15N3O7

7.3 328.2263 328.2258 277 1.52

a Identification with MS fragmentation of the standard (betanin) and database (betanidin and vulgaxanthin-III) [22].
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4.5. Statistical Analysis

The statistical software program Microsoft 365 Excel 2015 was used to perform the
statistical analysis of the data (correlation analysis, multiple linear regression analysis, and
Student’s t-test). Data from three separate experiments were expressed as (mean ± sd). The
Student’s t-test for paired samples was used to statistically analyze the findings. ANOVA
and the Tukey HSD post hoc test for multiple comparisons were used to statistically assess
differences from the control group; p ≤ 0.05 was regarded as statistically significant.
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Abstract: This study aimed to determine the effects of dietary lanthanum chloride on the growth
and health performance of juvenile Clarias gariepinus when fed diets experimentally contaminated
with mixtures of aflatoxin B1 and fumonisin B1. A control diet, (mycotoxin free, diet A), mycotoxin
contaminated (diet B), and two mycotoxin-contaminated diets amended with lanthanum chloride
(200 mg/kg, diet C; and 400 mg/kg, diet D), were fed to 450 fish divided equally into five groups
(each with three replicates) for 56 days. The fish were randomly sampled at the time points: day
7, 28 and day 56 for the zootechnical, hematological and serum biochemical evaluations. The fish
fed the diets amended with lanthanum chloride exhibited significantly (p < 0.05) better performance
indices compared with the fish fed only the mycotoxin-contaminated diet. Lanthanum chloride
elicited significant (p < 0.05) increases in erythrocytes and leucocytes count and significant (p < 0.05)
reduction in serum transaminase, alkaline phosphatase, lactate dehydrogenase activities, urea and
uric acid concentrations in the fish fed the diets contaminated with mixtures of aflatoxin B1 and
fumonisin B1. The study indicates that juvenile Clarias gariepinus may be beneficially cultured with
mycotoxin-contaminated grains amended with 200 to 400 mg/kg lanthanum chloride.

Keywords: aflatoxin B1; fumonisin B1; lanthanum chloride; Clarias gariepinus; hematology; serum
biochemistry

Key Contribution: The dietary inclusion of lanthanum chloride at 200–400 mg/kg diet improves
the production performance of juvenile Clarias gariepinus catfish when fed diets contaminated with
mixtures of aflatoxin B1 and fumonisin B1. Dietary lanthanide chloride at 200–400 mg/kg in the diet
ameliorates the hematological and serum biochemical derangements produced by dietary exposures
to mixtures of aflatoxin B1 and fumonisin B1.
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1. Introduction

Aquaculture production represents a significant source of animal protein to millions
of people worldwide. According to the Food and Agriculture Organization of the United
Nations [1], the total world aquaculture production has risen to 51.4 million tons by volume
and $60.0 billion by value. The increase in the production of cultured fish has also led
to a significant decrease in the landings of several capture fisheries, a direct consequence
of the use of fish as the source of animal proteins in aquafeeds [2–4]. To mitigate this
negative trend, plant-based proteins are increasingly being used as sustainable alternatives
to fish-meal-based proteins in aquafeeds [5].

In Africa, the quality of the plant products used in fish feed formulations is said to
be a limiting factor in the progressive increase in aquaculture productivity; in addition,
these feed ingredients are, very often, ideal substrates for the growth of fungi, such as
Aspergillus spp. and Fusarium spp. [6,7]. These fungi, under favorable conditions (that is,
those generally present in the tropical regions of the world), may result in the synthesis of
mycotoxins, such as aflatoxin B1 and fumonisin B1 [4].

The aflatoxins are a group of mycotoxins produced by the blue-green molds, Aspergillus
flavus and Aspergillus parasiticus [8,9]. These molds are common contaminants in the feed
ingredients of agricultural origin (such as cotton seed, ground nut, maize, wheat, soya bean
and the respective by-products from the agricultural processing of these commodities).
The aflatoxins have also been reported in fish meal. Four major aflatoxins (AFB1, AFB2,
AFG1 and AFG2) have been reported to be direct contaminants of feed ingredients and
formulated agricultural and aquacultural feeds [10,11]. Of the aflatoxins, AFB1 is reported
to be the most prevalent, most potent and the most carcinogenic [12–14], and has been
classified as a group 1 carcinogen by the International Agency for Research on Cancer [15].

Aflatoxicosis, a disease state caused by the effects of aflatoxins, has been noted to be
common in aquaculture [16]. According to [17], Oncorhynchus mykiss fed cotton seed meals
contaminated with aflatoxins developed liver tumors and exhibited a mortality pattern of
up to 85%. Other information available on the effects of AFB1 in the cultivable species of
fin and non-fin fishes, i.e., Oncorhynchus mykiss [18]; Ictalurus punctatus [19,20]; Oreochromis
niloticus [21]; Labeo rohita [22] and Penaeus monodons [23], suggests that fish exhibit a wide
plasticity in the susceptibility to AFB1, and that cold water species are more sensitive when
compared to warm water fishes [18,20]. These species-specific differences in sensitivity to
AFB1 have been attributed to the differences in the metabolism of aflatoxin B1 in the liver
and the affinity of AFB1-derived metabolites to hepatic macromolecules [14,24].

Fusarium verticillioides, the mold primarily associated with the production of the fu-
monisins, is prevalent in hot–humid regions of the world, and its occurrence has been
related to the presence of invading insects [24,25]. Though maize is most frequently contam-
inated by fumonisins, these mycotoxins have been found at high concentrations in wheat,
asparagus, tea and cowpea [26]. According to [27], it is very difficult to obtain uncontami-
nated maize, even if the contamination level is not significant. In most investigations, FB1
is the most prevalent toxin, with a co-occurrence of FB2 and FB3 [25]. Several countries
in Africa, North and South America, Asia and Europe have reported FB1 in cereals at
levels from 0.02 to 25.9 ng/kg, and FB2 at levels from 0.05 to 11.3 ng/kg [26,28]. FB1 is
stable in acetonitrile-water (1:1), at food-processing temperatures and light, but unstable in
methanol [26].

Feed additives are used world-wide for many different reasons. Some help to cover
the need for essential nutrients, and others help to increase animal performance, feed intake
and thereby optimize feed utilization. The rare earth elements (REE), composed of about
15 elements with atomic numbers ranging from 57 (lanthanum) to 71 (lutetium), are a
promising set of feed additives in animal production [29,30]. The REE are reported as being
used as performance enhancers in animal production, without affecting the quality of the
final produce [31,32].

The growth-promoting effects of REE are reported to be based on the type and concen-
tration of the REE applied [33,34]. It is reported that the application of REE additives, with
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concentrations ranging from 100 to 200 mg/kg, in the diets of 40–50 days old piglets, signif-
icantly improved the daily body weight gain [35]. It is reported that diets supplemented
with mixtures of lanthanum chloride at 100, 200 and 300 mg/kg per diet improved the
activities of proteinase, lipase and amylase in the liver and pancreas of the adults and fry of
carp (Cyprinus carpio) [36]. Furthermore, dietary lanthanum at 75 mg/kg has been reported
to result in a 2–5% increase in body weight and a 7% increase in the feed conversion ratio
of piglets [31].

Clarias gariepinus, also called the African sharp tooth fish, is widely farmed in the
West African sub-region; this fish is cultured based on the aquafeeds produced from maize
and soybean cake [37,38], resulting in the risk of inadvertent dietary AFB1 and/or FB1
exposures. In a previous study, we observed a marked decrease in weight gain following
dietary exposures to mixtures of AFB1 and FB1, and reported the tolerable limits for dietary
exposures to mixtures of AFB1 and FB1 in juvenile Clarias gariepinus to be 17.6 μg AFB1/kg
and 24.5 mg FB1/kg [39].

The addition of rare earth metals to animal diets as growth promoters is considered to
be a promising alternative to the use of antibiotics and other chemicals [29,40,41]. There
are reports on the potential for the use of lanthanum chloride (LC), either as immunos-
timulants and/or growth-promoters in agriculture, as well as in aquaculture [31,42]. The
present study was set up to determine the effects of lanthanum chloride on the growth
performance, hematology and serum chemistry of the juvenile Clarias gariepinus, when fed
diets contaminated with mixtures of aflatoxin B1 and fumonisin B1.

2. Results

The nutrient composition, proximate composition and the mycotoxin analysis of the
experimental diets are shown in Table 1. It shows that the concentrations of AFB1 and
FB1 in the produced diets are significantly higher than the concentrations of the purified
mycotoxins added to the experimental diets at the time of the diet formulation and feed
production. Hence, the concentrations of the mycotoxins in the diets would, hereafter, be
appropriately quantified as follows: Diet A, the control diet, 2.0 μg AFB1; 3.0 mg FB1/kg
diet; Diets B, C and D, 19.7 μg AFB1; 28.5 mg FB1/kg diet. Table 1 also shows that there
were no variations (p > 0.05) in the percentage of crude protein, metabolizable energy,
digestible energy and the total lipids contents of the formulated feeds.

Table 1. Ingredients and Proximate Composition of Diets Amended with Lanthanum chloride,
Bentonite clay and Mixtures of Aflatoxin B1 and Fumonisin B1.

Parameter Diet A Diet B Diet C Diet D
¥Fish meal (%) 19.0 19.0 19.0 19.0
Soybean cake (%) 38.00 38.00 38.00 38.00
Maize (%) 32.22 32.24 32.23 32.23
Palm oil (%) 1.00 1.00 1.00 1.00
Fish oil (%) 6.00 6.00 6.00 6.00
Vit/min premix (%) 0.50 0.50 0.50 0.50
Bone meal (%) 1.00 1.00 1.00 1.00
NaCl (%) 0.23 0.23 0.23 0.23
LC (mg/kg) 0.0 0.0 200.00 400.00
AFB1 (μg/kg): FB1 (mg/kg) 2.0; 3.0 19.7; 28.5 19.7; 28.5 19.7; 28.5
υ Starch binder (%) 2.00 2.00 2.00 2.00
Crude protein (%) 40.04 40.00 40.02 40.01
Gross energy (kj/g) 20.00 20.01 19.97 20.02
Digestible energy (kj/g) 12.00 12.04 12.01 12.07
Total lipids (%) 9.0 9.0 9.0 9.0
Moisture (%) 2.27 2.33 2.33 2.33
Ash (%) 9.65 9.70 9.71 9.65

¥ Fish meal of 72% crude protein; υ Cassava starch binder; LC = Lanthanum chloride; BC = Bentonite clay. Diet
A (control 2.0 μg AFB1/kg + 3.0 mg FB1/kg); Diet B (19.7 μg AFB1/kg + 28.5 mg FB1/kg); Diet C (lanthanum
chloride 200.0 mg/kg and 19.7 μg AFB1/kg + 28.5 mg FB1/kg); Diet D (lanthanum chloride 400.0 mg/kg and
(19.7 μg AFB1/kg + 28.5 mg FB1/kg).
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2.1. Effect on Growth Performance

Table 2 shows the results obtained for the zootechnical assessments of the fish fed the
various experimental diets. The one way analysis of variance (ANOVA) shows that there
were no significant variations (p > 0.05) in the body weights of the fish in the treatment
groups compared with the body weight of the fish in the control group at the start of the
feeding study. However, there were significant variations (p < 0.05) in the final weight
of the fish in the control group when compared with the final weight of the fish in the
treatment groups. The fish fed the control diet (2.0 μg AFB1; 3.0 mg FB1/kg diet) had the
highest final body weight, while the fish fed diet B (19.7 μg AFB1; 28.5 mg FB1/kg diet)
had the lowest weight gain. The Tukey’s post hoc assessment revealed the weight gained
by the fish fed diet D (lanthanum chloride 400.0 mg/kg and 19.7 μg AFB1/kg + 28.5 mg
FB1/kg) was significantly (p < 0.05) higher than the weight gained by the fish fed diet C
(lanthanum chloride 200.0 mg/kg and 19.7 μg AFB1/kg + 28.5 mg FB1/kg).

Table 2. Growth response of juvenile Clarias gariepinus catfish fed diets amended with lanthanum
chloride and mixtures of aflatoxin B1 and fumonisin B1 for 56 days.

Diet A (Control) Diet B Diet C Diet D
Mean initial body weight (g) 85.04 ± 1.17 a 85.00 ± 0.21 a 85.02 ± 1.21 a 85.09 ± 1.01 a

Mean final body weight (g) 168.0 ± 4.99 a 116.2 ± 2.07 b 131.4 ± 6.35 c 138.5 ± 3.19 d

Mean weight gained (g) 81.00 ± 1.11 a 31.5 ± 1.12 b 47.90 ± 1.09 c 51.2 ± 1.25 d

Feed fed (g) 197.38 ± 1.42 a 102.94 ± 1.11 b 94.91 ± 1.13 c 105.04 ± 1.08 d

FCR 2.437 ± 0.11 a 3.268 ± 0.05 b 1.981 ± 0.07 c 2.052 ± 0.07 c

FCE 41.04 ± 2.97 a 30.60 ± 1.66 b 50.47 ± 1.14 c 49.21 ± 1.12 d

SGR (%/day) 1.19 ± 0.03 a 0.54 ± 0.01 b 0.77 ± 0.01 cd 0.83 ± 0.66 cd

Survival (%) 100.00 100.00 100.00 100.00
Diet A (control 2.0 μg AFB1/kg + 3.0 mg FB1/kg); Diet B (19.7 μg AFB1/kg + 28.5 mg FB1/kg); Diet C (lanthanum
chloride 200.0 mg/kg and 19.7 μg AFB1/kg + 28.5 mg FB1/kg); Diet D (lanthanum chloride 400.0 mg/kg and
19.7 μg AFB1/kg + 28.5 mg FB1/kg). Rows with different superscripts are significantly different (p < 0.05).

The quantity of feed consumed by the experimental fish are shown in Table 2. The
one way analysis of variance (ANOVA) shows that the quantity of feed consumed by
the fish fed diet A (the control diet) was significantly (p < 0.05) more than the quantities
of feed consumed by the fish fed the treatment diets (diets B, C and D). The Tukey’s
post hoc analysis reveals that the quantities of feed consumed by the fish in the various
treatment groups varied significantly (p < 0.05) from one another, and that the fish fed diet
C (lanthanum chloride 200.0 mg/kg and 19.7 μg AFB1 + 28.5 mg FB1/kg), consumed the
lowest quantity of fed.

In addition, the results obtained for the feed conversion ratio (FCR) are shown in
Table 2. The one way analysis of variance (ANOVA) shows that the FCR of the fish fed the
control diet (2.0 μg AFB1; 3.0 mg FB1/kg diet) differed significantly (p < 0.05) compared
with the FCR of the fish fed the treatment diets (diets B, C and D). The fish fed diet B
(19.7 μg AFB1 + 28.5 mg FB1/kg) had the highest FCR (3.268) while the fish fed diet C
had the lowest FCR (1.981). The variations in the FCR of the fish fed diets C (lanthanum
chloride 200.0 mg/kg and 19.7 μg AFB1 + 28.5 mg FB1/kg) and diet D (lanthanum chloride
400.0 mg/kg and 19.7 μg AFB1 + 28.5 mg FB1/kg) were also not significant (p > 0.05).

The results obtained for the feed conversion efficiency of the fish fed the experimental
diets are shown in Table 2. The one way analysis of variance (ANOVA) shows the feed
conversion efficiency (FCE) of fish fed the control diet differed significantly (p < 0.05)
compared with the FCE of fish fed the treatment diets (diets B, C and D). Furthermore,
Tukey’s post hoc evaluation shows there were no significant variations (p > 0.05) in the FCE
of the fish fed diet C compared with the FCE of the fish fed diet D. The fish fed the diets
containing lanthanum chloride had the highest FCE (50.47), while the fish fed diet B had
the lowest FCE (30.60).

The data for the specific growth rate (SGR) shows that the fish fed diet A had the
highest SGR (1.195) and the fish fed diet B had the lowest SGR (0.535). The one way
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analysis of variance (ANOVA) of this data shows that the fish fed diet A (the control diet)
had significantly (p < 0.05) higher SGR values compared with the fish fed the treatment
diets (diets B, C and D). Tukey’s post hoc evaluation reveals there were no significant
variation in the SGR of fish fed diet C and diet D.

2.2. Effects on Hematology

At 7 days post commencement of the trials (Table 3), the one way analysis of variance
(ANOVA) showed that there were significant (p < 0.05) decreases in the erythrocytes,
leucocytes and the hematocrit values in the fish fed the treatment diets (diets B, C and D)
compared with the fish fed the control diet (diet A). Table 3 further shows that the fish
fed diet B had the lowest erythrocytes count (1.43 × 109 cells/mm3), leucocytes count
(1.95 × 106 cells/mm3) and hematocrit values (16.24%), while the fish fed the control diet
had the highest values for these parameters; there were no clear patterns in these parameters
in the fish fed the lanthanum chloride.

Table 3. Hematological profile of juvenile Clarias gariepinus catfish fed diets amended with lanthanum
chloride and mixtures of aflatoxin B1 and fumonisin B1 for 7 days.

Parameter Diet A (Control) Diet B Diet C Diet D
Erythrocytes (109 cells/mm3) 2.21 ± 0.01 a 1.43 ± 0.04 b 1.68 ± 0.01 c 1.60 ± 0.02 d

Leucocytes (106 cells/mm3) 2.30 ± 01.01 a 1.95 ± 0.01 b 2.04 ± 0.03 c 2.10 ± 0.01 d

Hematocrit (%) 29.85 ± 0.12 a 16.42 ± 0.36 b 22.76 ± 1.88 c 25.19 ± 1.17 d

Hemoglobin concentration (g/dl) 9.00 ± 0.59 a 7.79 ± 0.64 b 8.39 ± 0.51 c 8.50 ± 0.39 a

Diet A (control 2.0 μg AFB1/kg + 3.0 mg FB1/kg); Diet B (19.7 μg AFB1/kg + 28.5 mg FB1/kg); Diet C (lanthanum
chloride 200.0 mg/kg and 19.7 μg AFB1/kg + 28.5 mg FB1/kg); Diet D (lanthanum chloride 400.0 mg/kg and
19.7 μg AFB1/kg + 28.5 mg FB1/kg). Rows with different superscripts are significantly different (p < 0.05).

In this same period, the one way analysis of variance (ANOVA) also shows that there
were significant (p < 0.05) variations in the hemoglobin concentration in the fish fed the
treatment diets (diets B, C and D) compared with the hemoglobin concentrations of the fish
fed the control diet. The Tukey post hoc analysis shows there were no significant (p > 0.05)
variations in the hemoglobin concentrations of the fish fed diet A (the control diet) and the
fish fed diet D.

There was a significant (p < 0.05) reduction in the erythrocytes count, the leucocytes
count, and the hematocrit volume of the fish fed the treatment diets (diets B, C and D)
compared with the corresponding values in fish fed the control diet (diet A) on day 28
(Table 4) and day 56 (Table 5) of the trial. The Tukey’s post assessments reveal there were
no significant (p > 0.05) variations in the values obtained for fish fed diet C and diet D on
day 28 and day 56.

Table 4. Hematological profile of juvenile Clarias gariepinus catfish fed diets amended with lanthanum
chloride and mixtures of Aflatoxin B1 and fumonisin B1 for 28 days.

Parameter Diet A(Control) Diet B Diet C Diet D
Erythrocytes (109 cells/mm3) 2.18 ± 0.07 a 1.21 ± 0.06 b 1.72 ± 0.01 c 1.69 ± 0.01 c

Leucocytes (106 cells/mm3) 2.26 ± 0.01 a 1.14 ± 0.01 b 2.11 ± 0.02 c 2.13 ± 0.01 d

Hematocrit (%) 30.17 ± 1.39 a 18.31 ± 4.12 b 25.49 ± 1.09 c 24.83 ± 1.00 d

Hemoglobin concentration (g/dl) 9.97 ± 0.59 a 6.31 ± 1.47 b 7.83 ± 0.98 cd 8.00 ± 0.81 cd

Diet A (control 2.0 μg AFB1/kg + 3.0 mg FB1/kg); Diet B (19.7 μg AFB1/kg + 28.5 mg FB1/kg); Diet C (lanthanum
chloride 200.0 mg/kg and 19.7 μg AFB1/kg + 28.5 mg FB1/kg); Diet D (lanthanum chloride 400.0 mg/kg and
19.7 μg AFB1/kg + 28.5 mg FB1/kg). Rows with different superscripts are significantly different (p < 0.05).
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Table 5. Hematological profile of juvenile Clarias gariepinus catfish fed diets amended with lanthanum
chloride and mixtures of Aflatoxin B1 and fumonisin B1 for 56 days.

Parameter Diet A (Control) Diet B Diet C Diet D
Erythrocytes (109 cells/mm3) 2.44 ± 0.01 a 1.25 ± 0.06 b 2.06 ± 0.01 c 1.99 ± 0.01 d

Leucocytes (106 cells/mm3) 2.26 ± 0.01 a 1.09 ± 0.01 b 2.03 ± 0.02 c 2.01 ± 0.01 d

Hematocrit (%) 30.00 ± 2.03 a 16.18 ± 6.04 b 25.61 ± 2.39 c 25.70 ± 4.05 c

Hemoglobin concentration (g/dl) 10.05 ± 0.16 a 6.72 ± 1.39 b 8.53 ± 0.74 c 8.37 ± 0.55 c

Diet A (control 2.0 μg AFB1/kg + 3.0 mg FB1/kg); Diet B (19.7 μg AFB1/kg + 28.5 mg FB1/kg); Diet C (lanthanum
chloride 200.0 mg/kg and 19.7 μg AFB1/kg + 28.5 mg FB1/kg); Diet D (lanthanum chloride 400.0 mg/kg and
19.7 μg AFB1/kg + 28.5 mg FB1/kg). Rows with different superscripts are significantly different (p < 0.05).

2.3. Effects on the Erythrocytic Indices

Figure 1 shows the mean corpuscular volume (mcv) of the fish fed the control diet
and the contaminated diets amended with lanthanum chloride for 56 days. At day 7 of
the feeding study, the mcv of the fish fed the diet contaminated with the mixtures of the
AFB1 and FB1 (diet B) was significantly (p < 0.05) reduced compared with the mcv of the
fish fed the control diet. The Tukey’s post hoc analysis reveals that, at this same interval,
the mcv of the fish fed the mixtures of AFB1- and FB1-contaminated diets, amended with
400 mg/kg lanthanum chloride, increased significantly (p < 0.05) compared with the mcv
of the fish fed the control diet (Figure 1). At day 28, the mcv values of the fish fed the
treatment diets were significantly higher than those of the fish fed the control diet. The
post hoc evaluations showed that there were no significant (p > 0.05) variations in the mcv
of the fish fed the mycotoxin-contaminated diets (diet B) compared with the mcv of the fish
fed the contaminated diet amended with 200 mg/kg lanthanum chloride (diet C). The post
hoc assessment further shows that the mcv values obtained for the fish fed diet C were not
significantly different (p > 0.05) compared with the mcv values of the fish fed diet D. At
day 56 of the feeding trial, the one way analysis of variance (ANOVA) showed that the
mean mcv of the fish fed the treatment diets were significantly higher (p < 0.05) than the
mean mcv values of the fish fed the control diet. The post hoc assessment shows that there
were no significant variations in the mcv values obtained for the fish fed the treatment diets
(p > 0.05).

Figure 1. Mean corpuscular volume juvenile Clarias gariepinus fed diets amended with lanthanum
chloride and mixtures of aflatoxin B1 and fumonisin B1 for 56 days. Bars with different superscripts
are significantly different (p < 0.05) at specified periods of feeding.

The results obtained for the mean corpuscular hemoglobin (mch) of the fish fed the
experimental diets are shown in Figure 2. They show that, at day 7 of the feeding study,
there were significant (p < 0.05) increases in the mch values of the fish fed the treatment
diets compared to the mch values of the fish fed the control diet. Figure 2 also shows the
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significant (p < 0.05) reduction in the mch values in the fish fed the contaminated diets,
amended with lanthanum chloride, at day 28 and day 56 of the feeding trial. The post hoc
assessment shows that there were no significant (p > 0.05) variations in the mch values of
the fish fed the contaminated diets, amended with 200 mg/kg lanthanum chloride and
400 mg/kg lanthanum chloride, and the control diet at these sampling intervals.

Figure 2. Mean corpuscular hemoglobin of juvenile Clarias gariepinus fed diets amended with
lanthanum chloride and mixtures of aflatoxin B1 and fumonisin B1 for 56 days. Bars with different
superscripts are significantly different (p < 0.05) at specified periods of feeding.

The mean corpuscular hemoglobin concentration (mchc) of the fish fed the experimen-
tal diets are shown in Figure 3. It shows that, at day 7 of the feeding, the mchc values of the
fish fed the diets contaminated with mixtures of AFB1 and FB1 were significantly (p < 0.05)
increased compared with the mchc values of the fish fed the contaminated diets amended
with lanthanum chloride. There were no significant variations in the mchc values of the
fish fed the contaminated diet B and the fish fed the contaminated diet C, amended with
200 mg/kg lanthanum chloride, at days 28 and day 56; furthermore, the mchc values of
the fish fed the contaminated diet D, amended with 400 mg/kg lanthanum chloride, was
not significantly (p > 0.05) different from the mchc values of the fish fed the control diet, at
days 28 and 56 of the study (Figure 3).

The results obtained for the serum biochemistry evaluations are shown in Tables 6
and 7. At 7 days post commencement of the trial, there were no significant variations
(p > 0.05) in the serum total protein concentrations of the fish fed diet A (the control
diet) compared with those of the fish fed the treatment diets (diets B, C and D). The
serum albumin concentration of the fish fed diet D (the contaminated diet amended with
400 mg/kg lanthanum chloride) was significantly (p < 0.05) higher compared with those of
the fish fed diet A (the control diet). The Tukey’s post hoc assessment shows the variations
in the serum albumin concentrations of fish fed diet C and diet D were not significant
(p > 0.05). Table 6 also shows there were significant increases (p < 0.05) in the serum
transaminase activities of fish fed the treatment diets compared with those of fish fed
the control diets. The Tukey’s post hoc assessment shows that there were no significant
variations (p > 0.05) in the alanine amino transferase and aspartate amino transferase values
of the fish fed 200 mg/kg and 400 mg/kg lanthanum chloride.
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Figure 3. Mean corpuscular hemoglobin concentration of juvenile Clarias gariepinus fed diets amended
with lanthanum chloride and mixtures of aflatoxin B1 and fumonisin B1 for 56 days. Bars with
different superscripts are significantly different (p < 0.05) at specified periods of feeding.

Table 6. Serum biochemical profile of juvenile Clarias gariepinus catfish fed diets amended with
lanthanum chloride and mixtures of aflatoxin B1 and fumonisin B1 for 7 days.

Parameter Diet A (Control) Diet B Diet C Diet D
Total Protein (g/dL) 6.01 ± 1.08 a 6.00 ± 1.27 a 5.94 ± 1.12 a 6.01 ± 1.13 a

Albumin (g/dL) 3.81 ± 0.23 a 3.93 ± 0.17 a 4.10 ± 0.11 ab 4.17 ± 0.88 b

Globulin (g/dL) 2.20 ± 0.01 a 2.07 ± 0.03 b 1.84 ± 0.04 cd 1.84 ± 0.02 cd

ALT (u/L) 12.34 ± 10.18 a 76.08± 11.29 bc 81.00± 26.08 cd 78.11 ± 13.21 bd

AST (u/L) 79.18 ± 5.39 a 144.03± 12.01 b 84.27± 4.19 c 80.59 ± 6.13 ac

ALP (u/L) 154.22 ± 7.07 a 248.76 ± 9.26 b 175.08 ± 6.15 cd 172.31 ± 8.33 cd

Creatinine (μmol/L) 2.19 ± 0.16 a 8.00 ± 0.6 b 5.61 ± 0.13 cd 6.02 ± 0.67 cd

Urea (mg/dL) 18.95 ± 3.11 a 33.17 ± 1.94 b 23.09 ± 2.13 c 27.12 ± 3.15 d

Uric Acid (μmol/L) 2.00 ± 0.08 a 6.03 ± 1.33 b 3.04 ± 0.99 cd 3.11 ± 1.04 cd

LDH (u/L) 607.19 ± 10.11 a 854.47± 21.16 b 677.16 ± 29.17 c 644.82 ± 11.1 d

Diet A (control 2.0 μg AFB1/kg + 3.0 mg FB1/kg); Diet B (19.7 μg AFB1/kg + 28.5 mg FB1/kg); Diet C (lanthanum
chloride 200.0 mg/kg and 19.7 μg AFB1/kg + 28.5 mg FB1/kg); Diet D (lanthanum chloride 400.0 mg/kg and
19.7 μg AFB1/kg + 28.5 mg FB1/kg). Rows with different superscripts are significantly different (p < 0.05).

Table 7. Serum biochemical profile of juvenile Clarias gariepinus catfish fed diets amended with
lanthanum chloride and mixtures of aflatoxin B1 and fumonisin B1 for 56 days.

Parameter Diet A (Control) Diet B Diet C Diet D
Total Protein (g/dL) 5.63 ± 0.55 a 6.08 ± 0.23 abcd 5.99 ± 0.28 bcd 5.85 ± 0.34 abc

Albumin (g/dL) 3.76 ± 0.03 a 4.06 ± 0.12 be 3.93 ± 0.06 c 3.82 ± 0.02 d

Globulin (g/dL) 1.87 ± 0.01 a 2.02 ± 0.03 be 2.06 ± 0.01 c 2.03 ± 0.02 d

ALT (u/L) 13.61 ± 0.31 a 54.93 ± 2.17 b 25.00 ± 1.10 c 27.09 ± 1.15 d

AST (u/L) 83.24 ± 1.88 a 159.07 ± 9.01 b 92.8 ± 2.19 cd 94.01 ± 3.24 cd

ALP (u/L) 162.01 ± 10.02 a 243.91 ± 6.24 b 183.2 ± 7.1 cd 185.3 ± 6.5 cd

Creatinine (μmol/L) 2.24 ± 0.19 a 6.39 ± 0.01 b 3.25 ± 0.17 cd 3.15 ± 0.43 cd

Urea (mg/dL) 20.38 ± 2.17 a 31.68 ± 1.81 b 26.39 ± 3.14 c 24.28 ± 1.19 d

Uric Acid (μmol/L) 1.83 ± 0.11 a 5.07 ± 0.19 b 2.91 ± 0.01 c 3.06 ± 0.13 d

LDH (u/L) 593.82 ± 12.19 a 965.5 ± 34.28 b 617.8 ± 19.0 ce 637.9 ± 18.1 d

Diet A (control 2.0 μg AFB1/kg + 3.0 mg FB1/kg); Diet B (19.7 μg AFB1/kg + 28.5 mg FB1/kg); Diet C (lanthanum
chloride 200.0 mg/kg and 19.7 μg AFB1/kg + 28.5 mg FB1/kg); Diet D (lanthanum chloride 400.0 mg/kg and
19.7 μg AFB1/kg + 28.5 mg FB1/kg). Rows with different superscripts are significantly different (p < 0.05).

At this same time interval, the serum creatinine, urea and uric acid concentrations of
the fish fed the experimental diets (diets B, C and D) were significantly (p < 0.05) higher
compared with those of the fish fed the control diet; Tukey’s post hoc evaluations at this
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interval also show the serum concentrations of the creatine, urea and uric acid obtained
for the fish fed the diets amended with 200 mg/kg (diet C) and 400 mg/kg lanthanum
chloride (diet D) were significantly (p < 0.05) lower than those obtained for the fish fed only
the contaminated diet (diet B); furthermore, the differences obtained in these values for
the fish fed 200 mg/kg lanthanum chloride and 400 mg/kg lanthanum chloride were not
significant (p > 0.05).

The results obtained for the serum biochemical evaluations at day 56 of the feeding
trial are shown in Table 7. It shows that the serum total protein concentrations of the fish
fed the treatment diets were significantly (p < 0.05) higher compared with those of the fish
fed the control diet. The Tukey’s post hoc assessment reveals that there were no significant
(p > 0.05) variations in the serum total protein concentration of the fish fed diet C and diet
D. Table 7 also shows that the serum albumin concentration of the fish fed the control diet
differed significantly (p < 0.05) compared with those of the fish fed diets B, C and D.

The serum globulin concentrations of the fish fed diets B, C and D were significantly
(p < 0.05) higher compared with those of the fish fed diet A (the control diet) at 56 days post
commencement of the trial (Table 7). The Tukey’s post hoc evaluation reveals the difference
in the serum globulin concentrations of the fish fed diet B and diet D, at 56 days of the
feeding trial, were not significant (p > 0.05).

The serum transaminases (alanine aminotransferase and aspartate aminotransferase
activities), and the alkaline phosphatase activities increased significantly (p < 0.05) in the fish
fed diets B, C and D compared with their corresponding values in the fish fed the control
diet (Table 7). The Tukey’s post hoc evaluation shows the serum alanine aminotransferase
(ALT) activities of the fish fed diet B, and diet D differed significantly (p < 0.05) at 56 days
of feeding, with the fish fed diet B having the lowest ALT activity (25.00 u/L) and the fish
fed diet D having the highest ALT activity (33.51 u/L).

The serum concentrations of creatinine, urea and uric acid and the serum activity of
lactate dehydrogenase (LDH) increased significantly (p < 0.05) in the fish fed the treatment
diets (diets B, C and D) compared to their corresponding values in the fish fed the control
diet (diet A) at 7 days of feeding (Table 6) and at 56 days of feeding (Table 7).

3. Discussion

The water quality parameters of the culture tanks in the present study were determined
to be within the range recommended for the culture of clariid catfishes [39]; thus, may
not have contributed to the pathophysiological observations recorded in this study. The
proximate and mycotoxin (AFB1 + FB1) content of the feed was not altered by the addition of
the lanthanum chloride; furthermore, the AFB1 and FB1 content of the final feed was higher
than the respective concentrations of the purified mycotoxins introduced into the diets at
formulation. This is an expected result, as it has been previously noted that agricultural
products are often contaminated with various mycotoxins, and that these mycotoxins
occur at varying concentrations; hence, the difference in the AFB1 and FB1 contents of the
produced diets reflects the concentrations of these mycotoxins in the agricultural materials
used in the production of the feed [9,43].

The fish fed diet A (the control diet) consumed the most quantity of feed, while the
fish fed diet B (19.7 μg AFB1 + 28.5 mg FB1/kg) consumed the lowest quantities of fed. This
is an expected result, as mycotoxins, especially aflatoxins, are reported to cause a reduction
in feeding, or an outright feed refusal, with a consequent decrease in the performance
in the animals [41,44]. This agrees with the findings of [32], who observed that dietary
rare earth elements improve the body weight gain and feed conversion ratio, without
increasing feed intake. The results of the present study also show that the fish fed diets
containing 400 mg/kg lanthanum chloride consumed more feed compared with the fish
fed 200 mg/kg lanthanum chloride; thus, indicating that the feed consumption increased
with the dietary concentration of lanthanum chloride.

The fish fed the diets containing AFB1 and FB1 exhibited the lowest weight gain. This
is similar to the findings of our earlier study [39], where poor growth performance was
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recorded in the juvenile Clarias gariepinus catfish when fed diets amended with doses of
mixtures AFB1 and FB1. The aflatoxins are reported to cause gastrointestinal dysfunctions
marked by significant changes in the gut morphology, reduced digestive ability and a
disruption of the digestive enzymes and intestinal innate immunity [23]. The fumonisins
are reported to negatively influence growth performance by their abilities to interfere with
cellular growth and cell–cell interactions [20,45]. The poor growth recorded for fish when
fed diets containing mixtures of AFB1 and FB1 may be as a consequence of the combined
activities of the two mycotoxins.

The fish fed diet D (400 mg/kg lanthanum chloride) exhibited a superior weight gain
compared with the fish fed diet C (200 mg/kg lanthanum chloride), suggesting that the
weight gain in the juvenile Clarias gariepinus, fed diets contaminated with mixtures of
aflatoxin B1 and fumonisin B1, was influenced by the concentration of the dietary inclusion
of lanthanum chloride. The exact mechanisms of the growth promotion by lanthanum
chloride are yet to be described. It is, however, reported that lanthanum chloride may
promote weight gain in animals by improving the utilization of dietary nutrients, such as
total energy, crude protein and fat [46]. It is also reported that dietary lanthanum chloride
increases the secretion of gastric juices in the exposed animals [47]; thus, the increased
weight gain observed in the present study may be a function of the increased activities
of gastric enzymes in the exposed fish [47] and, since the fish fed the diets containing
lanthanum chloride at 400 mg/kg diet consumed more feed compared with those fed the
diets containing lanthanum chloride at 200 mg/kg diet, it is therefore reasonable for them
to gain better weight.

The fish fed diet B (19.7 μg AFB1 + 28.5 mg FB1/kg diet) exhibited the highest (3.268),
and the lowest feed conversion ratio (30.60 ± 1.60) compared with the fish fed the other diets.
This is a result of the deleterious effects of the mixed mycotoxins in the diets [13,40,48,49].
The feed conversion ratio and the feed conversion efficiency were significantly improved
by the addition of the lanthanum chloride into the diets. The results of the present study
further show that fish fed diet C (lanthanum chloride 200 mg/kg diet), exhibited the
lowest (1.981 ± 0.07) feed conversion ratio. Hence, the lanthanum chloride at 200 mg/kg
inclusion rates produced the best nutrient utilization in the juvenile Clarias gariepinus fed
diets contaminated with mixtures of aflatoxin B1 and fumonisin B1.

The evaluations of the hematological parameters of the fish are required in the phys-
iological assessment of the effects of exposure to sub-chronic concentrations of contami-
nants [50] and/or the physiological response to the dietary intake of essential nutrients [51].
This is because the determination of the erythrocytes count, the hematocrit values, and
the hemoglobin concentration in the fish aids in the assessment and prognostication of
anemias [52].

The results of the present study show significant decreases in the erythrocytes counts,
the hematocrit values and the hemoglobin concentrations of the fish fed the diets contami-
nated with mixtures of AFB1 and FB1 compared with the corresponding values for the fish
fed the control diets at days 7, 28 and 56 of the trial. This is similar to the findings of [8],
who reported a disruption in the protein digestion and absorption in Nile tilapia following
dietary exposures to AFB1.

There were no significant variations in the erythrocytes counts, the hematocrit values
and the hemoglobin concentrations of the fish fed the low (200 mg/kg) or high (400 mg/kg)
concentrations of lanthanum chloride; however, the fish fed the mycotoxin-contaminated
diets amended with lanthanum chloride exhibited significantly higher erythrocytes counts,
hematocrit values and hemoglobin concentrations compared with their corresponding
values in the fish fed diets contaminated with the mixtures of AFB1 + FB1 only. This
indicated that dietary lanthanum chloride may ameliorate the depression of erythropoiesis
induced by dietary exposures to mixtures of AFB1 and FB1. This finding may be a result of
the increases in feed consumption and improved utilization of dietary nutrients [53,54], or
due to the anti-oxidative effects of lanthanum chloride, wherein lanthanum chloride is able
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to protect the oxidation of dietary fatty acids, such as omega-3 fatty acids, thereby making
it more available and/or enhancing their absorption [55].

There were significant and sustained leukocytopenia in the fish fed the diets contam-
inated with AFB1 and FB1 throughout the duration of the study. This agrees with the
reports [21,45,48,49], where it was reported that the dietary mycotoxins elicit a suppression
of the immune response of exposed animals. Furthermore, the fish fed the diets contami-
nated with AFB1 and FB1 and containing lanthanum chloride exhibited significantly higher
leucocytes counts compared with the fish fed diets contaminated AFB1 and FB1 alone,
indicating lanthanum chloride may have some ameliorative effect on the leucocytes counts
of juvenile Clarias gariepinus fed diets contaminated with mixtures of AFB1 and FB1. The
mechanism for these immunoprotective effects may not be unconnected with the antioxi-
dant activities of lanthanum chloride [53,55] and/or the increased nutrient absorption and
utilization effects of lanthanum chloride [56,57].

Although the results of the present study show that the dietary lanthanum chloride
elicited significant changes in the erythrocytic indices (the mean corpuscular volume, the
mean corpuscular hemoglobin values and the mean corpuscular hemoglobin concentra-
tion) of juvenile Clarias gariepinus fed with the contaminated diets, the observed changes
were well within the scope of the hematological reference intervals for juvenile Clarias
gariepinus [39]. It is probable that these changes may have been more pronounced if the
duration of the study had extended beyond the 56 days duration, as it is generally reported
that the effects of dietary exposures to mycotoxins are dependent on the duration of the
exposure and the concentration of the mycotoxins [5,13,20].

The serum total proteins, consisting of the albumin and globulin concentrations,
provide critical information reflecting the functional statuses of various organs and/or
systems; since they are involved in the specific immune responses of the fish and participate
in the maintenance of the acid-base balance [58,59], the serum proteins are also involved in
the protection of the cellular integrity of cells, such as the erythrocytes, hepatocytes and the
nephrocytes [50]. The serum total proteins also provide an easy and readily available source
of energy in emergencies, such as that obtained in situations of feed deprivation [60–62].

The serum total proteins increase in cases of generalized chronic inflammation and
in inflammatory disorders affecting the liver and the kidneys [60]. The present study was
marked by hyperproteinemia (observed 56 days post dietary exposure) in the fish fed the
diets contaminated with mixtures of AFB1 and FB1; this is an expected result as both of
the mycotoxins have been reported to elicit hepatic and nephrotic syndromes in exposed
fish [45,63]. There were no significant differences in the serum total protein of the fish fed
the diets amended with lanthanum chloride or bentonite clay. This may be the consequence
of ingested free mycotoxins, especially of the fumonisins [64].

The serum albumins are produced in the liver. Therefore, the synthetic capacity of
the liver (which is an estimate of the protein losing nephropathy) may be estimated by the
determination of the serum albumin concentration [65]. According to [66], malnutrition,
increased protein catabolism, enteropathy and/or chronic nephropathy are marked by a
reduced serum albumin concentration (termed hypoalbuminemia). The fish fed the diets
contaminated with the mixtures of AFB1 and FB1 exhibited significantly elevated serum
albumin concentrations. These may be a result of the combined effects of AFB1 and FB1 [63].
As observed for the serum total proteins, the inclusion of the lanthanum chloride in the
diets elicited a marginal but significant reduction in the serum albumin concentration
compared with those of the fish fed the diets contaminated with only the mixtures of AFB1
and FB1. This may indicate that lanthanum chloride may have some hepatoprotective
and nephroprotective properties in juvenile Clarias gariepinus fed diets contaminated with
mixtures of AFB1 and FB1.

The hepatic enzymes (transaminase and alkaline phosphatase) are liberated into the
serum in situations of hepatocellular or cholestatic liver injuries [67]. In hepatopathies,
such as those seen in hepatocellular degenerations, aspartate aminotransferase (AST) and
alanine aminotransferase (ALT) are liberated into the serum, while alkaline phosphatase
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(ALP) is liberated into the serum in hepatic cholestasis [66]. The results of the present study
shows significant elevations in the serum activities of these enzymes in the fish fed the diets
containing the mixtures of AFB1 and FB1. The highest values for the AST, ALT and ALP
were obtained in the fish fed diet B (contaminated with AFB1 and FB1). The AST, ALT and
the ALP activities were significantly lower in the fish fed the diets containing lanthanum
chloride and bentonite clay, compared with the corresponding values in the fish fed AFB1-
and FB1-contaminated diets only. The fumonisins are reported to cause cellular rupture
and necrosis by the inhibition of mitochondrial respiration and the complete deregulation
of calcium homeostasis [68]; meanwhile, by its ability to preferentially bind to calcium, the
lanthanum chloride may prevent tissue necrosis via this mechanism and, hence, reduce
the elaboration of these enzymes into the serum, indicating some erythrocyte, hepatic and
kidney protective effects of the dietary lanthanum chloride [24,69].

The serum creatinine concentration is increased significantly in the skeletal muscle
necrosis and/or atrophy, as well as in chronic nephropathies [58,70]. In the present study,
there were significant elevations of the serum creatinine concentration in the fish fed
the diets containing the mixtures of AFB1 and FB1. The highest values for the serum
creatinine concentration were obtained in the fish fed diet B (contaminated with AFB1 and
FB1), indicating significant skeletal muscle necrosis and/or atrophy, as well as probable
chronic nephropathy [66]. The serum creatinine concentrations of the fish fed AFB1 and
FB1-contaminated diets, containing lanthanum chloride or bentonite clay, were significantly
lower compared with those of the fish only fed the AFB1- and FB1-contaminated diets. This
may be indicative of some liver and kidney protective effects of the lanthanum chloride in
the Clarias gariepinus fed the diets contaminated with the mixtures of AFB1 and FB1 [24,71].

The serum urea nitrogen and the uric acid concentrations are critical analytes required
in the assessments of the functional status of the kidney [67]. It is reported that decreases in
the blood urea nitrogen concentrations are usually observed in hepatic insufficiencies and
in cases of malnutrition, while an increased blood urea nitrogen concentration is commonly
reported in renal disease, shock and in cardiac insufficiencies [71,72]. The results obtained
from the present study show the serum urea and uric acid concentrations of the fish fed the
diets contaminated with the mixtures of AFB1 and FB1 were significantly higher than those
of the fish fed the control diet, indicating a significant impact on the kidneys [8,41,69]. The
fish fed the diets contaminated with the mixtures of AFB1 and FB1 containing lanthanum
chloride exhibited significantly lowered serum urea and uric acid concentrations compared
to the fish fed the diets contaminated with only mixtures of AFB1 and FB1, indicating that
the dietary lanthanum chloride in juvenile Clarias gariepinus may have some ameliorating
effects on the AFB1- and FB1-induced kidney toxicities [70,73].

Lactate dehydrogenase (LDH) is an enzyme found in several tissues/organs (such
as the muscles, liver, heart, kidneys and the blood vessels. It catalyzes the reversible
transformation of pyruvate into lactate [74]. The increased serum activity of LDH is
indicative of degenerative changes in any of the aforementioned tissues/organs [66,67]. The
results of our study show that the serum LDH activity of the fish fed the diets contaminated
with only mixtures of AFB1 and FB1 were significantly higher compared with those of the
fish fed the control diet, indicating a significant impact on the kidneys and/or the other
aforementioned organs [67,70]. The fish fed the diets contaminated with the mixtures of
AFB1 and FB1 containing lanthanum chloride exhibited significantly lowered serum urea
and uric acid concentrations compared to the fish fed the diets contaminated with only
mixtures of AFB1 and FB1, indicating that the dietary lanthanum chloride in juvenile Clarias
gariepinus may have some ameliorating effects on the toxicities of the mixtures of AFB1 and
FB1 [40,75].

4. Conclusions

Under the present culture conditions, the dietary lanthanum chloride at 200 or
400 mg/kg feed could promote the growth performance, nutrient utilization and ame-
liorate the hematological and serum biochemical derangements produced by the dietary
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exposures to the mixtures of AFB1 and FB1 in the juvenile Clarias gariepinus catfish. A
further study is needed to determine and confirm the exact dietary concentration of lan-
thanum chloride needed for the optimization of the growth and health performance of this
fish species, under the challenge of inadvertent dietary exposures to mixtures of aflatoxin
B1 and fumonisin B1.

5. Materials and Methods

5.1. Experimental Fish and Experimental Design

Three hundred and sixty (360) juvenile C. gariepinus catfish were acquired from a
commercial catfish hatchery. The fish were allowed to acclimatize to laboratory conditions
for 21 days before the commencement of the experiment.

Fifteen (12) 1000 L capacity tanks retrofitted with water inflow and outflow devices
were divided into five groups (each consisting of a triplicate set of tanks, with each tank
containing 30 juvenile C. gariepinus catfish), as described in [75].

The experiment adopted a complete randomized design with a triplicate of each
treatment. Four groups, consisting of one control and three treatment groups, were used for
this study. Group A (control group, were fed the control diet, i.e., no lanthanum chloride,
no mycotoxin); Group B (treatment 1, were fed the basal diet amended with mixtures of
AFB1 and FB1 at an inclusion rate of 19.7 μg AFB1/kg diet and 28.5 mg FB1/kg diet); Group
C (treatment 2, were fed the basal diet amended with lanthanum chloride 200.0 mg/kg diet
and mixtures of AFB1 and FB1 at an inclusion rate of 19.7 μg AFB1/kg diet and 28.5 mg
FB1/kg diet); Group D (treatment 3, were fed the basal diet amended with lanthanum
chloride 400.0 mg/kg diet and mixtures of AFB1 and FB1 at an inclusion rate of 19.7 μg
AFB1/kg diet and 28.5 mg FB1/kg diet). The groups of fish were fed any of the diets A, B,
C or D in triplicates for 56 days.

5.2. Experimental Feeds

The experimental feeds were produced at the University of Abuja feed mill, following
the procedures reported by [39], with slight adjustments. The basal diet was formulated
using the following ingredients (fish meal 19%, soybean cake 37%, maize 32.25%, palm oil
1.0%, fish oil 6.0%, starch binder 2.0%, vitamin/mineral premix 0.5%, bone meal 1.0%, salt
0.25%), to meet the nutritional requirements of the juvenile clariid fish [37].

The mixtures of the AFB1 and FB1 diets were produced by adding 1 mg crystalline AFB1
(Sigma Chemicals, St Louis, MO, USA) to 1 mL chloroform (to produce 1 mg: 1000 μL aliquot
of AFB1). The quantity of the solution required to produce the chosen concentration of the
AFB1 in the mixed mycotoxin diets was then pipetted using an automated adjustable pipette
into 100 mL volumetric flasks. This volume was then made up to the 100 mL mark with
methanol. The FB1 contents of the respective diets were added by careful measurements of
the desired quantities of FB1 from a pre-produced aliquot of 1 g FB1 dissolved in 1000 μL of
acetonitrile-water (v/v) (resulting in 1 μL:1 mg solution of fumonisin B1).

The ingredients for the basal diets were weighed, completely mixed, and added to the liquid
mixture of AFB1 and FB1 (i.e., 17.0 μg AFB1; 23.0 FB1/kg diet), 200.0 mg lanthanum chloride,
400.0 mg lanthanum chloride or 400 mg/kg. Diet A (control 0.0 μg AFB1/kg + 0.0 mg FB1/kg diet);
diet B (17.0 μg AFB1; 23.0 FB1/kg diet); diet C (lanthanum chloride 200.0 mg/kg and 17.0 μg AFB1;
23.0 FB1/kg diet) and diet D (lanthanum chloride 400.0 mg/kg and 17.0 μg AFB1; 23.0 FB1/kg diet).

The mixtures were subsequently blended and placed in a hot air oven for the methanol
to evaporate. These were then pelletized with an extruder pelletizer, after the addition of
weighted portions of the starch binders. The mycotoxins content of the compounded diets
were then analyzed using the multi-mycotoxin LC-MS/MS method [76,77] and, thereafter,
individually packed in airtight polyethylene bags and stored in a deep freezer (at 2–4 ◦C)
until use. According to the results obtained following the mycotoxin assessments of the
produced diets, the AFB1 and FB1 concentrations of the produced experimental diets were
consequently adjusted, as shown in Table 1.
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At time points day 7, 28 and day 56, five (5) fish were randomly selected (by the
aid of a handheld sampling net) from each tank for hematological determinations. The
sampled fish were weighed, length measured and then bled via caudal veni-puncture,
using a 23 G needle fitted on a 5 mL syringe pre-rinsed with ethylene diamine tetra
acetic (EDTA) solution (for hematological assessments), and without EDTA (for serum
biochemical determinations).

5.3. Hematological Analysis

The hematological parameters, such as the hemoglobin concentration (Hb), total ery-
throcytes count (RBC) and total leucocytes count (WBC), packed cell volume (PCV), mean
corpuscular hemoglobin (MCH), mean corpuscular hemoglobin concentration (MCHC)
and mean corpuscular volume (MCV), were analyzed.

The Hb concentration was determined by the cyanmethemoglobin method [50]. A
Neubauer hemocytometer was used for the determination of the total red and white blood
corpuscle count, by using Natt and Herricks dilution fluid. The cell count was estimated as
per [78], using the following formulae:

RBC count = number of cells counted × dilution factor × depth of chamber/area counted

where the dilution factor is one in 200; the depth is 1/10 mm; and the area counted is
80/400 = 1/5 sq.

WBC count = number of cells counted × blood dilution× chamber depth/number of chambers counted:

WBC/mm3 = total white blood cells × 200 × 10/4

The hematocrit (PCV) was determined by the following methods of [50] briefly, where
micro-hematocrit capillaries were centrifuged at 12,000 g for 5 min in a micro-hematocrit
centrifuge (Ocean Med, London, UK). The erythrocytic indices were determined mathemat-
ically, following the methods of [58].

5.4. Serum Biochemical Parameters

The serum was obtained from the blood (collected without anticoagulant), and kept in
the narrow-bored glass test tubes after centrifugation at 5000× g for 5 min in a laboratory
centrifuge (Uniscope model SM 112, Surgifield Medicals, Devon, UK. After centrifugation,
the liquid fraction (the serum) was eluted from the top of the tube, using a clean and sterile
1 mL syringe. The collected serum was then transferred into a fresh Eppendorf tube and
stored at −20 ◦C until used for biochemical analyses.

From the serum, the following biochemical parameters were determined: total protein
and albumin (in g dL−1) using the methods of [17]; alanine amino transaminase and aspar-
tate aminotransferase (UL−1), alkaline phosphatase (UL−1), lactase dehydrogenase (UL−1),
creatinine kinase (μmol/L) following the methods of [67]. The serum urea (mg dL−1)
and uric acid concentrations (μmol/L)) were determined, using the methods of [79]. The
serum biochemistry evaluations were carried out, using a laboratory spectrophotometer
(SpectrumLab 750, Huddinge, Sweden) and Dialab serum diagnostic kits (Dialab, Neudorf,
Austria). The globulin values were calculated mathematically by subtracting the albumin
values from the values obtained for serum total protein. All of the serum biochemical
parameters were obtained by following strictly the guidelines of the manufacturers of the
diagnostic kits.

5.5. Zootechnical Evaluations

The fish in each group were fed the respective feed at 5% of the biomass (the feed was
divided into two portions, given at 0800 h and at 1800 h) daily. All of the unconsumed
feed was siphoned, dried and weighed in order to determine the exact amount of feed
consumed per group. At the set time points, the fish were individually weighed (to the
nearest 0.00, using a sensitive laboratory scale) and their length measured (to the nearest
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0.00 cm using a ruler). At the close of the feeding trial, the following growth indices were
determined mathematically according to [80]:

(a) Growth rate (g/d) = Wf − Wi/Tf − Ti Where Wf = final weight Wi = initial weight
Tf − Ti = Time (in days) spent feeding between Wf and Wi;

(b) Specific growth rate (%/day) = 100 × [(ln Wf − ln Wi)/(Tf − Ti)];
(c) Feed conversion ratio (FCR) = weight of feed consumed (g)/Wf −Wi (Wf = final weight;

Wi = initial weight);
(d) Feed conversion efficiency (%) = [Wf − Wi weight of feed consumed (g)] × 100

5.6. Statistical Evaluation

Data were expressed as the mean ± Standard Deviation of the mean of each group
(n = 30) and analyzed by a one way analysis of variance (ANOVA). The variant means
were then separated by the Duncan’s multiple range post hoc test using the Statistical
Package of Social Sciences (SPSS) for Windows version 20.0 (IBM Corporation, Armonk,
USA). Differences in the means were considered significant at p < 0.05.
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Abstract: Studies on microorganism response spaceflight date back to 1960. However, nothing
conclusive is known concerning the effects of spaceflight on virulence and environmental tolerance
of entomopathogenic fungi; thus, this area of research remains open to further exploration. In this
study, the entomopathogenic fungus Beauveria bassiana (strain SB010) was exposed to spaceflight
(ChangZheng 5 space shuttle during 5 May 2020 to 8 May 2020) as a part of the Key Research and
Development Program of Guangdong Province, China, in collaboration with the China Space Program.
The study revealed significant differences between the secondary metabolite profiles of the wild isolate
(SB010) and the spaceflight-exposed isolate (BHT021, BH030, BHT098) of B. bassiana. Some of the
secondary metabolites/toxins, including enniatin A2, brevianamide F, macrosporin, aphidicolin, and
diacetoxyscirpenol, were only produced by the spaceflight-exposed isolate (BHT021, BHT030). The
study revealed increased insecticidal activities for of crude protein extracts of B. bassiana spaceflight
mutants (BHT021 and BH030, respectively) against Megalurothrips usitatus 5 days post application
when compared crude protein extracts of the wild isolate (SB010). The data obtained support the
idea of using space mutation as a tool for development/screening of fungal strains producing higher
quantities of secondary metabolites, ultimately leading to increased toxicity/virulence against the
target insect host.

Keywords: space exposure; entomopathogenic fungi; pathogenicity; secondary metabolites

Key Contribution: The study revealed significant differences between the secondary metabolite
profiles of the wild isolate (SB010), and the spaceflight-exposed isolate (BHT021, BH030, BHT098) of
B. bassiana. The study revealed lower median lethal concentrations (LC50) of crude protein extracts of
B. bassiana spaceflight mutants against M. usitatus 5 days post application when compared LC50 of
crude protein extracts of the wild isolate (SB010).

1. Introduction

An increase in space exploration has resulted in an increase in studies on under-
standing the changes in physiology of living organisms under spaceflight conditions [1].
Spaceflight conditions include long-term exposure to microgravity, radiation, and isola-
tion [2]. The higher costs, limited number of launches, and complexity of experimental
design under space habitats are the main difficulties in performing studies under true
spaceflight conditions, and consequently, many studies have also been performed un-
der ground-based simulated microgravity [3]. Different investigations have explored the
effects of space conditions on plants, animals, as well as microorganisms. However, mi-
croorganisms can be considered strong candidates to study the responses to variations in
environmental conditions because of their rapid life cycle, easy handling, and stability [4,5].
The explorations regarding influences of spaceflight on growth and metabolism of microor-
ganisms have few significant implications. Firstly, microorganisms can impact (positively
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or negatively) human, animal and plant life [6]. Secondly, they are known for producing
secondary metabolites, which are used as medicine, biopesticides, plant growth-promoting
agents, etc. [7,8]. Several studies have explained the relationship between changed en-
vironmental conditions during spaceflight and variations in morphological as well as
physiological characteristics of microorganisms, including germination, virulence, host
pathogen relationship, secondary metabolite production, and gene expression [2,5,9].

Metabolism is the sum of all reactions in a living cell required for maintenance, de-
velopment, and division. Microbial metabolism is comprised of primary metabolites (the
intracellular molecules that enable growth and proliferation) and secondary metabolites
(predominantly extracellular molecules that facilitate a microbe’s interaction and adapta-
tion with its environment) [10,11]. Secondary metabolites produced by microorganisms
are predominantly low-molecular-weight extracellular compounds [12]. They are usually
produced in late-exponential and stationary phases and are not directly associated with
growth, development, or division of microorganisms [10]. These specialized products
are most notable for their use in healthcare settings as antimicrobial, antiparasitic, and
pest-control agents [13–17]. Many of the intermediates in primary metabolism are pre-
cursors of secondary metabolites, and cells have evolved complex molecular switches
linking primary and secondary metabolic pathways. These include high expression of the
secondary metabolism genes at specific times in the cell cycle and controlling the flow of
primary metabolites (carbon and nitrogen) through different pathways by feedback regu-
lation [12,13,18]. Thus far, studies on secondary metabolism have focused on only a few
microorganisms (mainly Streptomycetes, Escherichia coli, and Bacillus) and are mostly limited
to one or a few metabolites per study. These studies have suggested altered secondary
metabolite production levels, but the specific responses have been unique to each species.
Furthermore, previous studies have been either limited to already-known metabolites or
have focused on microorganisms that are already well-known metabolite producers. How-
ever, space vehicles hold diverse species whose behaviors are unstudied and could have
responses under microgravity beyond prediction. Additionally, understanding microbes
at a global metabolomics level could provide more comprehensive knowledge about the
overall responses exhibited under microgravity.

Filamentous fungi are a major group of microorganisms critical to the production
of different commercial enzymes, biopesticides, and organic compounds [19,20]. Several
species of filamentous fungi belonging to the phylum Ascomycota (Subkingdom Dikarya)
are known for their pathogenicity against insects [21]. Fungi belonging to genus Beauveria
(Hypocreales: Cordycipitaceae) are one of the most common insect pathogenic fungal
species. Beauveria species are known to cause widespread epizootics of insect populations
because of their saprophytic behavior [22]. Studies regarding responses of microorganisms
to spaceflight date back to 1960, but the responses to microgravity and its analogs have
been investigated in a few microorganisms (bacteria as well as fungi), showing plausible
but conflicting results for cellular growth rates and secondary metabolism under space-
flight and simulated microgravity experiments [23–26]. To date, limited concrete studies
on the influences/utilization of spaceflight on production of secondary metabolites by
entomopathogenic fungi make this area of research open for detailed investigations.

In this study, the entomopathogenic fungus Beauveria bassiana (SB010) was sent to
the Taingong space station for exposure to spaceflight conditions on the ChangZheng
5 space shuttle during 5 May 2020 to 8 May 2020 as a part of the Key Research and
Development Program of Guangdong Province, China, in collaboration with the China
Space Program. The aims of this study were to (i) extract and characterize the changes in
mycelial protein extract/secondary metabolites profiles of different B. bassiana spaceflight
mutants and (ii) undertake toxicity assays of mycelial extract/secondary metabolites B.
bassiana spaceflight mutants against Megalurothrips usitatus (Thysanoptera: Thripidae).
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2. Results

Secondary metabolite production was quantified from the ethyl acetate extracts of wild
isolate (SB010) and spaceflight mutants (BHT021, BHT030, BHT098) of B. bassiana. The total
protein concentration of ethyl acetate extract differed significantly among all four isolates
(F3,8 = 41.32, p < 0.001). The highest protein contents were obtained from the spaceflight
mutant BHT021, with a mean value of 1.87 ± 0.035 mg/mL. For the wild isolate (SB010),
the concentration of protein observed was 1.26 ± 0.03 mg/mL. The lowest protein content
was produced by the space mutant BHT098, with a mean value of 1.05 ± 0.05 mg/mL
(Figure 1).

Figure 1. Total protein content of the crude protein extracts of the wild isolate (SB010) and spaceflight
mutants (SCPH0535) of Beauveria bassiana. Error bars indicate standard error of means. Bars having
different letters are significantly different from each other (Tukey’s test at 5% level of significance).

As determined by LC-MS analysis, several differences were observed between the
metabolite profiles of the four isolates (Figure 2; Supplementary file S1). A section of peaks
between retention time of 8–9 min and 14.5–17 min was evident in the LC-MS profile of
the spaceflight-exposed mutants (BHT021, BHT030, and BHT098) when compared with
the wild isolate (SB010). In addition, a broader pattern of peaks between retention time
of 10–11 min was observed for the spaceflight mutant BHT021 when compared with the
wild isolate (SB010). Analysis of fragmentation pattern of peaks from the LC-MS profiles
of the four isolates revealed the production of 43, 79, 44, and 47 secondary metabolites
known for insecticidal activity by the SB010, BHT021, BHT030, and BHT098, respectively
(Supplementary file S1). Some of the secondary metabolites/toxins, including enniatin A2,
brevianamide F, macrosporin, aphidicolin, and diacetoxyscirpenol, were only produced by
the spaceflight mutants BHT021 and HT030 (Supplementary file S1).

The FTIR analysis of ethyl acetate extracts of B. bassiana wild isolate (SB010) and space-
flight mutants (BHT021,BHT030, and BHT098) showed marked variations for functional
groups of secondary metabolites (Figure 3). The FTIR profiles of the wild isolate (SB010)
showed a broad peak at 3386.79 cm−1 (due to overlap of O-H or N-H stretching) along with
sharp peaks at 2924.24 cm−1 (aliphatics (C-H), methylene functional group), 1647.51 cm−1

(carbonyl stretch amide linkage), and 641.42 cm−1 (aromatics).
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Figure 2. LC-MS analysis of the crude protein extracts from the wild isolate and spaceflight mutants
of Beauveria bassiana. The indicated peaks (circle) show the variation in secondary metabolite profile
of spaceflight mutants from the wild isolates.

In the case of B. bassiana spaceflight mutant (BHT021), the O-H or N-H stretching
was observed at 3308.91 cm−1. The methylene (C-H) peak was observed at 2955.88 cm−1,
whereas amide linkage peaks were observed at 1649.24 and 1623.96 cm−1, respectively.
Furthermore, four sharp peaks of ester (C-O) functional group were observed at 1385.16,
1329.16, 1298.90, and 1241.14 cm−1, respectively. Five strong peaks representing the pres-
ence of aromatics were observed between 766.32–559.74 cm−1.

The FTIR profiles of B. bassiana spaceflight mutant (SB030) showed a broad peak at
3311.40 cm−1 (due to overlap of O-H or N-H stretching) along with peaks at 2924.24 cm−1

(aliphatics (C-H), methylene functional group), 1648.98 cm−1 (carbonyl stretch amide
linkage). Furthermore, four sharp peaks of ester (C-O) functional group were observed at
1384.34, 1330.16, 1306.46 and 1241.58 cm−1, respectively. Five strong peaks representing the
presence of aromatics were observed between 766.66–559.74 cm−1 (Figure 3).

In the case of B. bassiana spaceflight mutant (BHT098), the O-H or N-H stretching
was observed at 34.44.52 cm−1. The methylene (C-H) peak was observed at 2924.49 cm−1,
whereas amide linkage peaks were observed at 1647.75 cm−1, respectively. Furthermore, a
single sharp peak of ester (C-O) functional group was observed at 138,400 cm−1. Two strong
peaks representing the presence of aromatics were observed at 637.34 and 562.01 cm−1

(Figure 3).
The results showed the presence of additional ester (C-O) and aromatic functional

groups in ethyl acetate extracts of the B. bassiana spaceflight mutants when compared to
the FTIR profile of B. bassiana wild isolate (SB010).
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Figure 3. Fourier transformation infrared (FTIR) spectroscopy of the crude protein extracts of wild
isolate (SB010) and spaceflight mutants (BHT021, BHT030, and BHT098) of Beauveria bassiana. The
indicated peaks (circle) show the variation in secondary metabolite profile of spaceflight mutants
from the wild isolates.

2.1. Nuclear Magnetic Resonance (NMR)

The characterization of protein extracts of B. bassiana wild isolate SB010 through
NMR analysis revealed bands of high resonance in allylic, pyrrolidine ring and NeCH
(2.0–2.6 ppm and 2.7–3.5 ppm), and ether linkage (3.5–4.3 ppm) regions. The NMR spectro-
grams of metabolic compounds produced by B. bassiana space mutants (BHT021, BHT030,
and BHT098) showed high-resonance bands in aliphatic (0.9–1.4 ppm), allylic, pyrrolidine
ring (2.0–2.6 ppm), NeCH (2.1–3.5 ppm), and ether linkage (3.5–4.3 ppm) regions (Figure 4).
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Figure 4. Nuclear magnetic resonance (NMR) resonance analysis of the crude protein extracts of wild
isolate (SB010) and spaceflight mutants (BHT021, BHT030, and BHT098) of Beauveria bassiana. The
indicated peaks (circle) show the variation in secondary metabolite profile of spaceflight mutants
from the wild isolates.
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2.2. Toxicity of Metabolites against M. usitatus

The insecticidal activities of crude protein extracts from B. bassiana wild isolate (SB010)
and space mutants (BHT021, BHT030, and BHT098) applied at different concentrations
against M. usitatus adults differed significantly among different isolates and their concentra-
tions (F15,48 = 23.81; p = 0.0034). The different concentrations of the crude protein extracts
of B. bassiana spaceflight mutants (BHT021 and BHT030) had higher efficacy against M.
usitatus adults 5 days post application compared to the wild isolate (SB010) (Table 1). The
observed mortality (%) of M. usitatus adults following treatment with different concen-
tration of the crude protein extracts of spaceflight mutants (BHT098) were lower than the
mortality values observed for the crude protein extracts of wild isolate (SB010).

Table 1. Dose–mortality responses of M. usitatus adults to crude protein extracts of wild isolate
(SB010) and spaceflight mutants (BHT021, BHT030, and BHT098) of Beauveria bassiana.

Treatments Concentration (μg/mL) Mortality (%)

SB010

ddH2O 5.00 j
100 88.33 ab
75 80.00 c
50 73.33 d
25 65.00 ef

12.5 50.00 h

BHT021

ddH2O 5.00 j
100 100.00 a
75 91.67 ab
50 83.33 bc
25 70.00 e

12.5 63.33 f

BHT030

ddH2O 5.00
100 95.00 a
75 83.33
50 75.00 d
25 63.33 f

12.5 56.67 g

BHT098

ddH2O 5.00 j
100 81.67 c
75 73.33 d
50 61.67 f
25 55.00 g

12.5 46.67 i
The difference between the means (±SE) followed by various letters is significant (Tukey’s p < 0.05).

2.3. Transmission Electron Microscopic Examination of M. usitatus Midgut following Treatment
with Mycelial Extracts from B. bassina Wild Isolate and Space Mutants

The ultrastructural changes of the fat body and somatic cells of the treated group were
observed by transmission electron microscopy after feeding the toxin for 72 h compared
with the control. The microvilli of the midgut cells in the control were abundant and neatly
arranged with a fenestrated morphology, and after 72 h of toxin feeding, the microvilli of
the midgut of adult thrips were swollen, shortened and thinned, vacuolated, and partially
dislodged (Figure 5). Compared with the control, the microvilli in the lumen of the midgut
cells of M. usitatus treated with mycelial extracts of space mutants (BHT012 and BHT030)
were sparse, disorganized, and vacuolated, while some of them were even completely
lost. The nuclei of the blank group were flat, but after treatment with mycelial extracts of
space mutants (BHT021 and BHT030), the fat body cells of M. usitatus adults were severely
damaged, and their nuclei appeared expanded, folded, and detached, and the lipid droplet
membrane structure became transparent and vacuolated (Figure 5).
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Figure 5. Transmission electron microscopic examination of M. usitatus following treatment with
mycelial extracts from Beauveria bassiana wild isolate and space mutants. Arrow marks points with
variations in M. usitatus midgut anatomy following different treatment.
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3. Discussion

Studies investigating the influences of spaceflight on secondary metabolite production
by microorganisms would be interesting, as the biosynthesis and concentration of microbial
secondary metabolites are sensitive to extracellular environmental cues (nutrients avail-
ability, temperature, and osmotic stress) [27,28]. The results showed significant changes
in total yield and secondary metabolite profiles of B. bassiana spaceflight mutants and the
wild isolate. These findings are consistent with Lam et al. [29], who observed increased
production of actinomycin D by Streptomyces plicatus WC56452 after spaceflight on the
U.S. Space Shuttle mission STS-80. Similarly, Luo et al. [30] observed 13–18% higher pro-
duction of nikkomycins by Streptomyces ansochromogenus during 15 days of spaceflight. In
a different study, Nikkomycins-producing strains of Streptomyces ansochromogenus were
investigated to understand the biological response to production onboard a satellite for
15 days. The production of Nikkomycins in nearly all strains was reported to be increased
by 13–18%, with increases specifically in Nikkomycin X and Z [2,30]. Similarly, a study
on Cupriavidus metallidurans under simulated microgravity showed increased production
of the polyester polymer poly-b-hydroxybutyrate after 24 h but not after 48 h compared
with ground controls [7]. All these results suggest that effects of microgravity on secondary
metabolism may be specific depending on the strain, growth condition, pathway utilized,
or time course analyzed.

Based on already-reported data and the results of this study as well as complexity
of regulatory mechanisms of secondary metabolites production, the observed changes
in secondary metabolite profiles of B. bassiana in response to spaceflight exposure can
be strain, growth media, and secondary metabolism production pathway, depicting an
inconsistent trend. These changes are induced by the indirect physical influences of space-
flight (such as variations in fluid dynamics or the extracellular transport of metabolites) [2].
Furthermore, different extracellular environmental cues can induce or enhance secondary
metabolisms in different microorganisms, followed by the transfer of extracellular stresses
to the downstream responsive genes by a cascade of complex signal transduction steps [29].
Therefore, although all of the B. bassiana space flight mutants went through same sort
of extracellular stress, the amount and number of secondary metabolites produced by
each mutant were different. In short, the changes in secondary metabolites production
in B. bassiana following spaceflight exposure were induced by the variations in micro-
environments around the fungal cells [2]. However, space vehicles hold diverse species
whose behaviors are unstudied and could have responses under microgravity beyond pre-
diction. Additionally, understanding microbes at a global metabolomics level could provide
more comprehensive knowledge about the overall responses exhibited under microgravity
since entomopathogenic fungi offer a wealth of potential for the discovery of new and
important microbial products for pest control. Broadening the horizon of fungal species
and understanding the altered levels under microgravity could offer unique advantages
for the biopesticides industry. There remains much to discover about the nature of diverse
secondary metabolisms in such stressful environments of spaceflight. The changes of
environmental factors, such as temperature, oxygen availability, and diffusion limitations,
under microgravity can provide a condition that can be harnessed in the best way possible
to be used for engineered microorganisms to generate useful metabolites. Therefore, un-
derstanding the specific cause-and-effect mechanisms of fungal responses to microgravity
at the molecular level could provide ground-breaking discoveries for space applications
and biopesticides development. However, in order to highlight the microbial responses to
microgravity for long periods of time, different technologies (such as low-shear-modeled
microgravity (LSMMG)) have been developed to mimic real microgravity [31], and these
technologies can be used more often (to mimic microgravity and ground level) to induce
higher production of secondary metabolites by insect pathogenic fungi.

The examination of the biological activities of fungal crude protein extracts from B.
bassiana wild isolate SB010 and space mutants (BHT021, BHT030, and BHT098), applied
at different concentrations against M. usitatus adults, showed significantly different rates
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of insect mortality. The crude protein extracts of B. bassiana space mutants BHT021 and
BHT030 (used at 100 μg/mL) induced higher mortality of M. usitatus adults when compared
with the mortality caused by B. bassiana wild isolate SB010. On the other hand, M. usitatus
mortality observed in response to treatment with crude protein extracts of B. bassiana
space mutant BHT098 was lower than mortality caused by B. bassiana wild isolate SB010.
Our results are similar to the already-reported previous studies on changes to microbial
pathogens (Bacillus subtilis; Escherichia coli; Pseudomonas aeruginosa; Staphylococcus aureus)
induced by spaceflight [29]. The transmission electron microscopy of the midgut of fourth
instar M. usitatus adults showed nuclei enlargement, folding of nuclear membrane, and
detachment of microvilli from midgut cells. The secretion of secondary metabolites is
important for pathogenic processes, and variations in secondary metabolite profiles of
spaceflight mutants compared to the wild isolate may have led to variations in biological
activities of crude protein extracts against M. usitatus. These data further explain that
increased secondary metabolism can increase the virulence of microorganisms [2].

4. Conclusions

The results obtained from our studies provide substantial evidence that spaceflight ex-
posure can alter the secondary metabolites production and biological activities of B. bassiana,
which can serve as a baseline information for the studies on the effects of microgravity
on insect pathogenic fungi. However, the specific reasons or mechanisms regulating the
above-mentioned changes are unclear. Therefore, further studies on corresponding gene
expression/regulation and characterization of micro-environments around the fungal cells
should be emphasized in near future for identification as well as application of secondary
metabolites produced by B. bassiana.

5. Materials and Methods

5.1. Insect Cultures

M. usitatus adults were reared on cowpea pods following the method of Espinosa
et al. [32] and Du et al. [33] for multiple generations in an artificial climate chamber (Model
PYX-400Q-A, Shaoguan City Keli Instrument Co., Ltd., Ningbo, China). Freshly emerged
M. usitatus adult females were used in subsequent studies.

5.2. Fungal Preparations

Beauveria bassiana isolate SB010 (deposited at Guangdong Microbiological Research
Centre repository under accession number GDMCC NO. 60359) was used for the study.
The fugal isolate was cultured on potato dextrose agar (PDA) plates for 15 d followed by
preparation of a basal conidial concentration (1 × 108 conidia/mL) using the method of
Ali et al. [34].

5.3. Exposure of Beauveria bassiana to Spaceflight Conditions

One milliliter of B. bassiana conidial suspension (1 × 106 conidia/mL) grown on PDA
broth was individually loaded into polypropylene (PE) centrifuge tubes, which were then
sealed with parafilm M (Bemis, Neenah, WI, USA). Four PE centrifuge tubes were exposed
to simulated microgravity in a 3D rotating experimental device (temperature: 20 ◦C; speed:
9 rpm/min) for 72 h at Shenzhou Space Biology Science and Technology Corporation, Ltd.,
Beijing, China.

Polypropylene centrifuge tubes (4 tubes) having B. bassiana conidial suspension were
exposed to spaceflight conditions by the following method. The PE tube samples were
pooled and placed into experimental boxes. The experimental boxes were placed in the
ChangZheng 5 space shuttle. The samples were then flown to space within the shuttle
during 5 May 2020 to 8 May 2020. The samples stayed in higher earth orbit (altitude
3000–8000 km) for 67 h and faced the Van Allen radiation belt (high-energy particle radi-
ation belt) several times during the spaceflight. The sample box was retrieved from the
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returning space capsule and opened after 10 days, with the PE tubes being stored at −20 ◦C
until further use.

Aliquots (200 μL) of B. bassiana conidial suspension exposed to spaceflight conditions
were cultured on PDA plates (15 plates each) following the method of Zhao et al. [35].
The fastest-growing colonies from spaceflight-exposed B. bassiana conidial suspensions
were selected and named as BHT021, BHT030, and BHT098.The fugal isolate was cul-
tured on PDA plates for 15 d followed by preparation of a basal conidial concentration
(1 × 108 conidia/mL) using the method of Ali et al. [34].

5.4. Production and Characterization of Crude Protein Extracts of Wild Isolate (SB010)
and Spaceflight Mutants (BHT021, BHT030, and BHT098) of Beauveria bassiana

Sterilized growth medium, 100 mL, (containing/L: glucose 30 g, yeast extract 3 g,
KH2PO 0.39 g, Na2HPO4·12H2O 1.42 g, NH4NO3 0.70 g, and KCl 1.00 g), added to Erlen-
meyer flasks (250 mL), was inoculated with 5 mL of conidial suspension (1 × 108 coni-
dia/mL) of wild isolate (SB010) and spaceflight mutants (BHT021, BHT030, and BHT098) of
B. bassiana followed by incubation at 150 rpm and 27 ◦C for 5 days. After 5 days of growth,
cultures were centrifuged in an Eppendorf 5804R centrifuge (Eppendorf, Framingham, MA,
USA) at 10,000 rpm, 4 ◦C for 10 min, and the resultant supernatant was extracted with
ethyl acetate (1: 1 v/v ratio) following Wu et al. [36]. Three individual samples were run
for each treatment as biological replicate.

The total protein concentration of the extracts was quantified by Bradfords’ method
using bovine albumin serum as standard [37].

The liquid chromatography–mass spectrophotometry (LC-MS) analysis of obtained
protein extracts was carried out by the method of Wu et al. [36] using LC Agilent 1200 LC-
MS/MS system. The detailed description of LC-MS protocol can be seen in the supplemen-
tary materials (Supplementary file 2).

Fourier-transformed infrared spectroscopy analysis was performed by using MIR8035
FTIR spectrometer (Thermo Fisher Scientific, Germany). All measurements were made at a
resolution of 4 cm−1 over a frequency range of 400 to 4000 cm−1. The liquid sample was
loaded directly, and the spectra were recorded at room temperature.

Nuclear magnetic resonance (NMR) was performed using a Bruker advance III-HD 600
NMR spectrometer (Bruker, Karlsruhe, Germany) by following the method of Wu et al. [36].

5.5. Toxicity of Crude Protein Extracts of Wild Isolate (SB010, and Spaceflight Mutants (BHT021,
BHT030, and BHT098) of Beauveria bassiana against Megalurothrips usitatus

The concentration mortality response of crude protein extracts of wild isolate (SB010)
and spaceflight mutants (BHT021, BHT030, and BHT098) of B. bassiana against M. usitatus
adult females was studied by following the method Du et al. [26]. Briefly, centrifuge tubes
(9 mL) and bean pods (1 cm) were individually immersed in different crude protein extracts
of different concentrations (100, 75, 50, 25, and 12.5 μg/mL) followed by drying under
sterile conditions. Centrifuge tubes and bean pods immersed in ddH2O with 0.05% Tween-
80 served as control. Adult females of M. usitatus (100 individuals) were inoculated to
treated bean pods with camel hair brush, and bean pods were placed in a treated centrifuge
tube. Each centrifuge tube was sealed with a cotton plug to prevent the thrips from escaping
and was placed at 26 ± 1 ◦C, 70 ± 5% R.H., and 16:8 L:D photoperiod. The insects were
observed on a daily basis for 5 days to record mortality data as outlined by Du et al. [33].
The treatments were repeated three times with fresh batches of insects.

Changes in the appearance of the infected M. usitatus midgut were directly monitored
at 5 days post treatment under a JEM1011 transmission electron microscope (Nikon Co.
Ltd., Tokyo, Japan) following Du et al. [26]. The treated M. usitatus adults were sampled
at 5 d post treatment and were dissected under stereo microscope (Stemi 508, Carl-ZEISS,
Jena, Germany) to obtain midgut samples. The samples were fixed overnight in 2.5%
glutaraldehyde + 2% paraformaldehyde solution at 4 ◦C followed by rinsing with PBS
buffer (0.1 M). The samples were then stained overnight with 1% uranyl acetate at 4 ◦C
followed by dehydration with gradient concentrations of ethanol. The dehydrated tissues
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were embedded in silica gel blocks, and sections were cut using automatic microwave
tissue processing instrument (EM AMW, Leica Microsystems, Wetzlar, Germany) and
cryo-ultramicrotome (EM UC7/FC7, Leica Microsystems, Wetzlar, Germany).

5.6. Data Analysis

Data regarding total protein concentration were subjected to ANOVA-1. Means were
compared by Tukey’s HSD test (p < 0.05). Mortality (%) data were arcsine transformed be-
fore further analysis. The mortality (%) data were subjected to ANOVA-2, and significance
between means was also tested by Tukey’s HSD test (p < 0.05). SAS 9.2 was used for all
statistical analysis [38].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/toxins14080555/s1, Supplementary file S1: Detailed LCMS anal-
ysis of the crude protein extracts from wild isolate and spaceflight mutants of Beauveria bassiana.
Supplementary file S2: Supplementary methods.
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Abstract: Agronomic factors can affect mycotoxin contamination of maize, one of the most produced
cereals. Maize is usually harvested at 18% moisture, but it is not microbiologically stable until it
reaches 14% moisture at the drying plants. We studied how three agronomic factors (crop diversifica-
tion, tillage system and nitrogen fertilization rate) can affect fungal and mycotoxin contamination
(deoxynivalenol and fumonisins B1 and B2) in maize at harvest. In addition, changes in maize during
a simulated harvest-till-drying period were studied. DON content at harvest was higher for maize
under intensive tillage than using direct drilling (2695 and 474 μg kg−1, respectively). We found two
reasons for this: (i) soil crusting in intensive tillage plots caused the formation of pools of water that
created high air humidity conditions, favouring the development of DON-producing moulds; (ii) the
population of Lumbricus terrestris, an earthworm that would indirectly minimize fungal infection and
mycotoxin production on maize kernels, is reduced in intensive tillage plots. Therefore, direct drilling
is a better approach than intensive tillage for both preventing DON contamination and preserving soil
quality. Concerning the simulated harvest-till-drying period, DON significantly increased between
storage days 0 and 5. Water activity dropped on the 4th day, below the threshold for DON production
(around 0.91). From our perspective, this study constitutes a step forward towards understanding
the relationships between agronomic factors and mycotoxin contamination in maize, and towards
improving food safety.

Keywords: maize; deoxynivalenol; fumonisin; tillage system; nitrogen fertilisation; crop diversification;
water activity; Fusarium; Lumbricus terrestris

Key Contribution: direct drilling is a better tillage system than intensive tillage; as it not only
preserves soil quality; but also helps controlling DON contamination in maize.

1. Introduction

Maize is one of the most produced cereals worldwide and is used for both human con-
sumption and animal feed. It is estimated that 1,162,352,997 tons of maize were produced
in 2020 [1]. Unfortunately, maize is susceptible to toxigenic fungal contamination at all
points of its supply chain (pre-harvest, harvest and post-harvest stages) [2,3]. Amongst the
most prevalent and toxic fungal metabolites in maize, the mycotoxins fumonisin B1 (FB1),
fumonisin B2 (FB2) and deoxynivalenol (DON) can be found [2,4]. In maize, fumonisins are
primarily caused by Fusarium verticillioides, Fusarium proliferatum and Fusarium subglutinans,
while DON is mostly caused by Fusarium graminearum and Fusarium culmorum [4–7]. Apart
from being one of the major causes of economic losses in maize crops, mycotoxin contami-
nation can have a severe impact on human and animal health.
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FB1 affects sphingolipid metabolism, causes oxidative stress and can cause damage
to cell DNA [8]. In humans, fumonisins have been associated with a higher risk of oe-
sophageal carcinoma [9]. In animals, FB1 ingestion can cause leucoencephalomalacia (LEM)
in horses, hepatocarcinogenesis in rats and pulmonary oedema in swine [10]. DON inhibits
protein and DNA synthesis in eukaryotic cells, and can induce nausea, emesis, vomiting,
skin inflammation, leukopenia, diarrhoea, haemorrhage in the lungs and brain, and the
destruction of bone marrow [11,12]. The European Union (EU) regulates the maximum con-
tent of DON and the sum of FB1 + FB2 in certain foodstuffs (including maize) and provides
guidance values for those and other mycotoxins in food and feed products [13–15].

Many factors can affect mycotoxin contamination in maize throughout the whole
supply chain. Among them, we can find biological factors (susceptibility of the crop),
environmental factors (temperature, rainfall, air relative humidity, insects/bird injuries),
crop management (planting and harvest dates, tillage practices, fertilization, crop rotation,
irrigation), crop harvesting (crop maturity, temperature, moisture, mechanical injury),
transportation conditions, time until drying, and proper drying or storage conditions
(aeration, temperature, pest/rodent control) [2,4,16].

The accepted commercial moisture for maize harvesting in NE Spain is around 18%.
Sometimes, when the maize is almost ready for harvest, rain can increase the grain mois-
ture, promoting mould proliferation and extending the period before harvesting until
moisture reaches commercial standards again. In addition, in some areas drying facilities
are undersized. Therefore, as all maize is harvested within an interval of a few days, it is
usual to find huge amounts of maize grain outdoors waiting to be processed in the drying
plants. This waiting period can sometimes be as long as 10 days. Despite the accepted
commercial moisture for maize being about 18%, it has been reported that to ensure that no
moulds can grow in grain nor produce mycotoxins, its maximum moisture content must
be no more than 14% [17,18]. To our knowledge, there is no information about how this
waiting period can influence fungal and mycotoxin contamination of the maize.

Hence, the objectives of our study were to: (i) study the impact of several agronomic
factors (the crop diversification, the tillage system and the nitrogen (N) fertilization rate)
on total fungal contamination, Fusarium spp. contamination and DON, FB1 and FB2
contaminations of recently harvested maize; (ii) simulate the waiting period between maize
harvesting and drying for 10 days, and study the influence of waiting time and temperature
on the previously mentioned variables.

2. Results and Discussion

2.1. Influence of Agronomic Factors on the Maize at Harvest Date

At harvest date (day 0) all the analyzed maize from both maturity groups, N fertil-
ization rates and tillage systems was contaminated with DON (Table 1). On the other
hand, only 12.5% of that same maize samples contained FB1 and FB2. Average concen-
trations of the contaminated samples were 826 and 196 μg toxin kg−1 maize for FB1 and
FB2, respectively.

Table 1. DON contamination in maize at harvest.

FAO Maturity
Group/Cropping System

Fertilization Tillage System
Average DON Contamination

(μg Toxin kg−1 Maize)

400/SC 0 N DD 440
IT 2848

High N DD 566
IT 4406

700/LC 0 N DD 654
IT 791

High N DD 236
IT 2734

SC: short cycle; LC: long cycle; 0 N: zero nitrogen rate; High N: high nitrogen rate; DD: direct drilling;
IT: intensive tillage.
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Multi-factor ANOVAs were carried out to study the impact of the agronomic factors
on the response variables at harvest.

Neither FB1 nor FB2 concentrations in maize at harvest date were statistically signifi-
cantly affected by any of the agronomic factors. DON content of the grains at harvest date
was statistically significantly affected by the tillage system (see Table 2). Maize planted
under IT had higher DON contamination (2695 μg DON kg−1 maize on average) than
maize planted using DD (474 μg DON kg−1 maize on average).

Table 2. Test of between-subjects effects for DON contamination at harvest date.

SS df MS F Sig.

Crop diversification 3.697 1 3.697 1.292 0.289
N. fert. rate 2.574 1 2.574 0.900 0.371
Tillage system 19.729 1 19.729 6.897 0.030
Crop diversification × N fert. rate 0.006 1 0.006 0.002 0.964
Crop diversification × Tillage system 3.260 1 3.260 1.140 0.317
N fert. Rate × Tillage system 3.598 1 3.598 1.258 0.295
Crop diversification × N fert. Rate × Tillage system 0.216 1 0.216 0.075 0.791

R Squared = 0.591 (Adjusted R Squared = 0.233). SS: sum of squares; df: degrees of freedom; MS: Mean Square;
F: F-value; Sig.: significance value. Bold value is the only statistically significant factor.

It has been reported that residues of crops that were infected with Fusarium constitute
an inoculum of the fungus for the following crop [19–22]. This inoculum tends to be particu-
larly abundant in the case of maize [23]. Therefore, according to many authors, the removal,
destruction or burial of infected crop residues is likely to reduce the Fusarium inoculum for
the following crop, making IT a better choice than DD for controlling mycotoxin-producing
fungal inoculums [19,21,22]. Mansfield, De Wolf and Kuldau (2005) reported that the DON
concentration of ensiled maize was lower in maize planted using a moldboard till than in
maize planted using no tillage [24]. Dill-Macky and Jones (2000) studied the DON contami-
nation of wheat following corn, wheat or soybean, using different tillage systems [25]. DON
levels were lower in wheat planted using moldboard ploughing following corn or wheat
in comparison to wheat planted using no tillage following the same crops. No significant
differences in DON levels in wheat were observed between the two tillage systems when
the previous crop was soybean, as F. graminearum is not considered a pathogen of soybeans.
Obst, Lepschy-Von Gleissenthall and Beck (1997) stated that the use of minimum tillage in-
stead of mouldboard ploughing after a maize crop could result in a 10-fold increase in DON
contamination of the following wheat crop [26]. Schöneberg et al. (2016) demonstrated
that barley from fields with ploughed soils showed significantly less F. graminearum and
DON content than barley from reduced tillage fields, regardless of the previous crop [27].
On the other hand, Roucou, Bergez, Méléard and Orlando (2022), who collected data from
a total of 2032 maize fields located in France between 2004 and 2020, found that DON
contamination in maize was not significantly different whether the crop residues of the pre-
vious year were adequately managed (mostly through soil tillage) or not [28]. Supronienė
et al. (2012) studied the effect of different tillage practices (conventional tillage, reduced
tillage and no tillage) on mycotoxin contamination in winter and spring wheat, but no
clear relationship could be observed [29]. Furthermore, Kaukoranta, Hietaniemi, Rämö,
Koivisto and Parikka (2019), who analyzed survey data from 804 spring-oat fields, found
that the DON concentration of the oats was the same or higher under ploughing than under
non-ploughing conditions [30]. Our results are closer to those of Kaukoranta et al. (2019),
as we found a significantly higher DON contamination in maize planted under IT than in
maize planted using DD.

Tillage operations can affect both the soil structure and the crop productivity [31].
Unlike no tillage, IT exposes soil to erosive agents such as wind and water. The impact
of water drops induces the degradation of the soil by the breakdown of water-stable
aggregates, causing soil crusting [32,33]. Soil crusting negatively affects seedling emergence,
reduces water infiltration rates and water storage capacity, favors runoff, diminishes organic
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matter, and can cause overland flow [31,32,34]. Soils rich in silt and fine sand, such as the
one in this study, are highly susceptible to soil crusting [35]. As we observed the presence of
pools of water only in IT plots, most probably caused by soil crusting, we hypothesize that
in these plots the pools of water created high air humidity conditions, favoring the growth
of moulds throughout the whole cultivation period, including DON-producing moulds.
In fact, it has been stated that under moist conditions the production of macroconidia, the
production of ascopores and the ejection of ascospores of F. graminearum are favored [36–38].
That would help explain the higher DON contamination in maize planted under IT in
comparison to maize planted using DD.

Another hypothesis that supports our results is that tillage affects soil fauna, which
in turn can have an impact on Fusarium species. Earthworms are known for breaking
down organic matter and promoting nutrient cycling along with soil microbiota, and
for improving soil structure, soil porosity, soil water retention capacity, root distribution,
plant growth and plant health. Frequent tillage adversely affects many earthworm species,
especially those linked to the surface layers (epigeics and anecics) [39–42]. When the soil
is turned over, earthworms are injured and killed, their burrows are broken, their food
sources are buried, and they become exposed to harsh environmental conditions and
predators. [39–41,43,44]. The common earthworm (Lumbricus terrestris) is one of the most
important anecic earthworms and is capable of incorporating plant litter into the soil and
decomposing it. Oldenburg, Kramer, Schrader and Weinert (2008) and Schrader, Kramer,
Oldenburg and Weinert (2009) demonstrated that L. terrestris accelerates the degradation
of Fusarium biomass and DON in the wheat straw layer, and that this earthworm is more
attracted to highly Fusarium-infected and DON contaminated wheat straw than less infected
and contaminated wheat straw [45,46]. L. terrestris is likely to prefer the contaminated straw
as its N-content and digestibility are enhanced due to fungal colonization. Thus, L. terrestris
most probably reduces Fusarium biomass in maize straw too, and consequently, minimizes
Fusarium infection and DON contamination of maize cobs. Therefore, as the population of
L. terrestris is smaller in IT plots, a lower DON contamination in maize planted under DD
is expected than in maize planted under IT. In our case, we did not sample earthworms
during the experiment. However, Santiveri Morata, Cantero-Martínez, Ojeda Domínguez
and Angás Pueyo (2004) studied the population of earthworms in the same field where this
study was performed, and found that under DD the population of worms was higher than
in more aggressive tillage systems [47].

The moisture content of the grains at harvest date was statistically significantly affected
by the crop diversification and the tillage system. Moisture was higher in SC maize (21.33%
on average) than in LC maize (16.93% on average), and higher in maize under IT (20.45%
on average) than in maize planted using DD (17.82% on average). Likewise, the aw of the
grains was significantly affected by the crop diversification, being greater in SC maize than
in LC maize (0.927 and 0.897 on average, respectively). It should be noted, though, that the
differences in moisture and aw between different maturity groups could easily be modified
by the harvesting dates.

It has been reported that no tillage is associated with soil with a higher water holding
capacity and higher soil moisture in surface soil layers in comparison with IT [48,49].
Therefore, one might think that the maize kernels obtained from DD-planted maize would
have a higher moisture than maize kernels obtained from maize under IT, but that was not
the case in our study.

The log of total fungal contamination was significantly affected by the crop diversi-
fication (p-value = 0.046), being higher in LC maize (5.28 on average) than in SC maize
(4.81 on average).

No effect of the agronomic factors was observed in the log of Fusarium spp., FB1 or FB2
contaminations. In this context, Ono et al. (2011) observed no significant differences in the
Fusarium sp. counts and the fumonisin concentrations between non-tilled and conventional-
tilled maize [50]. Similarly, Ariño et al. (2009) found no significant differences in the
fumonisin contents of maize planted using minimum tillage and ploughing [51]. Even so,
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it is necessary to emphasize that the low incidence of FB1 and FB2 contamination on maize
at harvest (12.5%) makes it rather difficult to observe differences in the concentration of
these toxins due to agronomic factors.

Regarding how N fertilization can affect fumonisin contamination in maize, previous
research has shown contrasting results. A shared vision is that a balanced fertilization is
the best approach to minimize fumonisin concentrations, as stress due to N deficiency or
high N rates can significantly raise fumonisin levels [50,52–56]. In our study, no differences
in fumonisin contamination were observed between 0 N and High N fertilization rates.

2.2. Correlations between the Studied Variables at the Harvest Date

Principal Component Analysis was performed in search of correlations between
response variables at harvest (see correlation matrix heatmap in Figure 1). The variables
studied were moisture, aw, the log of total fungal contamination, the log of Fusarium spp.
contamination, and the different mycotoxin contaminations (DON, FB1 and FB2). Following
the criteria of choosing the principal components with eigenvalues > 1, three principal
components were taken, which accounted for 81.32% of the total variance.

 
Figure 1. Correlation matrix heatmap based on the correlation coefficients from the PCA at harvest
date. A darker blue color indicates a stronger negative correlation, while a darker red color indicates
a stronger positive correlation. * indicates a significant correlation (p-value < 0.05).

Few variables were significantly correlated. FB1 contamination was significantly
positively correlated with FB2 contamination (r = 0.986, p-value < 0.001). That is in ac-
cordance with the results of Carbas et al. (2021) and Cao et al. (2013), who also found
significant positive correlations between FB1 and FB2 contaminations (r = 0.96 and r = 0.99,
respectively) [57,58].

There was a significant positive correlation between the log of total fungal contam-
ination and the log of Fusarium spp. contamination, indicating that Fusarium spp. is of
considerable relevance to total fungal contamination.

Moisture was significantly positively correlated with aw (r = 0.727, p-value = 0.001),
and significantly negatively correlated with the log of total fungal contamination (r = −0.539,
p-value = 0.016) and with the log of Fusarium spp. contamination (r = −0.466, p-value = 0.035).
Cao et al. (2013) also described a significantly negative correlation between moisture and
Fusarium spp. contamination (r = −0.68, p-value < 0.05).

Fusarium spp. contamination at harvest date was not significantly correlated with
the concentration of any of the studied mycotoxins (DON, FB1 and FB2) in the same pe-
riod. This could be explained by there being non-DON/FB1/FB2-producing Fusarium spp.
strains colonizing our maize, and/or because a higher count of DON/FB1/FB2-producing
Fusarium spp. at harvest date does not necessarily imply a higher concentration of these
mycotoxins. Factors such as aw, temperature and relative humidity can affect mycotoxin
production [59,60]. Similarly, Lanza et al. (2017) found no association either between
fumonisin levels and the frequency of Fusarium spp. in maize kernels [61]. On the other
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hand, Schöneberg et al. (2016) found that F. graminearum was positively correlated with
DON content in barley (r = 0.72, p-value < 0.001) [27].

No significant correlations were observed between DON and FB1 or FB2 concentrations.
That is consistent with the bibliography, as it has been described that in maize DON is
produced primarily by F. graminearum and F. culmorum, while FB1 and FB2 are mainly
produced by F. verticillioides, F. proliferatum and F. subglutinans [4–7].

DON was positively correlated with moisture and aw, but the correlations were not
significant (p-values of 0.058 and 0.066, respectively).

2.3. Effect of Time and Temperature on Maize Moisture, aw, Microbial Counts and Mycotoxin
Contamination after Harvest

Multi-factor ANOVAs were carried out to determine the effect of time and temperature
(15 or 25 ◦C) on the studied variables. On one side, moisture, aw and microbial counts were
studied on days 0, 4, 7 and 10. On the other side, mycotoxin contamination was studied on
days 0, 5 and 10. All the data are available in a spreadsheet in the Supplementary Materials.

No significant effect of time nor temperature was observed on the moisture, the
total fungal contamination or the Fusarium spp. contamination during the 10 days of
the experiment. By contrast, the variable time significantly affected the evolution of aw
(p-value = 0.001), which dropped on day 4 for both temperatures (Figure 2). Statistically
significant differences were observed between aw on day 0 and aw on days 4, 7 and 10.

 

Figure 2. Influence of time and temperature on the evolution of aw.

DON, FB1 and FB2 contaminations were not affected by time or temperature, al-
though in the case of DON time was close to being significant (p-value = 0.078). Thus,
statistically significant differences were observed in DON concentrations between days
0 and 5 (p-value = 0.049) but not between days 0 and 10 (p-value = 0.051) or days 5 and
10 (p-value = 0.989) (see Table 3). Regarding FB1 and FB2 contamination, the tendency
was the same as that at harvest: a low prevalence of these toxins. On days 5 and 10, only
15.63 and 18.75% of samples contained at least one of the studied fumonisins. The average
contamination of contaminated samples on days 5 and 10 was 1938 and 1709 μg toxin kg−1

maize for FB1, and 1068 and 1279 μg toxin kg−1 maize for FB2.
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Table 3. Influence of time and temperature on the evolution of DON concentrations (μg DON kg−1 maize).

Temperature
DON Concentration (μg DON kg−1 Maize)

Day 0 Day 5 Day 10

15 ◦C 1584 ± 1932 2367 ± 2983 2649 ± 2349
25 ◦C 1584 ± 1932 3771 ± 3597 3469 ± 4300

Presented values correspond to mean and standard deviation.

As an increase in DON concentration was observed in the 0–5 days period, and
Fusarium spp. counts remained stable during the whole 10 days period, the absence of
DON production during the 5–10 days period could be attributed to the drop in aw during
the first 4 days. If aw levels had remained constant since harvest, DON contamination
most likely would have increased continuously. Considering these results, we could say
that under the tested temperatures (15 and 25 ◦C), there are DON-producing Fusarium spp.
species in maize that can produce DON at an approximate aw of at least 0.91, while at an
aw of 0.88 they can no longer produce this toxin.

Our results are in line with those obtained by Comerio, Fernández Pinto and Vaamonde
(1999), who studied the DON production of F. graminearum in wheat at different aw [62].
They found that at an aw = 0.925 DON was produced, but not at aw = 0.900; therefore,
the limiting aw for DON production under those conditions was close to 0.900. Other
studies have suggested slightly higher values under similar conditions. Ramirez, Chulze
and Magan (2006) studied the DON production of F. graminearum on wheat and found
mycotoxin production at aw = 0.95 at the temperatures of 15, 25 and 30 ◦C, but they did
not find DON production at aw = 0.93 under any temperature [63]. Schmidt-Heydt, Parra,
Geisen and Magan (2011) found that F. culmorum and F. graminearum could produce DON
at an aw = 0.93 at 25 ◦C in YES medium after a 9 day incubation, but not at aw = 0.90 under
any of the tested conditions [64].

3. Conclusions

At harvest, all maize samples were contaminated with DON (1584 ± 1578 μg DON kg−1

maize), while only 12.5% of the maize samples were contaminated with FB1 and FB2
(average contaminations of contaminated samples were 826 and 196 μg toxin kg−1 maize,
respectively). No effect of the crop diversification or the N fertilization rate was observed
on the maize DON contamination. The only agronomic factor that significantly affected
the DON content of grains was the tillage system. Maize planted under IT presented a
greater DON contamination (2695 μg DON kg−1 maize on average) than maize planted
using DD (474 μg DON kg−1 maize on average). Two main reasons support these results.
The first reason is that in IT plots the degradation of the soil resulting from the continuous
tillage caused soil crusting, which induced the formation of pools of water, creating high
air humidity conditions, which favored the growth of DON-producing moulds. The
second reason is that the frequent tillage in IT plots causes a decrease in the population of
L. terrestris. This earthworm is likely to reduce Fusarium infection and DON contamination
in maize straw. Consequently, maize cobs under DD are expected to be less infected
and contaminated. Hence, DD would be a better approach than IT not only in terms of
controlling DON contamination, but also from the agronomic point of view. More studies
that employ long-term IT and DD plots are needed to assess precisely how the tillage
system can influence the mycotoxin contamination of grains.

No significant correlations were found between the log of Fusarium spp. contamination
at harvest date and the concentration of any of the studied mycotoxins in the same period.

During the 10-day storage, no effect of time or temperature was observed on the
moisture, the total fungal contamination, the Fusarium spp. contamination or the FB1
and FB2 contaminations. Time affected the evolution of aw, which fell on day 4 for both
temperatures. DON concentration on day 5 was significantly higher than on day 0, but
there were no significant differences between days 5 and 10. Therefore, it is predictable
that continued DON production was held back by the aw drop in the first 4 days of storage,
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meaning the minimum aw for the DON-producing species colonizing our maize to produce
this toxin is around 0.91.

To our knowledge, this is the first study that relates soil crusting and the consequent
formation of pools of water in maize plots under IT with a higher DON grain contamination
in comparison with maize plots under DD, and is also the first work to question how the
harvest-till-drying period of maize can affect fungal and mycotoxin contamination.

4. Materials and Methods

4.1. Climate and Soil Characteristics, Experimental Design and Crop Management

Maize was planted in an experimental field in Agramunt, NE Spain (41◦48′ N, 1◦07′ E,
330 m asl). The soil in this area is classified as xerofluvent typic [65]. Many soil charac-
teristics were measured: the average pH of the soils was (H2O, 1:2.5) 8.5; the electrical
conductivity (1:5) was 0.15 dSm−1; the soil organic carbon (SOC) concentration (0–30 cm)
was 8.6 g kg−1; the water available holding capacity (between −33 kPa and −1500 kPa)
was 10% (v/v). The climate of the area is semiarid Mediterranean with a continental trend.
Climate was monitored with a weather station placed in the experimental field. During the
last 30 years, the mean annual precipitation was 442 mm, the mean annual temperature was
14.6 ◦C, and the mean annual potential evapotranspiration (PET) was 855 mm. The winter
is cold, with some days below 0 ◦C in January. For that, soil temperature does not reach
8 ◦C until the beginning of April, when the planting date for maize starts. Additionally, the
climate imposes hot summers, reaching temperatures over 35 ◦C in July and August.

The experimental design was a split-plot with 3 blocks. The plots were 50 m × 3 m = 150 m2

and 4 rows of maize were planted in each plot (rows spaced 73 cm apart). Three agro-
nomic factors were evaluated: the crop diversification, the tillage system and the N
fertilization rate. For the crop diversification, a monocropping long-cycle maize (LC
maize) (FAO 700 maturity group, Pioneer’s P1570 hybrid) was compared against a legume–
maize double cropping, using short-cycle maize (SC maize) (FAO 400 maturity group,
Pioneer’s P0312 hybrid) as the main crop and vetch (Vicia sativa L., var. Prontivesa) as the
secondary crop.

In the case of the tillage system, intensive tillage (IT) and direct drilling (DD) were stud-
ied. IT consisted of subsolate (35 cm depth), disc harrow and rototiller, while DD consisted
of the application of herbicide (1.5 L ha−1 of 36% glyphosate [N-(phosphonomethyl)-
glycine]) and sowing directly the seeds into the soil. In reference to the N fertilization rate, a
zero N rate (0 N) and high N rate (High N) were evaluated. The rate of mineral fertilization
applied was 400 kg N ha−1 for LC maize, while it was reduced to 300 kg N ha−1 in SC
maize because of the possible fixation of the preceding legume crop. N fertilization was
distributed between 2 top-dressing fertilizations with ammonium nitrate (34.5% N), with
a rate of 150 kg N ha−1 in each one at stages V3–V5 (May in LC maize and June in SC
maize) and V7–V8 respectively (June in LC maize and July in SC maize). In addition, for LC
maize, a 100 kg N ha−1 pre-emergence fertilization was carried out during April with urea
(46% N). The experiment was carried out over 3 years (2019, 2020 and 2021), although the
present study was carried out with the third year’s harvest. LC and SC maize were seeded
in April and June, respectively. Accordingly, its flowering took place in July and August,
respectively. Vetch was sown in December. In both maturity groups, the planting rate was
90,000 seeds ha−1, with a row spacing of 73 cm. In the case of vetch, the planting density
was 267 plants m−2. All maize plots received equally a pre-emergence herbicide treatment
with 7 L ha−1 of Primextra Gold (Terbuthylazine 18.75% + S-Metolachlor 31.25% (SE) w/v).
For each tillage system and plant species, the harvest residue was treated differently. In
the case of maize and IT, it was integrated into the soil by tillage, whereas in DD, it was
chopped and spread on the soil surface. Vetch was harvested for forage at a cutting height
of 5 cm, so all the biomass was exported from the plots. The irrigation rate was determined
using Dastane’s methods [66] for calculating crop water requirements on a weekly basis.
Irrigation was carried out by sprinkling, starting in March and ending in October. The
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amount of irrigation used and mean meteorological conditions in the experimental field,
obtained from an on-site weather station, are shown in Figure 3.

 

Figure 3. Irrigation and meteorological conditions in the experimental field.

4.2. Maize Harvesting and Storage

Cob samples of a total of 16 different plots were taken (2 cultivars× 2 tillage systems × 2 N
fertilization rates × 2 blocks). Both cultivars were harvested when the maize was close to
the commercial moisture (18 %). That was the 21st and 26th of October 2021 for LC and SC
maize, respectively. On the harvest day, around 1.5 kg of maize (approximately 8–10 maize
cobs) was sampled from each plot. The different maize cobs were collected throughout the
entire plot, being representative of the area of study. As not to alter the microbiota of the
samples, the cobs were picked up using different sterile nitrile gloves for each plot. The
maize from each plot was deposited and transported in a different sterile plastic bag. In
the laboratory, cobs were shelled under sterile conditions in a laminar flow cabinet. The
kernels from each plot were split into two different sterile plastic bags, which were kept at
different temperatures: 15 or 25 ◦C, for 10 days. Those specific temperatures were chosen
to simulate the average maximum and minimum daily temperatures in the area at the time
of harvest.

4.3. Laboratory Determinations

Different determinations were performed on the harvest day (day 0) and the following
days for the maize from each plot. Moisture (%), water activity (aw), total fungal contamina-
tion (CFU g−1 maize) and Fusarium spp. contamination (CFU g−1 maize) were determined
on days 0, 4, 7 and 10. DON, FB1 and FB2 contamination were determined on days 0, 5
and 10.

4.3.1. Moisture

Approximately 15 g of maize kernels were precisely weighed into pre-weighed glass
jars. The jars were put in an oven (JP Selecta 210, JP Selecta S.A., Abrera, Spain) at 105 ◦C
for 16 h, and after that period were weighed again. The moisture was calculated according
to Equation (1). Three replicates were carried out for each plot, storage time and storage
temperature. Average moisture and standard deviation were calculated.

Moisture (%) =
W0 − Wf

W0 − Wj
∗ 100 (1)

where W0 is the weight of the glass jar and the maize before drying, Wf is the weight of the
glass jar and the maize after drying, and Wj is the weight of the glass jar.

4.3.2. Water Activity (aw)

The aw of whole maize kernels for each plot, storage time and storage temperature
was measured using the AquaLab Series 3 TE (AquaLab S.L., Sabadell, Spain). A sample of
about 3 g was introduced into the water activity meter, and aw was properly read.
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4.3.3. Total Fungal Contamination and Fusarium spp. Contamination

One maize sample from each plot, storage time and storage temperature was analyzed
for total fungal contamination and Fusarium spp. contamination. Approximately 20 g of
kernels was ground using a disinfected IKA A11 (IKA®-Werke GmbH & Co. KG, Staufen,
Germany) mill for 30 s. Ten grams of the resulting flour was weighed in a sterile Stomacher
bag with a lateral filter. Then, 90 mL of sterile saline peptone water was added to the
bag (10−1 dilution). The flour and the saline peptone water were mixed in a laboratory
blender (Stomacher 400, Seward Ltd., Worthing, UK) for 120 s at normal speed. A series
of dilutions were prepared based on the filtered extract using saline peptone water (up to
the 10−6 dilution). Then, 0.1 mL of each dilution was plated into Petri plates containing
Chloramphenicol Glucose Agar (CGA) (for total fungal contamination) or Malachite Green
Agar 2.5 (MGA) (a selective medium for Fusarium spp.).

The inoculum was spread across the Petri plates with a Digralsky spreader, and the
plates were incubated upside down at 25 ◦C. Plate readings were performed after 3 days of
incubation for CGA plates and 4 days of incubation for MGA plates.

4.3.4. DON, FB1 and FB2 Contamination
Extraction of DON, FB1 and FB2

One sample from each plot, storage time and storage temperature was analyzed for its
DON, FB1 and FB2 content. An amount of 17 g of each sample were ground in a IKA A11
mill for 30 s. Seven grams of ground maize were transferred into a 50 mL Falcon tube for
DON analysis, and another 7 g of ground maize were put into another 50 mL Falcon tube
for FB1 and FB2 analysis.

DON Extraction and Sample Preparation

DON extraction and analysis were based on the study of Borràs-Vallverdú, Ramos,
Marín, Sanchis and Rodríguez-Bencomo (2020) [67]. An amount of 1.4 g of NaCl and
40 mL of Milli-Q water were added to the Falcon tube with the ground maize. The mixture
was vortexed for 30 s and ultrasound-treated with the Bransonic M2800H-E (Branson
Ultrasonic SA, Carouge, Switzerland) at maximum power for 15 min. After that, the
Falcon tubes were centrifuged in a Hettich 320R centrifuge (Andreas Hettich GmbH &
Co. KG, Tuttlingen, Germany) at 8965× g for 10 min at 20 ◦C. The supernatant was
vacuum filtered using 90 mm glass microfiber filters (Whatman, Buckinghamshire, UK).
DonPrep immunoaffinity columns (Biopharm AG, Darmstadt, Germany) were prepared
by adding 10 mL of Milli-Q water. Then, 8 mL of the filtered supernatant was collected
and passed through the immunoaffinity column. After that, 1.5 mL of methanol was
added to elute the toxin. Backflushing was done three times, and then another 0.5 mL
of methanol was passed through the column. The 2 mL of collected methanolic extract
was evaporated at 40 ◦C (Stuart SBH200D/3 block heater, Cole-Parmer©, Staffordshire,
UK) under a gentle stream of N2. The residue was re-suspended in 0.8 mL of MeOH:H2O
10:90 (v:v), vortexed, filtered through 0.22 μm PTFE filters and analyzed by HPLC-DAD
according to the following section.

DON HPLC-DAD Analysis

HPLC-DAD determination of DON was performed using an Agilent Technologies
1260 Infinity HPLC system (Santa Clara, CA, USA) coupled with an Agilent 1260 Infinity II
Diode Array Detector (DAD). A Phenomenex® Gemini C18 column (Torrance, CA, USA)
was used (150 × 4.6 mm, 5 μm particle size, 110 Å pore size). Absorbance reading was
performed at 220 nm. Three mobile phases were prepared: phase A (methanol:water 10:90,
v:v), phase B (acetonitrile:water 20:80, v:v) and phase C (100% methanol). The gradient
applied was as follows: 0 min 100% A; 10 min 60% A and 40% B; 13 min 60% A and 40%
B; 15 min 100% C; 25 min 100% C; 29 min 100% A until 40 min (for re-equilibrating the
column). The flow rate was set at 1 mL/min. The column temperature was 40 ◦C, and the
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injection volume was 50 μL. DON retention time was 10.0 min. Quantification was carried
out by using DON calibration curves prepared in methanol:water 10:90, v:v.

LOD and LOQ, considered as three and ten times the signal of the blank, respec-
tively, were 12.6 and 42.0 μg kg−1. Recovery was calculated using artificially DON-
contaminated maize, extracting and analysing the mycotoxins as previously stated. Re-
covery was studied per triplicate at three different DON concentrations: 2.286, 1.143 and
0.571 μg DON kg−1 maize. The respective average recoveries and standard deviations
were 81.7 ± 9.5, 87.4 ± 13.3 and 91.3 ± 14.5%.

FB1 and FB2 Extraction and Sample Preparation

Fumonisin extraction and analysis were based on the study of Belajova and Rauova
(2010) [68]. An amount of 1.4 g of NaCl and 35 mL of H2O:ACN:MeOH 50:25:25 (v:v:v)
were added to the Falcon tube with the ground maize. The mixture was vortexed for 30 s
and ultrasound-treated with the Bransonic M2800H-E (Branson Ultrasonic SA, Carouge,
Switzerland) at maximum power for 15 min. After that, the Falcon tubes were centrifuged
in a Hettich 320R centrifuge (Andreas Hettich GmbH & Co. KG, Tuttlingen, Germany)
at 8965× g for 10 min at 20 ◦C. The supernatant was vacuum filtered using 90 mm glass
microfiber filters (Whatman, Buckinghamshire, UK). The solution to be analyzed was
prepared by mixing 3.5 mL of the filtered supernatant with 46.5 mL of PBS in another 50 mL
Falcon tube. The whole content of the Falcon tube was passed through a Fumoniprep
immunoaffinity column (Biopharm AG, Darmstadt, Germany). After that, 1.5 mL of
methanol was added to collect the toxin. Backflushing was done three times, and then
1.5 mL of Milli-Q water was passed through the column. The 3 mL of collected solution
was evaporated at 40 ◦C (Stuart SBH200D/3 block heater, Cole-Parmer©, Staffordshire,
UK) under a gentle stream of N2. The residue was re-suspended in 0.8 mL of MeOH:H2O
50:50 (v:v), vortexed, filtered through 0.22 μm PTFE filters and analyzed by HPLC-FLD
according to the following section.

FB1 and FB2 HPLC-FLD Analysis

HPLC-FLD determination of FB1 and FB2 was performed using an Agilent Tech-
nologies 1260 Infinity HPLC system (Santa Clara, CA, USA) coupled with an Agilent
1260 Infinity Fluorescence Detector (FLD). A Phenomenex® Kinetex PFP column (Torrance,
CA, USA) was used (150 × 4.6 mm, 5 μm particle size, 110 Å pore size). Excitation and
emission were performed at 335 and 460 nm, respectively. Three mobile phases were
prepared: phase A (acetonitrile), phase B (methanol) and phase C (0.1% acetic acid). The
gradient applied was as follows: 0 min 15% A and 85% C; 10 min 5% A, 61% B and 34%
C; 14 min 5% A, 61% B and 34% C; 16 min 5% A, 72% B and 23% C; 20 min 15% A and
85% C (for re-equilibrating the column). The flow rate was set at 1.2 mL/min. The column
temperature was 40 ◦C, and the injection volume was 50 μL. FB1 and FB2 retention times
were 15 and 17.8 min, respectively. Quantification was carried out by using FB1 and FB2
calibration curves prepared in methanol:water 50:50, v:v.

Prior to injection, samples were derivatized. The derivatization mixture (DM) for
the analysis of fumonisins was prepared as follows: 40 mg of ortho-phthaldialdehyde
was dissolved in 1 mL of methanol and diluted in 10 mL of 0.1 M disodium tetraborate.
Then, 50 μL of 2-mercaptoethanol was added and the mixture was vortexed. The prepared
mixture was stored in an amber glass vial at 4 ◦C for a maximum of 7 days. The injector
was programmed to draw 37.5 μL of DM and 12.5 μL of the sample to be analyzed, and
then we mixed them for 0.3 min before injection.

LOD and LOQ, considered as three and ten times the signal of the blank, were 10.0
and 33.3 μg kg−1 for FB1 and 16.0 and 53.3 μg kg−1 for FB2, respectively. Recovery was
calculated using artificially fumonisin-contaminated maize, extracting and analysing the
mycotoxins as previously stated. Recovery was studied per triplicate at three different fu-
monisin concentrations: 0.855 + 0.855, 0.57 + 0.57 and 0.285 + 0.285 (μg FB1 + μg FB2) kg−1

maize. For FB1, the respective average recoveries and standard deviations were 82.1 ± 8.7,
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86.8 ± 9.2 and 77.0 ± 9.5%. For FB2, those values were 102.6 ± 21.5, 101.6 ± 27.7 and
88.6 ± 27.6%.

4.4. Reagents and Chemicals

DON was from Romer Labs (Tulln, Austria). FB1 and FB2 were from Sigma (St. Louis, MO,
USA), ortho-phthaldialdehyde was from Merck (Darmstadt, Germany) and 2-mercaptoethanol
was from Scharlau (Sentmenat, Spain). Methanol HPLC grade, acetonitrile HPLC gradient grade
and NaCl were from Fisher Scientific UK Limited (Loughborough, UK).

CGA was from Biokar (Barcelona, Spain). MGA was prepared in the laboratory
according to Castellá et al. (1997) [69]. Peptone was from Biokar (Barcelona, Spain), KH2PO4
and chloramphenicol were from Scharlau (Sentmenat, Spain) and MgSO4·7 H2O was from
Quality chemicals (Esparreguera, Spain). Malachite green (C48H50N4O4·2C2H2O4) was
from Probus (Badalona, Spain) and agar was from Condalab (Torrejón de Ardoz, Spain).

4.5. Statistics

Statistical analyses were carried out using the SPSS program for Windows (version 22)
(IBM Corp., Armonk, New York, NY, USA; https://www.ibm.com/es-es/analytics/spss-
statistics-software, access on 28 August 2022). The significance level was established at
0.05. Descriptive statistics, Principal Compounds Analysis and multiple-factor ANOVAs
were performed. LSD tests were used to evaluate significantly statistical differences among
groups in a variable. Graphics were drawn using Microsoft Excel 2013.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/toxins14090620/s1. Supplementary Document: Effect of Time and
Temperature on Maize Moisture, aw, Microbial Counts and Mycotoxin Contamination after Harvest.
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Abstract: Ochratoxin A (OTA) is a common secondary metabolite of Aspergillus ochraceus, A. car-
bonarius, and Penicillium verrucosum. This mycotoxin is largely present as a contaminant in several
cereal crops and human foodstuffs, including grapes, corn, nuts, and figs, among others. Preclinical
studies have reported the involvement of OTA in metabolic, physiologic, and immunologic distur-
bances as well as in carcinogenesis. More recently, it has also been suggested that OTA may impair
hippocampal neurogenesis in vivo and that this might be associated with learning and memory
deficits. Furthermore, aside from its widely proven toxicity in tissues other than the brain, there is
reason to believe that OTA contributes to neurodegenerative disorders. Thus, in this present in vivo
study, we investigated this possibility by intraperitoneally (i.p.) administering 3.5 mg OTA/kg body
weight to adult male mice to assess whether chronic exposure to this mycotoxin negatively affects
cell viability in the dentate gyrus of the hippocampus. Immunohistochemistry assays showed that
doses of 3.5 mg/kg caused a significant and dose-dependent reduction in repetitive cell division
and branching (from 12% to 62%). Moreover, the number of countable astrocytes (p < 0.001), young
neurons (p < 0.001), and mature neurons (p < 0.001) negatively correlated with the number of i.p.
OTA injections administered (one, two, three, or six repeated doses). Our results show that OTA
induced adverse effects in the hippocampus cells of adult mice brain tissue when administered in
cumulative doses.

Keywords: ochratoxin A; brain; hippocampus; neurogenic niche; neurotoxicity; cell morphology

Key Contribution: Our results suggest that OTA may impair hippocampal neurogenesis in vivo and
induce adverse effects in the hippocampus cells of adult mice brain tissue when administered in
cumulative doses.

1. Introduction

The mycotoxin ochratoxin A (OTA), or 7-carboxy 5-chloro-8-hydroxy-3, 4 dihydro-3-
R-methylcoumarin-7-L-β-phenylalanine (Figure 1), is a common metabolite produced by
Aspergillus ochraceus, A. carbonarius, and Penicillium verrucosum [1].

OTA is rapidly absorbed and distributed but slowly eliminated and excreted, leading
to potential accumulation in the body, which is due mainly to its binding to plasma proteins
and a low metabolism rate. Plasma half-lives range from several days in rodents and pigs
to several weeks in nonhuman primates and humans [2,3].
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Figure 1. The chemical structure of ochratoxin A.

OTA has been found in barley, oats, rye, wheat, cereals, grains, beans, corn, spices,
and products such as coffee, grape juice, wine, beer, and bread [4,5]. In vitro and in vivo
studies have shown that this toxin induces immune toxicity, hepatotoxicity, nephrotoxicity,
and reproductive and developmental toxicity [6].

Thus, previous studies have described that severe health hazards are associated with
mycotoxin exposure, their molecular signaling pathways and processes of toxicity, and their
genotoxic and cytotoxic effects on humans and animals [7]. For humans, however, hazard
identification has been more difficult. Several adverse human health effects, including the
kidney diseases Balkan endemic nephropathy (BEN) and chronic interstitial nephropathy
(CIN), have been associated with exposure to OTA; however, these associations have thus
far been less conclusive than those for OTA-associated adverse effects in laboratory animal
studies [8].

Furthermore, because it causes damage at the molecular level (including causing single-
strand DNA breaks, covalent DNA adduction, and DNA oxidation), it has been reported
as a possible xenobiotic carcinogen in humans [9–11] and as a teratogenic agent in several
laboratory and farm animals, including rats, mice, hamsters, quails, and chickens [12].

Several experimental studies have suggested that OTA also has a neurotoxic effect
in humans. Indeed, OTA, as well as its non-toxic corresponding metabolite, ochratoxin α

(OTα) [13], has been identified and quantified in human blood and urine [14–17]. In turn,
studies in rat and porcine brain capillary endothelial cells have shown its permeability,
allowing it to reach the brain [17,18]. However, the cellular mechanisms responsible for
the neurotoxicity of OTA have not been clearly elucidated, although oxidative stress,
DNA damage, and mitochondrial dysfunction are plausible possibilities [19–22]. These
toxic mechanisms are implicated in neurodegenerative disorders such as Alzheimer’s
and Parkinson’s disease, and thus, OTA is considered an environmental factor that could
contribute to the development of oxidative stress and neurodegeneration [21].

Sava et al. [23] suggested that OTA impairs hippocampal neurogenesis in vivo and
that this might be associated with learning [24] and memory deficits [23,25]. The neuro-
toxicity of OTA has been shown to be most pronounced in the ventral mesencephalon,
hippocampus, and striatum brain regions [26], even when its bioconcentration was sig-
nificantly lower than in other regions of the brain. In addition, the half-life of OTA in the
hippocampus was found to be only 42.5 h [27]. In turn, the hippocampus (a primary site
of neurodegeneration in Alzheimer’s disease) exhibited relatively low OTA levels with
concurrently pronounced OTA neurotoxicity [26]. In this context, it has been hypothesized
that low-level exposure to OTA may exert delayed neurotoxic effects which could, in turn,
contribute to the development of neurodegenerative disorders.

After the tolerable daily intake dose of OTA was set to 3 ng/kg of body weight, the
EU Scientific Committee on Food recommended a reduction in human exposure as low as
reasonably possible due to concerns regarding the potential genotoxicity and carcinogenic-
ity of this mycotoxin [1,3]. Extensive data have been published on the toxic effects of OTA,
but very little has been published regarding long-term in vivo hippocampal exposure to
this mycotoxin. In this context, it would be useful to elucidate the neurotoxicity effects in
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long-term research. Short-term in vitro studies with high doses have shown that neural
stem/progenitor cells are vulnerable to OTA [28], but data on its long-term neurotoxic
effect in vivo are still lacking. Such long-term studies might show whether physiological
levels of OTA exert neurotoxicity through oxidative stress. Thus, the aim of this study
was to perform an 18-day in vivo toxicity assay to investigate the long-term effects of OTA
exposure on neurogenesis in the hippocampal dental gyrus of adult mouse brains.

2. Results

2.1. Ochratoxin A Reduces the Number of Astrocytes in the Dentate Gyrus

Twenty-one animals were treated with increasing accumulative doses of 3.5 mg of
OTA (n = 17) or vehicle (n = 4) per kilogram of body weight and were sacrificed 3 days
after the last scheduled injection. Immunofluorescence staining for GFAP was performed
to determine whether the OTA had influenced the number of astrocytes present in the
hippocampus (Figure 2). Astrocytes (type B cells) are precursors to progenitor cells (type C
cells), which in turn are precursors of migrating neuroblasts (type A cells). Furthermore,
astrocyte activity is crucial for the correct formation and function of the blood−brain barrier,
which are vital for providing the appropriate environment for proper neuronal functioning
and protecting the central nervous system from injury and disease.

Figure 2. Photomicrographs of GFAP-labeled cells in the control, OTA1, OTA2, OTA3, and OTA6
groups (which received one to six injections of ochratoxin A, respectively), taken at 20× magnification.
Compared to the control, the number of GFAP-positive cells decreased as the number of ochratoxin A
treatments increased. (Control n = 4, OTA1 n = 4, OTA2 n = 4, OTA3 n = 4, OTA6 n = 5). ** = p < 0.01,
and *** = p < 0.001.
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As shown in Figure 2, compared to the controls, we found a significant decrease
in GFAP cell expression in the dentate gyrus after treatment with OTA. The correlation
between the number of doses and the decrease in GFAP-labeled cells indicated that this
effect was dose-dependent. After six cumulative doses, there was a dramatic decrease
(by more than 60%) in countable cells compared to the controls, whereas one injection of
OTA only decreased the number of countable cells by 11.8% (control = 3996 cells/mm2;
OTA1 = 3523 cells/mm2; OTA6 = 1591 cells/mm2). Compared to the controls, there were
significantly fewer countable cells in the OTA1 (p < 0.01) and OTA2, OTA3, and OTA6
(p < 0.001). All groups differed significantly from one another (p < 0.01). No significant
differences were found between OTA1 and OTA2.

Furthermore, we observed an apparent morphological change in the cell structure, as
shown in Figure 3. Astrocytic processes seemed less profound in treated animals, and as
the number of doses increased, the astrocytes became difficult to morphologically identify.
The statistical significance of this change compared to the control was calculated using
one-way ANOVA with a post-hoc LSD test. Figure 4 shows the results obtained in the
quantitative morphological astrocyte study. The astrocytes from the control animals were
significantly longer and more ramified than those from animals that received three or six
OTA doses. The administration of two doses of OTA did not affect the number of branches
per cell or the branch lengths. These results agree with those obtained for GFAP expression
(Figure 2) and may confirm the possible neurotoxic effects of OTA.

Figure 3. Individual GFAP-labeled cells in the control group and after two (O2) or six (O6) doses of
ochratoxin A. Note how the morphology of these cells changed as the number of doses increased,
with the cellular body appearing to decrease in volume and the cytoplasmic processes retracting.
These photomicrographs were obtained at a 40× magnification.

2.2. Ochratoxin A Reduces the Number of Young Neurons in the Dentate Gyrus

Once we determined that OTA negatively affected astrocytes, we examined the vulner-
ability of young neurons (type A cells) to this mycotoxin. Counting the DCX-stained cells in
the DG revealed a significant difference in all the groups compared to the control (p < 0.001;
Table 1 and Figure 5). However, the differences were less clear for astrocytes. After one and
six doses of OTA, 16% and 38.7% fewer cells were counted, respectively (control = 3825,
OTA1 = 3217, and OTA6 = 234 cells/mm2). Again, no significant difference was detected
when comparing OTA1 and OTA2. Nonetheless, OTA3 and OTA6 significantly differed
from OTA1 and OTA2, while OTA6 had significantly fewer DCX-positive cells (p < 0.05)
compared to OTA3. In terms of astrocytes, small morphological changes, albeit fewer
evident alterations, were observed for the young neurons (Figure 6). In addition, there was
also an interesting difference in the fluorescence, with the overall intensity and single-cell
level fluorescence being reduced. We calculated the statistical significance compared to
the control using one-way ANOVA, applying LSD as the post-hoc test. These data are
expressed as the mean ± standard error.
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Figure 4. Photomicrographs of GFAP-labeled cells in the control, OTA2, OTA3, and OTA6 groups
(which received two, three, or six ochratoxin A injections, respectively) at a 20× magnification
Compared to the control: *** = p < 0.001. An example of the branch quantification and the branches
per cell and branch lengths for each photo are also shown. (Control n = 4, OTA2 n = 4, OTA3 n = 4,
OTA6 n = 5).

Table 1. Number of DCX and DAPI co-labeled cells per square millimeter in the controls and OTA1,
OTA2, OTA3, and OTA6 groups, which received one to six doses of ochratoxin-A, respectively.
Statistical analysis was one-way ANOVA with a post-hoc LSD test. (Control n = 4, OTA1 n = 4, OTA2
n = 4, OTA3 n = 4, OTA6 n = 5).

Control OTA1 OTA2 OTA3 OTA6

N = cells/mm2 4 4 4 4 5
3825 ± 182 3217 ± 1445 2999 ± 175 2686 ± 99 2343 ± 154

Significance compared to the control - <0.001 <0.001 <0.001 <0.001
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Figure 5. Photomicrographs of DCX-labeled cells in the dentate gyrus of the control, OTA1, OTA2,
OTA3, and OTA6 groups (which received one to six injections with ochratoxin A, respectively) at
a magnification of 20×. Compared to the control, the number of DCX-positive cells decreased as
the number of ochratoxin A treatments increased: *** = p < 0.001. Games–Howell statistical analysis.
(Control n = 4, OTA1 n = 4, OTA2 n = 4, OTA3 n = 4, OTA6 n = 5).

Figure 6. Photomicrographs of individual DCX-labeled young neurons demonstrating small morpho-
logical changes as the doses of ochratoxin A increased. The sizes of the cells appear to have decreased
compared to the control group, although these changes do not appear to be as prominent as with the
GFAP-labeled cells.
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2.3. Ochratoxin A Reduces the Number of Mature Neurons in the Dentate Gyrus

Given the finding that OTA reduces young neurons and astrocytes, which are both
types of cells that can proliferate, we examined whether mature neurons were also influ-
enced by OTA, with significant differences found in all the groups (p < 0.001). Notably, the
decrease in the countable mature neurons was more striking than the decrease in young
neurons and astrocytes: 31.6% and 62.4% of the labeled cells had perished after 1 and
6 doses of OTA, respectively (control = 7990, OTA1 = 5466, and OTA6 = 3006 cells/mm2;
Table 2 and Figure 7).

Table 2. Numbers of MAP2 and DAPI co-labeled cells per square millimeter in the controls and
OTA1, OTA2, OTA3, and OTA6 groups, which received one to six doses of ochratoxin-A, respectively.
Statistical analysis was one-way ANOVA with a post-hoc Games−Howell test. (Control n = 4, OTA1
n = 4, OTA2 n = 4, OTA3 n = 4, OTA6 n = 5).

Control OTA1 OTA2 OTA3 OTA6

N = cells/mm2 4 4 4 4 5
7990 ± 426 5466 ± 488 5247 ± 297 4095 ± 617 3006 ± 694

Significance compared to the control - <0.001 <0.001 <0.001 <0.001

Figure 7. Photomicrographs of MAP2-labeled cells in the dentate gyrus of the control, O1, O2, O3,
and O6 groups taken at a 20× magnification. Compared to the control, the number of MAP2-positive
cells decreased as the number of ochratoxin A treatments increased. *** = p < 0.001). Statistical
analysis was one-way ANOVA with a post-hoc LSD test. (Control n = 4, OTA1 n = 4, OTA2 n = 4,
OTA3 n = 4, OTA6 n = 5).
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Interestingly, we did not find any statistically significant differences when comparing
OTA1 to OTA2 and OTA3 to OTA6. This might indicate that the acute mature neuron
response to OTA is more prominent than the chronic effect or that there is a group of
neurons that perish at low concentrations of OTA while others are not that vulnerable to
this mycotoxin. Another interesting finding was that in the case of MAP2 labeling, apart
from the changed morphology (Figure 7), the fluorescence intensity was also lower than
for DCX or GFAP labeling, as shown in Figure 8. Whereas in the control the fluorescence
intensity was high, in OTA6, even the best-labeled cells were hard to identify. The statistical
significance of the fluorescence intensity compared to the control group was calculated
using a Games–Howell test (no-homogeneous variance post-hoc test), and the data are
expressed as the mean ± standard error.

Figure 8. Photomicrographs of individual MAP2-labeled mature neurons and DAPI-labeled nuclei
demonstrating their changing morphology as the number of doses of ochratoxin A increased. Whereas
many dendrites and cells were present in the control, no comparable structures were present in the O6
group (6 doses of ochratoxin A). Very few dendrites could be found, and the cell body fluorescence
was strongly decreased in the O6 group. The images were taken at a 40× magnification and digitally
magnified to 400×. The arrow indicates a Map2/DAPI co-labeled cell.

3. Discussion

The mycotoxin OTA, which is found in many foodstuffs [4,5], produces a toxic effect in
various organisms. It has been described as carcinogenic, nephro-, immuno-, and genotoxic,
is related to increased oxidative stress [6], and is considered neurotoxic [25–27,29,30]. For
humans, however, hazard identification has been more difficult. Several adverse human
health effects, including the kidney diseases Balkan endemic nephropathy (BEN) and
chronic interstitial nephropathy (CIN), have been associated with exposure to OTA; how-
ever, these associations have thus far been less conclusive than those for OTA-associated
adverse effects in laboratory animal studies [8].

The relationship between OTA and neurotoxicity has been established in vitro [19,31,32].
However, very little has been published about the neurotoxic effects of OTA in in vivo
pre-clinical studies.

In this current study, we demonstrated how OTA can have a significant detrimental
impact on the hippocampus of adult mice. In vivo OTA significantly affected astrocytes
(neuronal stem cells) and young and mature neurons after one dose (3.5 mg/kg body
weight). Fewer GFAP/DAPI co-labeled cells were countable per square millimeter, with
a decrease of 11.8% after one dose of OTA and up to 61.3% after six doses. Further-
more, DCX/DAPI co-labeled cells decreased by 16% and 38.7% after one and six doses,
respectively. In the case of Map2/DAPI co-labeled cells, there were 31.6% and 62.4% less
after one and six doses, respectively. Since consecutive doses caused more damage, we
now know that chronic exposure to OTA increasingly affects neural precursors as well as
differentiated neurons.
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It appears that young neurons were less vulnerable than stem cells and mature neurons,
given that 61.3% of the young neurons survived the six doses of OTA compared to 37.6%
and 39.8% for mature neurons and astrocytes, respectively. Together with the subventricular
zone, the subgranular zone (SGZ) of the dentate gyrus serves as a source of neural stem
cells in the process of adult hippocampal neurogenesis [33]. Unlike the neurons of the
subventricular zone, the newly generated neurons in the SGZ do not migrate out of the
dentate gyrus. Hence, the effect of OTA on neurogenesis in the hippocampus can be
measured by focusing only on the dentate gyrus. Thus, to the best of our knowledge, this
is the first in vivo demonstration that the dentate gyrus was negatively affected by chronic
exposure to OTA.

Type A, B, and C cells are involved in neurogeneration. Type B cells (astrocytes)
generate type C cells (proliferative precursors), which in turn give rise to type A cells, or
migrating neuroblasts [34–36]. Thus, any negative effect on type B cells might lead to a de-
crease in type C cells and, consequently, deprive the type A cell population. Zurich et al. [37]
described that OTA affects the neuroprotective capacity of glial cells by inhibiting GFAP
with a consequent decrease in GFAP-positive cells, indicating a deprivation of type B and
C cells. Because type A cells are derived from type C cells, the reduction of DCX-positive
cells found in our study correlates with the findings of Zurich et al. [37].

Given that MAP2-labeled mature neurons were also affected, in our work, an in-
verse linear correlation between the OTA doses and the labeled cell count was observed
for every cell marker we employed. Indeed, in previous in vitro and in vivo research,
dose-dependent relationships were also found in other neurogenic zones when using
OTA [19,22,25,32]. Based on this knowledge, we decided to look for a similar correlation
when cumulative OTA doses were repetitively administered over time; our results show a
dose-dependent relationship between the administration of OTA and cell survival.

An interesting observation was that there was no significant difference between the
OTA1 and OTA2 groups for any of the three immunolabels. We hypothesized that the
accumulated damage might not just be dose-dependent but could also act via a more
complex system involving the blood−brain barrier. As reported by Sava et al. [27], i.p.
treatment with one dose of 3.5 mg OTA/kg body weight led to significant changes in
hippocampal neurogenesis, a result that also correlates with our findings after one dose
of OTA. Surprisingly, our results also show that a second dose of OTA did not impact the
neurons as much as we expected, probably because of the ability of the brain to recover
and the half-life of 42.5 h for OTA in the hippocampus. This suggests that OTA does not
accumulate in the dentate gyrus.

Alternatively, the difference in morphology we observed in OTA2 compared to OTA1
could indicate impaired astrocyte function after exposure to OTA. Because astrocytes are
important for the function of the blood−brain barrier [38,39], impaired astrocyte function
might lead to severe deregulation of its main functions in the support of the blood−brain
barrier. These functions include the removal of toxic residues and controlling glycogen ac-
cumulation [40], which could possibly cause less efficient expulsion of OTA from the brain.

A reduction in the number and length of astrocyte branches was observed after brain
hypoxia/ischemia insults, and 72 h after a hypoxia/ischemia insult in aged rats, the brain
astrocytes had fewer and shorter branches than those in control animals [41]. Another work
using the same treatment also confirmed a reduction in the number of branches in aged
astrocytes [42]. These authors suggested that these astrocyte alterations may be related to
the impairment of these cells in providing support to neurons. In turn, this may decrease
the strength of the synapses and alter the metabolism of several neurotransmitters.

In this current study, we demonstrated an OTA-related reduction in the length and
number of astrocyte branches. Importantly, these adverse effects were only statistically
significant after the administration of three or six doses of OTA but not after receiving only
two OTA doses. OTA likely has a longer half-life in the hippocampus, and thus, impaired
astrocyte function could allow it to accumulate to higher concentrations, thereby increasing
its neurotoxicity. Taken together, this could perhaps explain why a second dose of OTA did
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not lead to any significant differences compared to a single dose, even though altering the
underlying processes would enable subsequent doses to cause measurable effects.

In this report, we did not study the selectivity of OTA toxic effects on astrocytes and
neurons [32]. However, we did find that the decrease in the number of young neurons
caused by OTA was not as severe as for astrocytes or mature neurons, especially after six
doses. This could indicate that type B and C cells and mature neurons are more vulnerable to
OTA than type A cells. In the longer term, we might expect the number of young neurons
to decrease more because they are derived from type C cells, which seem to be more
directly affected by OTA. Of course, based on our work, we cannot exclude the possibility
that changes in hippocampal volume after OTA treatment might have contributed to the
reduction we observed in cell numbers per square millimeter.

Nonetheless, our findings demonstrate an adverse effect of chronic levels of OTA on
the cell survival of astrocytes and neurons in the dentate gyrus, leading to a progressive re-
duction of neurogenic capacity. Whether these changes are long-lasting and how they affect
hippocampal function merits further investigation. In this study, we demonstrated that, at a
cellular level, the hippocampus can be severely damaged by OTA. In this study, experiments
with hematoxylin and eosin were performed, and no significant macro-structural changes
were observed; however, new studies should be performed using electron microscopy in
order to study the ultrastructure of the hippocampus after OTA exposure.

Thus, on the one hand, the effect of OTA on the function of the hippocampus should
be further examined and behavioral studies should be performed. On the other hand, no
work has yet been done to study the recovery of the hippocampus after OTA treatment
lasting longer than three days. Therefore, it will be important to discover whether the
hippocampus can reverse the damage done by OTA in order to understand the potential
neurotoxicity of OTA.

4. Materials and Methods

4.1. Experimental Animals

Twenty-one male C57BL/6 mice (weighing 21 ± 4 g, 5–6 months old) obtained from
Harlan (Barcelona, Spain) were used. The animals were housed five per cage under
controlled temperature (24 ± 1 ◦C) and humidity (60 ± 1%) conditions, with a 12 h
light/dark cycle and water and food ad libitum. Both hippocampal regions of each mouse
were used. All animal procedures were conducted in accordance with Spanish legislation
(RD 1201/05) and the guidelines of the CEU Cardenal Herrera University Animal Care
Committee, approval number 117021.

4.2. Ochratoxin A Administration in the In Vivo Assay

OTA, as shown in Figure 1 (1 mg/mL, stock solution, 99% purity), was purchased
from Sigma-Aldrich (St. Louis, MO, USA), dissolved in 100% ethanol, and further diluted
to a concentration of 0.1 M (pH 7.2) in phosphate-buffered saline (PBS). Seventeen mice
received an i.p. dose of 3.5 mg OTA/kg body weight (equivalent to approximately 10%
of the LD50) in a volume of 2.8 μL/g body weight. This dose was selected because it
is in the range of doses used by other studies; in this way, the obtained results could be
compared easily [30,43]. The animals were divided into four experimental groups with
n = 4–5 animals each: OTA1, OTA2, OTA3, and OTA6, which each received one, two, three,
or six doses, respectively. Because the hippocampal half-life of OTA is 42.5 h [27], each dose
was separated by three days to minimize its cumulative toxic effect. A control group of mice
was injected i.p. with the vehicle from one to six times, corresponding with the treated mice.
Three days after the last OTA dose administration, all the mice were humanely euthanized
by cervical dislocation.

4.3. Immunohistochemistry

The animals were transcranial perfused with 4% paraformaldehyde. Their brains
were removed and postfixed overnight in the same fixative solution, and then washed and
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cryoprotected by immersion in 30% sucrose dissolved in PBS for 2 days at 4 ◦C. Coronal
sections (20 μm) were serially obtained using a cryostat (Leica, Wetzlar, Germany), mounted
on glass slides, and stored at −20 ◦C. The brain sections between the Bregma zone (1.46 mm)
and the interaural area (2.34 mm) and the Bregma zone (2.32 mm) and the interaural area
(1.50 mm) were selected using the Paxinos G atlas [44].

The brain sections were washed in PBS and blocked for 2 h with blocking buffer (BB;
10% fetal bovine serum in PBS-triton X-100 0.1%) at room temperature.

Next, the sections were incubated overnight at 4 ◦C with either rabbit polyclonal
anti-Glial fibrillary acidic protein (GFAP: Dako, Denmark), anti-microtubule-associated
protein 2 (MAP2: Millipore, California), or rabbit polyclonal anti-neural migration protein
doublecortin primary antibody (DCX: Abcam, Cambridge, UK) diluted in BB (GFAP, 1:500;
Map2, 1:200; DCX, 1:300). After rinsing with PBS-triton X-100 0.1%, the binding of the
primary antisera was visualized with Alexa Fluor™ 488 goat anti-rabbit and Alexa Fluor™
594-conjugated donkey anti-rabbit (1:200, both Invitrogen, Barcelona, Spain) diluted in BB.
Secondary antibodies were applied for 2 h at room temperature in the dark. Afterwards,
the sections were mounted with DAPI Vectashield (Vector Labs, Peterborough, UK) and
coverslipped. In the case of Map2 and DCX staining, the tissue sections were incubated
at 100 ◦C in 10 mM citrate (pH 8.0) for 20 min to expose the immunoreactive sites before
adding the primary antibody. The antibodies and specifications are shown in Table 3.

Table 3. Primary and secondary antibodies used for fluorescence analysis and counting.

Product Antibody Dilution Specificity Wavelength Reference Company

H-1200
4′,6-diamidino-2-

fenylindool
(DAPI)

- Binds with chromatin-
DNA/RNA

461 nm
(blue) Chazotte 2011 Vector Labs, UK

Z0334 Glial fibrillary acidic
protein (GFAP) 1:500 Astroglial lineage - Eng et al., 2000 Dako, Denmark

AB18723 Doublecortin (DCX) 1:300 Neuronal precursor cells
and immature neurons - Gleave et al. Abcam, UK

AB5622 Microtubule-associated
protein 2 (MAP2) 1:200 Mature neurons - Lyck et al. Millipore, CA,

USA

A11008 Alexa Fluor™ 488 goat
anti-rabbit 1:200 Secondary antibody 495–519

(green) Borg et al. Invitrogen, Spain

A1102
Alexa Fluor™

594-conjugated donkey
anti-rabbit

1:200 Secondary antibody 590–617
(red) Purkartova et al. Invitrogen, Spain

The combinations used were: GFAP—Alexa Fluor™ 488 (green), DCX—Alexa Fluor™ 594 (red), and MAP2—
Alexa Fluor™ 488 (green). All the slides were mounted with DAPI (blue) in order to identify and count the nuclei.

4.4. Cell Quantification and Statistical Analysis

The cells were counted in the granular and polymorphic layers of the dentate gyrus
using digital images of the hippocampus obtained with a DS-Fi-1 (Nikon, Spain) digital
camera coupled with a Leica DM2000 microscope. Four animals from each group were
analyzed using four serial coronal sections per animal at 100 μm intervals. Only cells
stained positively for both DAPI and one other marker were included. The counting area
was measured using ImageJ 1.46r software. The data are expressed as the total number of
immunostained cells/mm2.

To quantify the number and length of the branches, the fluorescence photomicro-
graphs were converted into skeletonized images and analyzed using the ImageJ software
plugins AnalyzeSkeleton and FracLac, according to the method described by Young and
Morrison [45]. One-way ANOVA was used to analyze the statistical significance of any
between- and within-group differences using SPSS statistics software (Version 17.0, SPSS
Inc., Chicago, IL, USA). When variances were found to be homogenously distributed, a
least significant difference test (Fisher’s LSD) was used. When variances were not homoge-
nously distributed, as was the case with counting the MAP2 cells, a Games–Howell test
was used. Any differences were considered significant at p < 0.05.
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Abstract: Aflatoxins (AF) and ochratoxin A (OTA) are fungal metabolites that have carcinogenic,
teratogenic, embryotoxic, genotoxic, neurotoxic, and immunosuppressive effects in humans and
animals. The increased consumption of plant-based foods and environmental conditions associated
with climate change have intensified the risk of mycotoxin intoxication. This study aimed to inves-
tigate the abilities of eleven selected LAB strains to reduce/inhibit the growth of Aspergillus flavus,
Aspergillus parasiticus, Aspergillus carbonarius, Aspergillus niger, Aspergillus welwitschiae, Aspergillus
steynii, Aspergillus westerdijkiae, and Penicillium verrucosum and AF and OTA production under differ-
ent temperature regiments. Data were treated by ANOVA, and machine learning (ML) models able to
predict the growth inhibition percentage were built, and their performance was compared. All factors
LAB strain, fungal species, and temperature significantly affected fungal growth and mycotoxin
production. The fungal growth inhibition range was 0–100%. Overall, the most sensitive fungi to LAB
treatments were P. verrucosum and A. steynii, while the least sensitive were A. niger and A. welwitschiae.
The LAB strains with the highest antifungal activity were Pediococcus pentosaceus (strains S11sMM and
M9MM5b). The reduction range for AF was 19.0% (aflatoxin B1)-60.8% (aflatoxin B2) and for OTA,
7.3–100%, depending on the bacterial and fungal strains and temperatures. The LAB strains with
the highest anti-AF activity were the three strains of P. pentosaceus and Leuconostoc mesenteroides ssp.
dextranicum (T2MM3), and those with the highest anti-OTA activity were Leuconostoc paracasei ssp.
paracasei (3T3R1) and L. mesenteroides ssp. dextranicum (T2MM3). The best ML methods in predicting
fungal growth inhibition were multilayer perceptron neural networks, followed by random forest.
Due to anti-fungal and anti-mycotoxin capacity, the LABs strains used in this study could be good
candidates as biocontrol agents against aflatoxigenic and ochratoxigenic fungi and AFL and OTA
accumulation.

Keywords: lactic acid bacteria; biocontrol; Aspergillus spp.; Penicillium verrucosum; aflatoxins; ochra-
toxin A; fungal growth; machine learning

Key Contribution: The selected LAB strains showed efficacy to reduce or inhibit the growth of
toxigenic Aspergillus spp. and Penicillium verrucosum and reducing mycotoxin (aflatoxins or ochratoxin
A) production in a dual culture medium of MRS agar-Czapek yeast 20% and sucrose agar at 20, 25,
and 30 ◦C. The LAB strains showing the highest antifungal activity were two strains of P. pentosaceus,
followed by L. mesenteroides ssp. dextranicum and Companilactobacillus farciminis, whereas the least
effective were two strains of L. sakei ssp. carnosus. Various ML models were designed to predict the
percentage of fungal growth inhibition, and the best algorithms were multilayer perceptron neural
networks and random forest.
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1. Introduction

Mycotoxins are secondary metabolites of filamentous fungi that can cause diseases
in humans and animals. Although filamentous fungi can collectively produce hundreds
of mycotoxins, in the EU, only a few of them are subject to regulation [1]. In terms of
acute and chronic toxicity for humans and animals, the most relevant mycotoxins are
aflatoxins (AF). AF are produced by various species of Aspergillus subgenus Circumdati
section Flavi, but the two species of greatest concern are Aspergillus flavus and Aspergillus
parasiticus [2]. A. flavus produces aflatoxin B1 (AFB1) and B2 (AFB2), and A. parasiticus can
produce AFB1, AFB2, aflatoxins G1 (AFG1), and G2 (AFG2), although some reports indicate
that A. flavus strains can also synthesize the G-type AF [3]. AF are present in very important
food with many foods, such as cereals and nuts [4–6], breakfast cereals [7], infant foods [8],
cocoa [9], legumes [10], or milk [11], among others. For a long time, AFB1 was listed by
the International Agency for Research on Cancer (IARC) [12] as carcinogenic to humans.
In addition to hepatocellular carcinoma, AF are associated with occasional outbreaks of
acute aflatoxicosis, which lead to death shortly after exposure. Approximately 4500 million
people living in developing countries are chronically exposed to AF through contaminated
diets. In Kenya, acute AF intoxication leads to liver failure and, ultimately, death in around
40% of the cases [13]. Thus, the presence of these fungi and AF in food and feed is an
important concern for manufacturers, consumers, researchers, and regulatory agencies.

After AF, ochratoxins are the most relevant mycotoxins produced by Aspergillus spp.,
particularly ochratoxin A (OTA). This mycotoxin is produced mainly by Aspergillus steynii
and Aspergillus westerdijkiae [14], Aspergillus niger, Aspergillus welwitschiae, and Aspergillus
carbonarius [15,16], and Penicillium species, mainly Penicillium verrucosum [17,18]. OTA is
frequently found in cereals [19–22], beer and wine [23], grapes [24], cheeses [25], cured
meat products [26], bread [27], coffee [28], cocoa [29], dried fruits [30], and spices [31]. OTA
acts as a potent nephrotoxin [32] and also exhibits teratogenic, embryotoxic, genotoxic,
neurotoxic, and immunosuppressive effects [33,34]. It has been classified as a possible
human carcinogen by the IARC [12].

A. flavus and A. niger are reported, after Aspergillus fumigatus, as the second leading
cause of invasive aspergillosis and the most common cause of superficial infection. It is
estimated that 1.5 to 2 million people die of a fungal infection each year, many of which are
caused by these Aspergillus spp. [35–37].

Some European countries are major producers and exporters of cereals, but their
economies and trade have been severely affected because of contaminated products by
mycotoxins in recent decades. According to the Food and Agriculture Organization,
25% of the world’s food crops are badly affected by mycotoxins either during growth or
storage [38,39]. Moreover, globally, fungal infections of the most cultivated food crops were
assessed to annihilate about 125 million tons of products annually [40]. Fungal attacks on
cereals entail an annual loss of about $60 billion in global agricultural production [41]. In
this context, the design of strategies capable of controlling the growth of toxigenic fungi and
minimizing the presence of mycotoxins in food, particularly in cereals, is an urgent need.
Though different physical and chemical methods are used [42–44], the data on economic
losses, illnesses, and death in the world warn that the risks associated with contamination
by fungi and mycotoxins in food remain unsolved.

Temperature is a key environmental factor that influences both the rate of fungal
spoilage and the production of mycotoxins. Based on the predictive model developed
for A. flavus growth and AFB1 production linked to crop phenology data, the risk of AF
contamination was assessed to have a chance of increasing in maize in the future, due to
the climate change trend. In the +2 ◦C climate change scenario, there is a clear increase in
AF risk in areas such as central and southern Spain, southern Italy, Greece, northern and
southeastern Portugal, Bulgaria, Albania, Cyprus, and European Turkey, as compared to
the actual current temperature [45,46].
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It has been reported that, in the last few years, mycotoxin levels in cereals have
increased in Europe, which is probably due to the adaptive abilities of the toxigenic fungi,
especially A. flavus, to the higher temperatures associated with climate change [45].

Lactic acid bacteria (LAB) have been broadly used in conventional food fermentations
since ancient times and are considered GRAS, and many of them are classified as Qualified
Presumption of Safety by the American Food and Drug Agency and the European Food
Safety Authority, respectively [47]. Numerous LAB are considered “Green preservatives”,
due to their potential to retard fungal contamination in food [48]. Currently, consumers
have an increasing demand for ‘natural’ and ‘healthy’ foods, and LAB are a promising
alternative for the biocontrol of toxigenic fungi [48]. The role of LAB is not limited to
inhibiting fungal growth, but some LAB strains can interact with mycotoxins, causing their
inactivation or removal [48–50].

Few reports have shown the antifungal effect of selected LAB strains against aflatoxi-
genic or ochratoxigenic fungi; only in a few of them, the effect of LAB on the production of
AF or OTA is studied, and in none of them, the effect of temperature on the growth and
mycotoxin production in dual culture bacteria-fungus has been investigated; in addition,
predictive models have not been applied to these systems [48,49].

Machine learning (ML) is a subfield under artificial intelligence that constitutes a
challenge and a great opportunity in numerous scientific, technical, and clinical disciplines.
ML investigates algorithms able to learn autonomously, directly from the data. ML refers
to the process of fitting predictive models to data or identifying informative clusters
within data. The field of ML essentially attempts to approximate or mimic the human
ability to recognize patterns using computation [51]. ML methods can be supervised and
unsupervised. Supervised ML concerns the fitting of a model to data that have been labeled,
where there exists some ground truth property, which is experimentally measured [51].
Supervised learning can be grouped into regression and classification. The dataset where
ML works is composed of many data points, each of which consists of an experimental
observation. For regression tasks, in the dataset, there are continuous or categorical input
variables and output variables associated with the former, which are the focus of the
researcher’s interest (targets). Most of the dataset (inputs and the related outputs) is used to
train the ML, another part is used for model validation, and another part (the test set) is used
to evaluate the built model’s performance, with data unseen during training. K-fold cross-
validation is usually performed, with K being the number of groups in which the training
set is divided to train/validate the model. ML algorithms iteratively make predictions of
the output on the training data to establish optimum algorithm parameters. The calculated
output values differ from the experimental values, and a loss function computes the average
difference between them. Upon changing the values of their parameters, the algorithm
tries to minimize that difference, but the process must avoid the problem of overfitting the
data, which may prevent the generalization from making predictions ahead of the data
used. The process ends when the loss function reaches a satisfactory average minimum
difference between the predicted and experimental values. The number of applications of
ML methods in most research areas is rapidly increasing. ML has been applied to every
microbiology research [51,52]. In the field of predictive mycology, the most applied ML
algorithms are artificial neural networks (NN), especially multilayer perceptrons (MLP),
random forest (RF), support vector machines (SVM), or gradient boosting algorithms, such
as extreme gradient boosting trees (XGBoost).

The objectives of the present study were (i) to evaluate the ability of eleven previously
selected LAB strains, to inhibit the development of eight relevant species of aflatoxigenic or
ochratoxigenic fungi in vitro under different temperature regimes, (ii) to assess the ability
of the LAB strains to reduce AF and OTA levels in the media at the assayed temperatures,
and (iii) to test the ability of models developed using various ML algorithms to predict the
efficacy of LAB strains to inhibit or reduce the growth of the assayed fungi.
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2. Results

2.1. Effect of LAB on Fungal Growth in Dual Medium MRS-CYA20S

In the controls, fungal growth became visible after a lag phase ranging from 1.5 to
3 days of incubation, depending on the temperature and fungal species.

In treatments, all LAB strains partially inhibited fungal growth. The measurements of
the inhibition halos of fungal growth (transverse and longitudinal) were the same at 5 and
10 days of incubation. In the absence of LAB (controls), all fungal isolates grew and filled
the Petri dishes within the incubation period at any of the three temperatures tested (20, 25,
and 30 ◦C). Thus, the growth inhibition percentage (GIP) in the controls was zero.

Figure 1 shows the results of the GIP, relative to the pertinent controls for A. flavus, A.
parasiticus, A. carbonarius, A. niger, A. welwitschiae, A. steynii, A. westerdijkiae, and P. verru-
cosum in dual medium (MRS agar-Czapek Yeast 20% Sucrose (CY20S) agar) in treatments
with LAB strains. The values of these GIP depended on the incubation temperature, so that,
for Aspergillus spp., the usual order was 20 ◦C > 25 ◦C > 30 ◦C. However, in the cultures of
A. westerdijkiae, the GIP was higher at 30 ◦C than at 25 ◦C. In the cultures of P. verrucosum,
there was not a large influence of the incubation temperature on inhibition data, although
on average, the fungus grew better at 25 ◦C and worse at 30 ◦C. In other fungi with some
LAB, the GIP at 30 ◦C was a bit higher than at 25 ◦C. Regardless of temperature and LAB
strains, the GIP ranges were 5–25% for A. flavus, 0–35% for A. parasiticus, 0–40% for A.
carbonarius, 0–22% for A. niger, 2–20% for A. welwitschiae, 15–70% for A. steynii, 9–47% for A.
westerdijkiae, and 10–100% for P. verrucosum (Figure 1).

The inhibition data were treated by multifactor ANOVA, which revealed that all
the main factors (fungal species, incubation temperature, and LAB strain) significantly
influenced the GIP (p < 0.001). First- and second-order interactions between these factors
were also significant (p < 0.05). The influence of the fungal species on the GIP is manifested
by the arrangement of the assayed fungi in six homogeneous groups, according to post-hoc
Duncan’s test (Table 1).

Table 1. Arrangement of Aspergillus spp. and P. verrucosum isolates in homogeneous groups, in terms
of their overall susceptibility to the tested LAB strains, according to Duncan’s multiple range test
(α = 0.05).

Fungal Species

Homogeneous Groups 1

Lower �—Susceptibility—� Higher

A B C D E F

A. flavus X
A. parasiticus X
A. carbonarius X

A. niger X
A. welwitschiae X

A. steynii X
A. westerdijkiae X
P. verrucosum X

1 The susceptibility increased from group A to group F. There were no statistically significant differences (α = 0.05)
between the fungi showing an X within the same column.

In general, the most susceptible fungal species to the LAB strains was P. verrucosum and,
in second place, A. steynii. The least susceptible species were A. niger and A. welwitschiae
(they did not differ significantly from each other). A. flavus and A. parasiticus were scarcely
susceptible, with no significant difference between them.

The influence of the bacterial strain on the growth of the studied fungi is shown in
Figure 1. Only P. verrucosum growth was totally inhibited by two strains of P. pentosaceus.
There were statistical differences among the LAB strains (p < 0.001). Post-hoc Duncan’s test
arranged these bacteria into eight homogeneous groups (Table 2).
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In general, considering all the tested fungi, the LAB strain with the highest efficacy in
inhibiting the growth of the tested fungal species was P. pentosaceus (S11sMM1), followed
by P. pentosaceus (M9MM5b), and then followed by L. mesenteroides ssp. dextranicum and C.
farciminis. Conversely, the least effective LAB strains were the two strains of L. sakei ssp.
carnosus, followed by L. brevis (Table 2). The efficacy of each LAB strain against each of the
tested fungi was studied by ANOVA.
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Figure 1. Growth inhibition percentages (GIP) of Aspergillus spp. and P. verrucosum in dual medium
MRS agar-Czapek Yeast 20% Sucrose (MRS-CY20S) agar in the presence of LAB strains and cultured
at 20, 25, and 30 ◦C. Error bars represent standard deviations. Incubation time: 10 days. For abbrevi-
ations, see the Abbreviation list of the LAB species. Pp, Pediococcus pentosaceus; Lmm, Leuconostoc
mesenteroides ssp. mesenteroides; Lmd, Leuconostoc mesenteroides ssp. dextranicum; Lpp, Lacticaseibacillus
paracasei ssp. paracasei; Lsc, Latilactobacillus sakei ssp. carnosus; Cf, Companilactobacillus farciminis; Lb,
Levilactobacillus brevis. The number after the abbreviation is the strain number.
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Table 2. Arrangement of LAB strains in homogeneous groups, in terms of their overall efficacy in
inhibiting fungal growth of the assayed fungi, according to Duncan’s multiple range test (α = 0.05).
For LAB abbreviations, see the legend of Figure 1 and the Abbreviation list of the LAB species.

LAB Species (Strain)

Homogeneous Groups 1

Lower �—Efficacy—� Higher

A B C D E F G H

Pp (M9MM5b) X
Pp (S11sMM1) X

Pp (S1M4) X
Lmm (M8MG2) X
Lmm (T3Y6b) X
Lmd (T2MM3) X

Lpp (3T3R1) X
Lsc (T3MM1) X

Lsc (T3Y2) X
Cf (T3Y6c) X X

Lb (M5MA4) X
1 The order of efficacy increases from group A to group H. There are no statistically significant differences between
the strains showing an X within the same column. The presence of more than one X in the same row indicates
overlap.

For every tested fungal species, both the factors LAB strain and incubation temperature
significantly influenced the GIP. Therefore, the efficacy of each LAB depended on the fungal
species and the incubation temperature. The results of post-hoc Duncan’s analysis are shown
in Table 3. The LAB strain that showed the highest efficacy against one fungal species was
not always the most effective against the other species.

Table 3. Arrangement of LAB strains in homogeneous groups, in terms of their degree of efficacy to
inhibit the growth of toxigenic Aspergillus spp. and P. verrucosum, according to post-hoc Duncan’s test
(α = 0.05) 1.

LAB Strain

Fungal Species

A.
flavus

A.
parasiticus

A.
carbonarius

A.
niger

A.
welwitschiae

A.
steynii

A.
westerdijkiae

P.
verrucosum

Pp (M9MM5b) 1 7 8 7 5 3 6 6
Pp (S11sMM1) 6 9 7 7 7 3, 4 4, 5 6

Pp (S1M4) 5 4, 5 2 4 3 4, 5 2, 3 4
Lmm (M8MG2) 2, 3 6 4 3 3 2 5 3
Lmm (T3Y6b) 2 8 5 5 4 3, 4 5 1
Lmd (T2MM3) 6 5 6 3 3 5, 6 6 4

Lpp (3T3R1) 3 2, 3 3 1 2 6 7 5
Lsc (T3MM1) 2, 3 2 1 2 2 1 3, 4 2

Lsc (T3Y2) 2, 3 3, 4 1 1, 2 2 1 3, 4 2
Cf (T3Y6c) 2, 3 4, 5 6, 7 6 6 3, 4, 5 2 5

Lb (M5MA4) 4 1 5 2 1 1 1 4
1 Groups are denoted by a digit that increases with increasing efficacy. The presence of two or more digits
separated by a comma indicates the overlapping of groups. Within a column, the LAB strains having the same
digit(s) are not statistically different. For LAB abbreviations, see the legend of Figure 1 and the Abbreviation list
of the LAB species.

Temperature also significantly influenced the growth inhibition effectiveness of LAB
strains on the tested fungi. Overall, the highest effectiveness of LAB strains occurred at
20 ◦C, with a mean GIP close to 29%, while no significant difference was observed between
25 and 30 ◦C.
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2.2. Machine Learning Approach to Model Fungal Growth Inhibition

Different ML algorithms were applied to the dataset made of input variables (fungal
species, LAB strains, and incubation temperatures) and the correspondent output variable
log10 (x + 1), where x is the mean GIP, in order to explore the ability of such algorithms to
build models able to predict the GIP as accurately as possible. The categorical variables
were converted into numerical “dummy” variables before computation. The multiple linear
regression (MLR), MLP, RF, and XGBoost algorithms were comparatively tested.

The training was performed by 10-fold cross-validation, using 75% of the samples
randomly taken from the whole dataset. The criterion for selecting the best model was based
on minimizing the chosen loss function, which was the minimum root mean square error
(RMSE) value for a test set that is not used to create the model during the training/cross-
validation step. The R2 value obtained in the predictive task on the test set was also
considered because a high value (near 1) indicates that the predictor variables in the
regression model can well-predict the variance in the output variable.

Table 4 lists the results of the best models designed by the algorithms applied for
predicting the GIP on the same test set made of 72 blind samples (25% of the dataset). An
MLP with a single layer of seven hidden nodes (neurons) and decay of 0.01 provided the
best model, with an RMSE of 0.1999 and an R2 value of 0.9232. An RF algorithm with
mtry = 3 (the maximum number of selected predictor variables) and ntry = 500 gave the
second better model, in order of performance. The XGBoost proved the worst algorithm, in
spite of its large number of parameters to be tuned. RMSE and R2 were calculated on the
basis of the log-transformed values of the GIP.

Table 4. Best machine learning (ML) model performance for predicting the percentage of fungal
growth inhibition (GIP) in dual cultures (MRS-CYA20S), based on all fungal isolates and LAB strains
assayed and incubation temperature. The model performance was attained on the same test set.

ML Algorithm 1 Assayed Parameters Best Model Parameters RMSE 2 R-Squared

MLR Regression coefficients Found by the least-square method 0.2714 0.7629
MLP size: 1–20; decay: 0.01, 0.05, 1.00 size = 7; decay = 0.01 0.1999 0.9232
RF mtry: 2, 3; ntry: 500 mtry = 3 0.2268 0.8623

XGBoost max-depth: 2–7; eta: 0.1–0.5);
subsample: 0.5, 0.75, 1 max_depth = 5, eta = 0.2, subsample = 1 0.2828 0.7767

1 MLR: multiple linear regression; MLP: multilayer perceptron (neural network); RF: random forest; XGBoost:
extreme gradient boosted trees (the following parameters of this algorithm had constant values: nrounds = 150,
gamma = 0, colsample_bytree = 1, min_child_weight = 0.5). 2 RMSE: root mean square error.

2.3. Effect of the LAB Strains on Mycotoxin Production
2.3.1. Results of the Validation of the Method for Mycotoxin Determination

Table 5 shows the retention times and the limits of detection and quantification of
the chromatographic method followed. The mean values of the recovery at three different
levels for each analyte and the relative standard deviation of the recovery at these levels
are also given.

Table 5. Retention time, limits of detection (LOD), limits of quantification (LOQ), mean recoveries (%),
and mean relative standard deviations of recoveries (RSD) for mycotoxins analyzed by UPLC-MS/MS
in dual solid medium (MRS-CYA20S).

Mycotoxin 1 Retention Time (min) LOD (ng/g) LOQ (ng/g) Mean Recovery (%) Mean RSD of Recoveries (%)

AFB1 8.30 0.78 2.34 85.2 9.5
AFB2 8.04 0.8 2.4 87.3 11
AFG1 7.80 1.18 3.5 83.0 8.2
AFG2 7.50 0.4 1.2 90.5 8.7
OTA 10.52 0.8 2.4 91.1 7.6

1 AFB1: aflatoxin B1; AFB2: aflatoxin B2; AFG1: aflatoxin G1; AFG2: aflatoxin G2; OTA: ochratoxin A.
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2.3.2. Mycotoxin Production in Controls and Cultures Containing LAB

1. Aflatoxins

The mean concentrations and standard deviations of AFB1 and AFB2 for the A. flavus
and A. parasiticus isolates, as well as those of AFG1 and AFG2 for the A. parasiticus isolate
(A. flavus did not produce AFG1 or AFG2), were determined by UPLC-MS/MS in both
controls and treatments, with LAB strains on the last day of incubation. The results appear
in Figure 2. The levels of these mycotoxins were lower in cultures in which LAB strains
were present than in the controls without LAB strains incubated at the same temperature.
A. parasiticus produced higher AFB1 and AFB2 concentrations than A. flavus at the same
temperatures. The maximum average AFB1 production by A. flavus was 4220 ng/g in the
control culture grown at 25 ◦C, whereas A. parasiticus produced 12,120 ng/g under the same
conditions. The highest levels of AFB2 in the A. flavus and A. parasiticus control cultures
were also recorded at 25 ◦C and were 240 and 409 ng/g, respectively. ANOVA indicated
that both species differed significantly in AFB1 and AFB2 production.

In treatments, the factors LAB strain and temperature showed a significant influence
on AF level in A. flavus and A. parasiticus (p < 0.01). The interaction between these two
factors was also significant. Concerning AFB1 production in the treatment cultures of both
species, the LAB strains were arranged into four homogeneous groups by Duncan’s test
(Figure 2, denoted by letters A to D). Considering AFB2, there were three homogeneous
groups of LAB (Figure 2, denoted by letters A to C). The cluster of LAB strains giving rise
to lower AFB1 production in A. flavus (Figure 2, group A) was constituted by the three
strains of P. pentosaceus and L. mesenteroides ssp. dextranicum (T2MM3). Therefore, these
strains were the most effective for reducing AFB1 production.

The AFG1 level exceeded the AFG2 level at all the temperatures, even in the controls,
where the highest AFG1 concentration was 1740 ng/g at 25 ◦C, whereas the AFG2 concen-
tration was 95 ng/g, also at 25 ◦C. In treatments, the AFG1 levels were always below 1560
ng/g, and those of AFG2 were below 75 ng/g. The LAB strains were arranged in three and
four groups, respectively, by Duncan’s test. In the case of AFG2, there was a high degree of
overlapping (Figure 2).

P. pentosaceus (S11sMM1 and M9MM5b) and L. mesenteroides ssp. mesenteroides (T3Y6B)
hindered AFG1 and AFG2 accumulation more than the remaining strains. The temperature
significantly influenced the production of AF by the two fungi assayed, and the order of AF
production was 25 ◦C > 30 ◦C > 20 ◦C, which is contrary to mycelium development. Table 6
lists the minimum and maximum percentages of AF reduction, compared to the controls
in the LAB treatments of A. flavus and A. parasiticus. They depended on the incubation
temperature and the fungal and LAB species. The percentage of mycotoxin reduction was
calculated as 100 × [(mycotoxin level in control − mycotoxin level in treatment)/mycotoxin
level in control].

For AFB1, the lowest reduction took place in A. parasiticus cultures at 30 ◦C (19.0%),
and the maximum reduction occurred in A. parasiticus cultures at 20 ◦C (55.0%). For
AFB2, the minimum reduction was observed in A. flavus cultures at 25 ◦C (16.2%), and the
maximum reduction occurred in A. parasiticus cultures at 30 ◦C (60.8%). For AFG1 and
AFG2, the minimum and maximum reductions occurred at 30 ◦C and 20 ◦C, respectively.

2. Ochratoxin A

The production of OTA in control and treatment cultures at the three tested tempera-
tures by A. carbonarius, A. niger, A. welwitschiae, A. steynii, A. westerdijkiae, and P. verrucosum
are shown in Figure 3. The OTA levels were always higher in the controls than in the
treatments under the same temperatures. The OTA level was the maximum in the control
cultures of A. steynii, where the highest concentration (near 1400 ng/g) was attained at
25 ◦C. The following fungus, in order of OTA level, was A. westerdijkiae (about 670 ng/g at
25 ◦C in the control culture). P. verrucosum provided the lowest OTA concentrations.
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Figure 2. Mean concentrations of aflatoxins produced by A. flavus and A. parasiticus in dual medium
MRS-CY20S agar in the presence of LAB strains and cultured at 20, 25, and 30 ◦C. Error bars represent
standard deviations. Incubation time: 10 days. Capital letters above the bars indicate Duncan’s
homogeneous groups of LAB strains. The presence of more than one letter separated by commas
means that a LAB strain may be included in more than one group. For LAB abbreviations, see the
legend of Figure 1 and the Abbreviation list of the LAB species.
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Table 6. Ranges of mean reduction of aflatoxin concentration in cultures of A. flavus and A. parasiticus
treated with LAB strains, compared to untreated controls.

Fungi

A. flavus A. parasiticus

Mycotoxin Temperature (◦C)
Minimum

Reduction (%)
Maximum

Reduction (%)
Minimum

Reduction (%)
Maximum

Reduction (%)

AFB1
20 32.7 52.3 20.0 55.0
25 22.8 37.9 19.7 44.7
30 23.8 34.0 19.0 35.2

AFB2
20 32.9 57.0 20.7 55.3
25 16.2 38.3 21.5 45.5
30 20.6 34.9 21.4 60.8

AFG1
20 - - 21.2 59.7
25 - - 22.4 44.4
30 - - 19.8 37.1

AFG2
20 - - 25.0 59.7
25 - - 22.1 45.3
30 - - 18.6 35.5

ANOVA revealed that the three factors (fungal species, LAB strain, and temperature)
significantly influenced the OTA level in the cultures (p < 0.01). The mutual interactions
between these factors were also significant. If we consider the whole dataset, the overall
order of OTA production varied with temperature as follows: 25 ◦C > 30 ◦C > 20 ◦C.
However, the order of OTA production with temperature was different, depending on the
fungal species assayed. For the black aspergilli (A. carbonarius, A. niger, and A. welwitschiae),
it was: 25 ◦C > 20 ◦C > 30 ◦C, but for A. steynii, A. westerdijkiae, and P. verrucosum, the order
was: 25 ◦C > 30 ◦C > 20 ◦C. There were significant differences among the fungal species.
Table 7 shows the arrangement of fungi in homogeneous groups obtained by Duncan’s test.

Table 7. Arrangement of ochratoxigenic Aspergillus spp. and P. verrucosum isolates in homogeneous
groups, regarding OTA production in cultures of the tested LAB strains, according to Duncan’s
multiple range test (α = 0.05). OTA levels increased from group A to F.

Fungal Species
Homogeneous Groups

A B C D E F

A. carbonarius X
A. niger X

A. welwitschiae X
A. steynii X

A. westerdijkiae X
P. verrucosum X

Considering the mean OTA levels in all treatment cultures of ochratoxigenic fungi
at the three temperatures, the LAB strains were clustered in four homogeneous groups
by Duncan’s test. They were in the order of increasing OTA levels, as follows: group A:
L. paracasei ssp. paracasei (3T3R1) and L. mesenteroides ssp. dextranicum (T2MM3); group
B: P. pentosaceus (S11sMM1 and M9MM5b), C. farciminis (T3Y6c), P. pentosaceus (S1M4),
and L. mesenteroides ssp. mesenteroides (T3Y6b); group C: L. mesenteroides ssp. mesenteroides
(M8MG2), and group D: L. brevis (M5MA4) and L. sakei ssp. carnosus (T3MM1 and T3Y2).
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Figure 3. Concentrations of ochratoxin A (OTA) produced by various ochratoxigenic Aspergillus spp.
and P. verrucosum in dual medium MRS agar-Czapek Yeast 20% Sucrose agar in the presence of LAB
strains and cultured at 20, 25, and 30 ◦C. Error bars represent standard deviations. Incubation time:
10 days. Capital letters above the bars indicate Duncan’s homogeneous groups of LAB strains. The
presence of more than one letter separated by commas means that a LAB strain may be included in
more than one group. For LAB abbreviations, see the legend of Figure 1 and the Abbreviation list of
the LAB species.
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Each fungus was placed in a single group (A to F) without overlapping. The arrange-
ment of LAB strains into homogeneous groups, denoted by capital letters, can be observed
in Figure 3. All strains in group A hampered OTA production more than those placed
in the remaining groups. P. pentosaceus (S11sMM1) belonged to group A in cultures of A.
carbonarius, A. niger, A. welwitschiae, and P. verrucosum; however, this strain was included
in group D in cultures of A. steynii and A. westerdijkiae. P. pentosaceus (M9MM5b) behaved
similarly. On the contrary, L. paracasei ssp. paracasei (3t3R1) belonged to group E in cultures
of A. carbonarius, to group C in cultures of A. welwitschiae and P. verrucosum, and to group B
in cultures of A. niger, but it was included in group A in cultures of A. steynii and A. wester-
dijkiae. Table 8 lists the minimum and maximum percentages of OTA reduction in the LAB
treatments of the ochratoxigenic fungi, compared to the controls. These values changed
with temperature and were dependent on the LAB strains. The minimum reduction was
attained in A. niger cultures at 30 ◦C and occurred in treatments with the two strains of L.
sakei ssp. carnosus, L. brevis (M5MA4), and L. paracasei ssp. paracasei (3T3R1). This agrees
with the low ability of these LAB strains to hinder A. niger growth (Figure 1 and Table 3).
The maximum reduction (100%) was reached in P. verrucosum cultures, with P. pentosaceus
(M9MM5b and S11sMM1) at all the assayed temperatures, which also agrees with their
high efficacy to hinder the growth of this fungus (Table 3).

Table 8. Ranges of mean reduction of ochratoxin A (OTA) concentration in cultures of ochratoxigenic
fungi treated with LAB strains, compared to untreated controls.

Fungi Temperature (◦C)

OTA

Minimum
Reduction (%)

Maximum
Reduction (%)

A. carbonarius
20 22.6 55.6
25 23.7 52.1
30 22.1 48.4

A. niger
20 23.0 56.3
25 27.0 37.0
30 7.3 51.2

A. welwitschiae
20 28.8 77.9
25 27.9 39.3
30 21.1 87.4

A. steynii
20 44.5 94.8
25 39.2 81.8
30 33.5 75.6

A. westerdijkiae
20 18.7 61.1
25 25.6 53.2
30 23.8 57.3

P. verrucosum
20 36.7 100.0
25 27.0 100.0
30 35.6 100.0

3. Discussion

Research approaches for bio-control agents have mainly focused on LAB, due to
their antifungal effects and their GRAS status. However, in toxigenic fungi research,
it is necessary to also study the effect of bacteria on mycotoxin production, since LAB
modulate the growth environment of fungi, which may affect growth and mycotoxin
production differently [53]. Likewise, environmental factors, mainly temperature, can play
a fundamental role in these possible interactions that are established in mixed bacteria-fungi
cultures. In the present study, eleven strains of different LAB species previously selected
for their antifungal activity were tested, and their effects on the biocontrol of relevant
aflatoxigenic or ochratoxigenic fungal species and the production of AF and OTA under
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different temperature regimes were studied. The assays were performed in dual-layer
cultures composed of MRS agar (to promote bacterial growth) and CYA20S (to promote
fungal growth and mycotoxin production).

It is known that the characteristics of the medium/food and microorganisms (both
fungi and LAB strains) contribute to the detoxification properties of LAB [48,49]. However,
a comparative study of our results with those found in the bibliography is difficult because
of the different species/microbial strains and environmental conditions. Moreover, some
studies analyzed the effects of LAB strains on the growth of aflatoxigenic or ochratoxigenic
fungi or on the production of one or more AF or OTA, but not on both processes at
the same time, and the interactive effect of environmental temperature was not studied
either [48,49]. Therefore, we will try to discuss and compare the results obtained in
the present study with those previously reported for other strains/species of LAB and
aflatoxigenic or ochratoxigenic fungi, regardless of the experimental conditions employed.

Some authors have reported the antifungal activity of the selected LAB strains against
aflatoxigenic or ochratoxigenic fungi; for example, Lactobacillus fermentum (YML014) iso-
lated from Nigerian fermented foods was active against A. flavus and A. niger (reduction of
fungal mycelia by ~50% in liquid medium) [54]. The mycelial dry weight of A. flavus was
reduced to 73 and 85% using L. casei CRL 431 (isolated from human feces) and L. rhamnosus
CRL 1224 (isolated from yogurt), respectively [55]. Lactobacillus brevis (LPBB03) isolated
from coffee fruits inhibited the growth of A. westerdijkiae (over 50%) [56]. Other studies
have shown that fermentation products of LAB can reduce the growth of aflatoxigenic or
ochratoxigenic fungi. In this way, the fermentation products of Leuconostoc citreum, Lacto-
bacillus rossiae, and Weissella cibaria, isolated from Italian durum wheat semolina, with high
content in lactic acid and acetic acid, inhibited the growth of A. niger, Penicillium roqueforti,
and Endomyces fibuliger, near 100% [57]. Bread spoilage caused by A. niger was remark-
ably decreased using a strain of Lactobacillus reuteri isolated from whole wheat sourdough.
The bioactive ingredients produced by the bacterium were identified as n-decanoic acid,
3-hydroxydecanoic acid, and 3-hydroxydodecanoic acid [58]. The use of phenyl lactic acid
(PLA) produced by Pediococcus acidilactici (CRL 1753), together with calcium propionate
(CP), in bread-making as a bio-preserver significantly increased the shelf life of bread. At
18 days of storage, no molds were observed, while 70% of pieces of bread treated with CP
alone were spoiled by A. niger and other fungi [59]. In our study, the results show that
all assayed LAB strains reduced the growth of A. flavus (Af2225), A. parasiticus (Ap02),
A. carbonarius (Ac12g), A. niger (An07g), A. welwitschiae (Aw11g), A. steynii (As1w), A.
westerdijkiae (Aw019), and P. verrucosum (Pv10w) in percentages ranging from 0 (A. steynii)
to 100% (P. verrucosum). Overall, the LAB strain encompassing the most antifungal activity
was P. pentosaceus (S11sMM1), followed by P. pentosaceus (M9MM5b) and, in the third place,
L. mesenteroides ssp. dextranicum (T2MM3) and C. farciminis (T3Y6c). The least effective
LAB strains were L. sakei ssp. carnosus (T3MM1 and T3Y2). Additionally, the effectivity
of each LAB strain may be quite different, depending on the fungal isolate. The fungal
isolates most resistant to LAB treatments were A. niger and A. welwitschiae, followed by A.
flavus and A. parasiticus. Conversely, P. verrucosum was the most sensitive fungus, while the
remaining isolates showed intermediate susceptibility.

Concerning the use of ML to develop models able to predict, as accurately as possible,
the output values (GIP) as a function of the input variables, it has been found that an MLP
(NN) gave the best results because of the lowest RMSE (0.1999) and the highest R2 value
(0.9232) for the test set. After the detransformation of the logarithmic approach, the RMSE
was 0.585%. It was followed by RF, then by MLR, and the XGBoost, which proved to be
the worst algorithm, in spite of its major complexity. There are few reports concerning ML
applications in the field of predictive mycology. Models designed by RF were superior
to those built by MLP, MLR, and XGBoost to predict the growth rate (GR) of Fusarium
culmorum and F. proliferatum cultured on partly milled maize with ethylene-vinyl alcohol
copolymer (EVOH) films containing pure active components of essential oils [60]. However,
XGBoost was better than other assayed algorithms (RF, MLR, MLP, SVM) for predicting
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the GR of F. sporotrichioides in oat grain under the influence of EVOH films containing
pure active components of essential oils [61]. XGBoost also performed better than other
algorithms (RF, MLR, MLP) for predicting the GR of F. culmorum and F. proliferatum in
cultures carried out in a maize extract medium treated with antifungal formulations at two
temperatures and two water activities [62]. These differences may be due to differences
in the structure of the datasets. Thus, it is difficult to ensure a priori which ML algorithm
will have the average minimum error in predicting the GR or the GIP of the fungi. It is
necessary to compare them using the same dataset. There are not many reports concerning
the application of ML to predict the growth of fungi in food or food-related substrates.
Wawrzyniak [63] found that the MLP can be applied to develop a model able to predict
the fungal population levels in bulk-stored rapeseeds at various temperatures (12–30 ◦C)
and water activity (0.75–0.90) with high levels of generalization capability and prediction
accuracy. This agrees with the study of Panagou and Kodogiannis [64] for predicting the
maximum specific GR of Monascus ruber. However, the assessment of ML models for
predicting the growth of Aspergillus spp. or P. verrucosum in the presence of LAB strains has
been carried out for the first time in the present study.

These and other research, among which the present study is an important contribution,
demonstrate that both the selected LAB strains and their metabolism products can be
extraordinarily useful in the biocontrol of aflatoxigenic and ochratoxigenic species.

In our study, all the tested LAB strains produced a reduction of AF levels, compared
to the controls. For each fungus, the reduction rate was dependent on the temperature and
LAB strain. For AFB1, the ranges of reduction of the concentration in the medium were
19.0–55.0% for A. parasiticus and 22.8–52.3% for A. flavus. For AFB2, the ranges of reduction
of the concentration in the medium were 20.7–60.8% for A. parasiticus and 16.2–57.0% for
A. flavus. The most efficient LAB strains in reducing AF levels in the medium were P.
pentosaceus (S11sMM1) for AFB1 in cultures of A. parasiticus and for AFB2 in cultures of
both species and L. mesenteroides ssp. dextranicum (T2MM3) for AFB1 in cultures of A. flavus.
This agrees with the effectiveness of these strains, especially the former, for reducing the
growth of A. flavus and A. parasiticus. The reduction of OTA levels ranged from 7.3% for
A. niger to 100% for P. verrucosum. The most efficient LAB strains for reducing OTA in
the medium were L. paracasei ssp. paracasei (3T3R1) and L. mesenteroides ssp. dextranicum
(T2MM3), whereas the least efficient were the two strains of L. sakei ssp. carnosus and L.
brevis (M5MA4).

Some previous reports focused on the study of the effect of the selected LAB strains on
the inhibition or elimination of AF or OTA in the media. Thus, L. casei (L30) bound up to
49.2% of the available AFB1 in aqueous solution [65]. L. casei Shirota (mainly live bacteria)
bound AFB1 to their cell components with an efficacy of up to 90% [66]. Lactococcus lactis ssp.
cremoris, Lactobacillus rhamnosus, and L. lactis ssp. lactis exhibited high binding capacities
to remove AFM1 in milk at levels of 81.4, 56.8, and 50.8%, respectively [67], and selected
isolates of L. fermentum (LC3/a, LC4/c, LC/5a, and LM13/b), from curd samples, were
effective in removing AFB1 from culture media above 75% [68]. Some assays have shown
the elimination of AF during fermentation. L. kefiri (KFLM3), isolated from kefir grains,
was able to adsorb 80–100% AFB1, zearalenone, and OTA when cultivated in milk [69].
L. plantarum (R2014 and EQ12), L. buchneri (R1102), and P. acidilactici (R2142 and EQ01)
linearly decreased the initial concentration of AFB1 (30 μg/kg) in silage corn forage after
3 days to <0.35 μg/kg [70].

Regarding the effect of LAB on OTA production by ochratoxigenic fungi, or their
elimination from the medium, the present work provides relevant information that comple-
ments the previous studies and broadens the spectrum of the possible LAB species/strains
that are useful in the food industry. In a liquid medium, Lactobacillus acidophilus (VM 20)
produced a decrease of OTA level ≥ 95% by adsorption of the toxin [71]. Different Oenococ-
cus oeni strains removed OTA from the medium at levels > 60%, with significant differences
depending on the strain, incubation period, initial OTA level, and pH. Toxin removal was
independent of bacterial viability [72,73]. L. plantarum, L. brevis, and L. sanfranciscensis
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reduced the OTA level from 16.9% to 35% in the MRS medium after 24 h of contact. OTA
binding was even higher in the case of thermally inactivated bacterial biomass [74]. A high
percentage of OTA reduction by L. plantarum (LabN10), L. graminis (LabN11) (>97%), and P.
pentosaceus (>81.5%) was recorded. Factors such as temperature, pH, and bacterial biomass
showed a significant effect on the growth of A. carbonarius (ANC89) and OTA levels in the
medium [75]. These studies show the high efficacy of LAB in the control of AF and/or OTA
in culture media and in food, as well as their high ability as detoxification agents.

Furthermore, no stimulation of AF or OTA production was detected in any treatment
with the LAB strains used in the present work, with respect to the controls. On the
contrary, in all treatments, a positive relationship between the GIP and the reduction of
AF or OTA levels in the cultures was observed (Figure 1 and Tables 6 and 8). Moreover,
the percentage of mycotoxin reduction was always higher than the GIP under the same
conditions. It suggests the diffusion in the solid medium of possible antifungal and,
especially, “antimycotoxin” metabolites, such as lactic acid, benzoic acid, propionic acid,
formic acid, butyric acid, hexanoic, caproic acids, phenyl lactic acid, H2O2, monohydroxy
octadecenoic acid, CO2, cyclic dipeptides, phenolics, bacteriocins, fungicins, reuterine,
ethanol, diacetyl, hydroxyl fatty acids, etc. [76,77]. Our results agree with the previous
reports, where the efficacy of selected strains of other LAB species on the control of the
growth of aflatoxigenic or ochratoxigenic fungi and the production of AF or OTA were
analyzed at the same time. Taheur et al. [78], using the strain of L. kefiri (FR7), found levels
of growth reduction of A. flavus and A. carbonarius of 51.67% and 45.56%, respectively.
However, L. kefiri (FR7) more deeply impacted mycotoxin suppression, with reduction
percentages reaching 97.22%, 95.27%, and 75.26% for AFB1, AFB2, and OTA, respectively.
These results suggest that, in addition to the space competitivity fungi-LAB, the liberation of
bacterial metabolites can contribute to the inhibition of mycotoxin production. Although in
the present work, natural media are not used, the previous results point out that reduction
in mycotoxin production also happens in natural matrices. Thus, inoculation of L. kefiri
(FR7) in almonds artificially contaminated with A. flavus decreased 85.27% of AFB1 and
83.94% of AFB2 content after 7 incubation days. Application of L. kefiri (FR7) in peanuts
artificially contaminated with A. carbonarius reduced OTA content to 25%. Similar results
were obtained by Oliveira de Almeida-Moller et al. [79], who found that LAB strains, such
as L. brevis (2QB422), Levilactobacillus spp. (2QB383), L. brevis (2QB446), and Levilactobacillus
spp. (3QB398), affected the growth of A. parasiticus, and they were also able to reduce the
production of at least three of the four tested AF by 50%. Surprisingly, despite no clear
inhibition effect of the LAB strains on fungal growth, strong inhibition potential (>50%) on
AF was shown by strains L. plantarum (3QB350), L. plantarum (1QB314), and Levilactobacillus
spp. (3QB167). Ghanbari et al. [80] reported the effect of L. plantarum and L. delbrueckii
ssp. lactis on the simultaneous reduction of the growth of A. parasiticus (ATCC15517), AF
production (mainly AFG2), and the level of aflR gene expression. Gomaa et al. [81] found
that L. brevis reduced the growth of A. flavus and AFB1 production by about 96%. The
reduction effect was also confirmed at the transcriptional level, as well, where 80% less
expression of the omt-A gene was observed, as compared to the control [82]. Strains of P.
pentosaceus and L. plantarum isolated from grapes showed good antifungal activity against
the A. niger aggregate and A. carbonarius. P. pentosaceus (RG7B) showed promising potential
probiotic characteristics and had a high ability for OTA removal after 48 h of incubation in
MRS (84%).

4. Conclusions

The selected LAB strains used in the present study can be excellent tools for the
simultaneous biocontrol of the main aflatoxigenic and ochratoxigenic fungal species that
affect cereals and grapes, as well as for the reduction/inhibition of the production of AF
and OTA in the medium. The environmental temperature is a parameter with a very
significant influence on these processes. In treatments with the assayed LAB strains, no
stimulation of AF or OTA production, compared with the controls, was observed. Due to
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the anti-fungal and anti-mycotoxin capacity, the LAB strains used in this study could be
good bio-preservative candidates for many food commodities. Further studies, using, in
the first place, the natural matrices from which the fungal strains have been isolated (cereal
grain and grapes), will be carried out in the future.

5. Materials and Methods

5.1. Reagents and Standards

Standards of mycotoxins AFB1, AFB2, AFG1, AFG2, and OTA were purchased from
Sigma-Aldrich (Alcobendas, Spain). Glycerol was from Panreac Química (Castellar del
Vallés, Barcelona, Spain). Potato dextrose agar (PDA) was from Scharlab (Barcelona, Spain).
Agar, yeast extract, and De Man–Rogosa–Sharpe agar (MRS) were from Oxoid (Basingstoke,
UK). Tween 80 was from Merck (Darmstadt, Germany). All reagents supplied were of
analytical grade. Acetonitrile (ACN) and formic acid (all LC grade) were from J.T. Baker
(Deventer, the Netherlands). Pure water was obtained from a Milli-Q Plus apparatus
(Millipore, Billerica, MA, USA).

5.2. Microbial Strains and Culture Conditions

Eleven LAB strains previously selected among several hundreds of strains, in view of
their antifungal activity, were assayed against relevant toxigenic and/or phytopathogenic
Aspergillus spp. and P. verrucosum isolated from cereals and grapes grown in Spain.
These LAB strains were: Pediococcus pentosaceus (M9MM5b, S11sMM1 and S1M4), Leu-
conostoc mesenteroides ssp. mesenteroides (M8MG2 and T3Y6b), Leuconostoc mesenteroides
ssp. dextranicum (T2MM3), Lacticaseibacillus paracasei ssp. paracasei (3T3R1), Latilactobacil-
lus sakei ssp. carnosus (T3MM1 and T3Y2), Companilactobacillus farciminis (T3Y6c), and
Levilactobacillus brevis (M5MA4). All LAB strains were previously isolated from food
samples in Argentina and Peru and characterized as described by Elizaquível et al. [83]
and Jiménez et al. [84]. LAB strains were held at the IATA-UVEG/RA Collection (https:
//www.microbiospain.org/portfolio-item/iata-uveg-ra/ (accessed on 2 February 2022)
and stored in MRS liquid medium containing 20% (v/v) glycerol at −80 ◦C. Before be-
ing included in this study, they were tested for authenticity by MALDI-TOF MS profiles
determination using a Microflex LT MALDI-TOF MS device, software, and database for
identification (Bruker Daltonics, Germany) at the Spanish-Type Culture Collection (CECT,
University of Valencia, Spain).

Nine isolates of toxigenic fungi were previously selected for their phytopathogenic
and/or toxigenic capacity. They were: A. flavus (Af2225) and A. parasiticus (Ap02) (from
maize), A. carbonarius (Ac12g), A. niger (An07g) and A. welwitschiae (Aw11g) (from grapes),
A. steynii (As1w), and A. westerdijkiae (Aw019) (from wheat) and P. verrucosum (Pv10w).
Spore suspensions of pure cultures were stored at −20 ◦C in glycerol/saline solution (25/75,
v/v). Fungal isolates are held at the Mycology and Mycotoxins Group Culture Collection of
Valencia University (Spain).

5.3. Antifungal Assays
5.3.1. Inoculum of Bacterial and Fungal Preparation

Before carrying out the study, LAB isolates were grown in MRS broth at 28 ◦C for
3–5 days, then they were transferred to MRS agar and incubated under the same conditions.
From these fresh cultures, bacterial suspensions on a saline solution (1.5 × 108 CFU/mL,
0.5 McFarland turbidity standard) were prepared. Two μL of this suspension were used as
inoculum in the antifungal assays.

Fungal isolates were grown on PDA at 28 ◦C for 7 days. From these fresh fungi
cultures, a suspension of spores containing 1 × 106 spores/mL was prepared in sterile pure
water modified with Tween 80 (0.005%). One mL of this suspension was used as inoculum
in the antifungal assays. All LAB and fungal suspensions were prepared immediately
before each antifungal experiment.
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5.3.2. Preparation, Inoculation, and Incubation of Dual Cultures

LAB strains were assayed for antifungal activity against toxigenic fungi using a
dual culture overlay assay, according to Magnusson et al. [85], with some modifications.
MRS agar was prepared, autoclaved (115 ◦C for 30 min), and poured into Petri dishes
(15.0 mL/dish). A fresh suspension of each LAB strain (as described in Section 5.3.1) was
inoculated on plates containing MRS agar in two 2-cm lines (parallel and centered at 1

4
and 3

4 of the same diameter) (2 μL per line) and allowed to grow at 28–30 ◦C for 48–72 h.
The plates were then overlaid with 10 mL of Czapek yeast 20% sucrose agar (CYA20S)
(yeast extract 5.0 g, sucrose 200.0 g, sodium nitrate 3.0 g, dipotassium hydrogen phosphate
1.0 g, potassium chloride 0.5 g, magnesium sulfate heptahydrate 0.5 g, ferrous sulfate
heptahydrate 0.01 g, agar 15.0 g, and deionized water 1000 mL). Before being poured into
the plate, this medium was autoclaved at 115 ◦C for 30 min, allowed to cool until 45 ◦C, and
inoculated with 1 mL of the previously prepared suspension of fungal spores (Section 5.3.1).
The dual cultures (LAB plus fungus) and control cultures (without LAB) were incubated
at 20, 25, and 30 ◦C for 5 days. After this first incubation period, the inhibition zone of
fungal growth around the previously grown bacteria was measured. The inhibition halo
from each LAB inoculation line was approximately elliptical, so two measurements of the
halo axes (longitudinal and transverse) at right angles were taken. Then, the plates were
incubated again at the same temperatures for another 5 days. At the end of the incubation
period (10 days), the size of the inhibition halo was measured again. In treatments, the x
and y axes of the two elliptical zones of fungal growth inhibition on each Petri dish were
measured with a rule and averaged. The surface of the inhibition area was calculated using
the formula of the area inside the ellipse. The GIP was calculated from the ratio between
the area of the inhibition zone and the inner area of the dish. The upper limits for the x
and y axes of each elliptical inhibition zone on the 90 mm diameter plate were estimated as
44 mm and 76.2 mm, respectively. When the axes reached these values, the inhibition zone
was considered to be equal to the entire inner surface of the dish, and the GIP was supposed
to be 100%. At the end of the incubation period, mycotoxin levels were determined in all
controls and LAB treatments. Experiments were run in triplicate and repeated twice. The
results were averaged.

5.4. Mycotoxin Determination

Before the determination of the mycotoxin concentrations in MRS agar–CYA20S cul-
tures by ultra-high-performance liquid chromatography with detection by triple quadrupole
mass spectrometry (UPLC–MS/MS), calibration and validation assays of the method were
performed. The analytical method described by Romera et al. [86] was followed, with
minor modifications concerning the substrate and the UPLC–MS/MS equipment.

5.4.1. Calibration Solutions

Standards of AF and OTA were dissolved in ACN/water (50/50, v/v) to obtain stock
concentrated solutions, which were maintained at −20 ◦C when not in use. They were
appropriately diluted with ACN/water (50/50, v/v) to prepare the diluted standard solu-
tions of different concentrations. Portions of non-inoculated solid control medium (MRS
Agar–CYA20S) (3:2, v/v) were homogenized in a stomacher. Four g of the homogenate
was mixed with 16 mL of ACN/water/formic acid (80:19:1, v/v/v) in a Falcon tube and
shaken in an orbital shaker for 1 h. The mixture was centrifuged at 4260× g for 5 min, and
aliquots of the supernatant (2.0 mL) were transferred to vials and evaporated to dryness
at 40 ◦C under a slight stream of N2. To perform matrix-matched calibration, appropriate
volumes of mixtures of mycotoxin standard solutions were added to the residues and
then diluted (if necessary) with ACN/water/formic acid (80:19:1, v/v/v) up to 2.0 mL to
attain the desired concentrations. Before being injected into the UPLC–MS/MS system,
these standards were filtered using a syringe filter (0.22 μm, PTFE). For each mycotoxin,
a calibration line was obtained by linear regression (weighting by 1/x) of the peak area
from the quantifier ion vs. mycotoxin concentration. The concentration ranges of working
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calibration solutions (ng/mL) were as follows: AFB1 (0.57–20), AFB2 (0.57–20), AFG1
(0.57–9.25), AFG2 (0.3–9.25), and OTA (1.9–62.5).

5.4.2. Mycotoxin Recovery

Method validation was carried out by analysis of blank MRS–CYA20S agar spiked with
standards of the four AF and OTA (n = 5) at different concentrations, which was achieved
by the addition of aliquots of mycotoxin standard solutions to Erlenmeyer flasks containing
10 g of autoclaved MRS–CYA20S agar (3/2 v/v) allowed to cool to around 45 ◦C. The level
ranges (ng of mycotoxin/g medium) for recovery studies were 4–70 for AFB1, 4–70 for
AFB2, 4–32 for AFG1, 3–32 for AFG2, and 10–100 for OTA. Once homogenized, the spiked
medium was poured into Petri dishes and allowed to cool at room temperature. After
solvent evaporation, the solid medium was cut into small pieces and homogenized using
a stomacher. The spiked homogenate (2.0 ± 0.1 g) was extracted in a capped Falcon tube
with 8 mL ACN/water/formic acid (80:19:1, v/v/v) in an orbital shaker for 1 h. The extracts
were treated as described in 5.4.1. Concentrations were determined by interpolation of
the signals in the calibration lines. Then, the mean recovery rates and the mean relative
standard deviations were calculated.

5.4.3. Determination of Mycotoxins in Dual Cultures MRS-CYA20S

To determine the effect of LAB on mycotoxin production, the dual cultures (substrate
plus biomass of microorganisms) of 10 days in MRS agar-CYA20S agar used for antifungal
assays were cut into small pieces, removed, weighed, homogenized in a stomacher, and
analyzed, as described in Section 5.4.2, for spiked media to determinate the levels of AFB1
and AFB2 (A. flavus cultures), AFB1, AFB2, AFG1, and AFG2 (A. parasiticus cultures), and
OTA (A. carbonarius, A. niger, A. welwitschiae, A. steynii, A. westerdijkiae, and P. verrucosum
cultures). Mycotoxin analysis was performed as described in Section 5.4.2.

The mycotoxins (AF and OTA) accumulated in MRS–CYA20S agar by the strains of
Aspergillus spp. and P. verrucosum were determined at the end of the incubation period. The
whole culture in Petri dishes (substrate plus biomass of microorganisms) was cut into small
pieces, removed, weighed, homogenized in a stomacher, and analyzed, as described above
(Section 5.4.2), for spiked media. Extracts filtered using 0.22-μm filters were injected into
the UPLC–MS/MS system. When mycotoxin levels in cultures were too high for the linear
calibration range, extracts were appropriately diluted with the same solvent and injected
again. Concentrations were determined by interpolation in the calibration lines obtained
with standards (Section 5.4.1).

5.4.4. UPLC-MS/MS Conditions

The instrument used for the separation and detection of the mycotoxins was an Exion
LC AD coupled to an MS/MS Triple Quad 6500+ System, provided with an electrospray
ionization source (ESI) (AB Sciex, Foster City, CA, USA) and operated in positive ion mode
(ESI+). Chromatograms were obtained by multiple reaction monitoring, and the two main
product ions, one quantifier (q1) and one qualifier (q3), were monitored. The injection
volume was 5 μL. Separation was performed at 30 ◦C in an Acquity UPLC BEH C18 column
(50 × 2.1 mm, 1.7 μm particle size) (waters). The mobile phase was a time-programmed
gradient of solvent A (water containing 0.15 mM ammonium formate and 0.1% formic
acid) and solvent B (methanol) at a constant flow rate of 0.35 mL/min. The program was
95% solvent A for 2.0 min; 0% solvent A at min 13.0 hold to min 15.0, followed by a return
to the initial conditions (95% solvent A) at min 15.1 and a stabilization period up to min
18.0. The ESI and other MS/MS conditions are in Table 9. Other ESI-source parameters
were as follows: source temperature: 350 ◦C; curtain gas: 206.843 kPa; nebulizer gas (GS1):
379.212 kPa; heating gas (GS2): 379.212 kPa; ion spray voltage: 4500 V; target cycle time:
1 s; collision gas pressure (pure nitrogen): high.
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Table 9. MS/MS conditions for the detection of mycotoxins.

Mycotoxin
ESI

Polarity
Molecular Mass

(Da)
Precursor

Ion
m/z (Da)

Product Ion
(m/z) (Da)

DP(V) EP(V) CE(V) CXP(V)

AFB1 + 312.063 [M + H]+ 313.1
285.2 1 106 10 33 16
128.1 2 106 10 91 10

AFB2 + 314.079 [M + H]+ 315.1
287.2 1 96 10 37 18
259.2 2 96 10 43 18

AFG1 + 328.058 [M + H]+ 329.1
243.1 1 86 10 39 14
200.0 2 86 10 59 12

AFG2 + 330.074 [M + H]+ 331.1
313.2 1 111 10 35 18
245.2 2 111 10 43 14

OTA + 403.082 [M + H]+ 404.0
239.0 1 91 10 37 16
102.0 2 91 10 105 14

DP: declustering potential; EP: Entrance potential; CE: Collision energy; CXP: Collision cell exit potential.1

Quantifier ion (q1); 2 Qualifier ion (q3).

5.5. Statistics

Three replications were conducted for each treatment, and the treatments were re-
peated two times. The results were expressed as the mean value with standard error. Data
were analyzed by multifactor analysis of variance (ANOVA) using Statgraphics Centurion
XV.II statistical package (StatPoint, Inc., Warrenton, VA, USA). Post-hoc Duncan’s multiple
range test (α = 0.05) was used to find homogenous groups when significant differences be-
tween means were revealed by ANOVA. For calculation purposes, undetectable mycotoxin
levels were considered to be zero.

5.6. Method for the Design of Predictive ML Models for Growth Inhibition Percentage

Various ML models were comparatively tested using the same dataset for modeling
the GIP in cultures of the different fungal species, carried out at three temperatures and
treated with the different LAB strains. Control cultures were also considered. They were
multilayer perceptrons (MLP), which is a kind of NN (we used a single layer perceptron),
random forest (RF), extreme gradient boosting trees (XGBoost using the xgbTree method),
and multiple linear regression (MLR). The software used was R and the ‘classification and
regression training’ (caret) package [87]. The parameters to be tuned in MLP were size (the
number of hidden nodes in the hidden layer) and decay (the weight decay rate set at 0.01
to 1.0); in RF, they were ntry (number of trees to grow, usually 500) and mtry (number of
variables randomly sampled as candidates at each split, here 2 or 3); in XGBoost, there
were more parameters, and to avoid very large computation times, some of them were kept
constant, while other were tuned (Table 4). The input variables were three (temperature,
LAB strain, and fungal species). The output variable was log10(GIP + 1). The output values
were averaged, as only one output value was associated with a set of input values. Variables
were preprocessed before mathematical treatment. The categorical input variables (LAB
strain and fungal species) were transformed into numerical variables by recoding them as
“dummy” variables [60,61].

Before training the ML models, the dataset was randomly split into training (75%)
and test (25%) sets. The training set was used to develop the ML models using 10-fold
cross-validation, whereas the test set was used to assess model performance using inde-
pendent data hidden during the training/validation. MLR used all independent variables
to predict the output value, and the coefficients were chosen by the least square method.
This algorithm assumes that there is a linear relationship between the dependent and inde-
pendent variables. The metric used for obtaining the best parameters and for evaluating
the performance of the ML models (the loss function) was the RMSE over the test set. The
model parameters were tuned to optimize their performance (minimum RMSE) for each
task. The RMSE is measured in the same units as the observed/predicted values and is
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severely affected by large error values. The coefficient of determination (R-squared), which
evaluates how much of the output variance can be explained by the variation in the input
variables, was also obtained. The goal was to maximize it and minimize the RMSE. The
best predictive ML models obtained after training/cross-validation (minimum RMSE) or
by the least square method, in the case of MLR, were further tested and compared against
the same test set. The RMSE and R-squared values for the test sets evaluated the model
performance working as a comparison tool to choose the best model.
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Abbreviation List of the LAB Species

Full Name Abbreviation

Pediococcus pentosaceus Pp
Leuconostoc mesenteroides ssp. mesenteroides Lmm
Leuconostoc mesenteroides ssp. dextranicum Lmd
Lacticaseibacillus paracasei ssp. paracasei Lpp
Latilactobacillus sakei ssp. carnosus Lsc
Companilactobacillus farciminis Cf
Levilactobacillus brevis Lb
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Abstract: The high incidence of aflatoxins (AFs) in chocolates suggests the necessity to create
a practical and cost-effective processing strategy for eliminating mycotoxins. The present study
aimed to assess the adsorption abilities of activated charcoal (A. charcoal), yeast (Saccharomyces
cerevisiae), and the probiotic Lactobacillus rhamnosus as AFs adsorbents in three forms—sole, di- and
tri-mix—in phosphate-buffered saline (PBS) through an in vitro approach, simulated to mimic the
conditions present in the gastrointestinal tract (GIT) based on pH, time and AFs concentration. In
addition, the novel fortification of chocolate with A. charcoal, probiotic, and yeast (tri-mix adsor-
bents) was evaluated for its effects on the sensory properties. Using HPLC, 60 samples of dark,
milk, bitter, couverture, powder, and wafer chocolates were examined for the presence of AFs. Re-
sults showed that all the examined samples contained AFs, with maximum concentrations of 2.32,
1.81, and 1.66 μg/kg for powder, milk, and dark chocolates, respectively. The combined treatment
demonstrated the highest adsorption efficiency (96.8%) among all tested compounds. Scanning
electron microscope (SEM) analysis revealed the tested adsorbents to be effective AF-binding agents.
Moreover, the novel combination of tri-mix fortified chocolate had a minor cytotoxicity impact on the
adsorptive abilities, with the highest binding at pH 6.8 for 4 h, in addition to inducing an insignificant
effect on the sensory attributes of dark chocolate. Tri-mix is thus recommended in the manufacturing
of dark chocolate in order to enhance the safety of the newly developed product.

Keywords: aflatoxin; biocontrol; gastrointestinal tract; natural adsorbent; probiotic; Saccharomyces
cerevisiae; Lactobacillus rhamnosus; chocolate contamination; chocolate safety
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Key Contribution: This work highlights the effects of S. cerevisiae, L. rhamnosus, and A. charcoal
on AF adsorption in chocolate, both individually and in combined forms. The combined treatment
exhibited the highest adsorption efficiency towards AFs, and the detoxification effect was improved
at neutral pH. In sum, this research markedly reduced AFs (i.e., AFB1, AFB2, AFG1, and AFG2) in
a chocolate model with good sensory attributes.

1. Introduction

The history of chocolate dates back more than 4000 years, with the primary ingredient
being cocoa powder produced from cocoa (Theobroma cacao) beans. Fungi can easily con-
taminate cocoa beans during the product-handling stages that include harvesting, drying,
fermentation, roasting, preparation, transport, and storage. However, these steps are crucial
for the formation of a distinctive chocolate flavour. Although this process is adequate for
the elimination of harmful bacteria and molds, it has been demonstrated that mycotoxins
are able to maintain their stability during most heat processing. Moreover, unhygienic
practices can occur during the manufacturing of cocoa powder and chocolates [1]. Myco-
toxin contamination from mycotoxigenic fungi such as Penicillium, Aspergillus, Fusarium
and Alternaria, is thus a critical hazard to food quality and safety, with their occurrence in
foodstuffs estimated to be 60–80% and resulting in over US $ 932 million in economic losses
each year in the agro-food sector [2]. Aflatoxins (AFs) are the most frequently identified
mycotoxins in cocoa, and the optimal conditions for AFs production by Aspergillus species
in cocoa are at 33 ◦C and 0.99 aw [3]. The ingestion of foods contaminated with AFs can
result in severe side effects, including genetic disorders, tumors, mutagenicity, carcinogenic
effects, and cytotoxicity [4].

According to Li et al. [5], a technical adsorbent is described as an agent that triggers the
elimination of mycotoxins via adsorption or binding. Thus, the addition of adsorbents to
contaminated food is a progressive and secure method for reducing the detrimental health
impacts of AFs. However, the majority of adsorbents have significant practical restrictions.
Activated charcoal (A. charcoal) is used as an antidote against severe poisoning. In this
regard, and according to the German Federal Statistical Office (GFSO) in 2016, 178,425 cases
of intoxication poisoning were treated in German hospitals. A. charcoal was recommended
in 4.37% of cases. A. charcoal employment plays a major role in both primary and secondary
detoxification. Moreover, in 2013, A. charcoal was used in treatment in 0.89% of cases of
poisoning in children, for cases registered in the US. Therefore, A. charcoal is indicated
to treat moderately severe to life-threatening intoxication [6]. A. charcoal has an excellent
adsorbent property due to its porosity and large surface area. As a result, it can remove
harmful pollutants such as harmful gases, heavy metals, mycotoxins, pesticides, and other
chemicals from aqueous solutions [7].

The maximum ratios for mycotoxins in foods are very low owing to their severe
toxicities. For instance, the maximum levels for AFs set by the Codex in various grains,
seeds, nuts, milk and dried figs are in the range between 0.5–15 μg/kg (a 1 μg is 1 billionth
of a kilogram) [8]. Moreover, Brazilian Sanitary Surveillance Agency has set limits of
10 μg/kg for cocoa beans and 5 μg/kg for cocoa products and chocolate sold in Brazil, for
both ochratoxin A and total aflatoxins [9].

Chemical agents such as curcumin can be utilized to eliminate the mycotoxins in vivo
and could antagonize the deleterious effects of AFB1 on the kidney in mice. This impact
is realized by inhibiting Bax/Bcl-2–Cyt-c signaling cascade-mediated apoptosis and mod-
ulating the Keap1–Nrf2 signal mechanism in order to improve renal antioxidant activity.
These findings confirmed the application of curcumin as a natural food additive to degrade
AFB1 [10]. Moreover, enzymes could be a promising degrading candidate against aflatoxins
toxicity. In this regard, Zhou et al. [11] developed a new laccase which purified from the
white-rot fungus (Cerrena unicolor) in order to catalyze AFB1 degradation. AFB1 elimination
by laccase was performed at 45 ◦C/24 h and pH 7.0 in vitro. The half-life of AFB1 degra-
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dation catalyzed by laccase was 5.16 h; 2,2′-azino-bis-(3-ethylbenzothiazoline-6-sulfonic
acid), Syringaldehyde, and Acetosyringone, at 1 mM concentration, seemed to be similar
mediators for greatly improving AFB1 detoxification by laccase. These results are promising
for a potential application of laccase as a novel aflatoxin oxidase in degrading AFB1 in both
feeds and foods.

Recently, there has been a growing interest in the use of probiotics and other natural
alternatives that do not rely on chemical additives to counteract the toxins and pollutants
in foods. For example, probiotics are useful in food bioremediation due to their excellent
antioxidant potential and antimicrobial properties [12,13], in addition to being an eco-
friendly, highly effective, valuable technology in food processing. Probiotics are defined as
microorganisms that have a positive effect on human health when consumed in sufficient
quantities. Lactobacillus rhamnosus and Saccharomyces cerevisiae are examples of generally
recognized as safe (GRAS) microorganisms; consequently, they can be used as feed additives
with minimal risks [14]. Moreover, for decontamination purposes, lactic acid bacteria (LAB)
may be effective at decreasing mycotoxins in alcoholic drinks during processing [15].
Similarly, S. cerevisiae has been considered to be a food additive for decades as it plays
a fundamental role in providing vitamin B, minerals, and proteins [16]. S. cerevisiae is
currently of considerable importance with regard to several biotechnological applications.
For example, the biotechnology benefit of S. cerevisiae is inherent in its unique biological
properties, such as its fermentation ability, conveyed by the production of CO2 and alcohol,
and its flexibility to opposing circumstances of low pH and osmolarity. The most prominent
applications involving the utility of S. cerevisiae are in the food, beverage, and biofuel
production industries [17].

LAB can thus eliminate or remove mycotoxins in food by either physical attachment or
bio-transforming mechanisms [18]. The adsorption efficiency of A. charcoal and lactic acid
bacteria in the removal of AFs from liquid solutions was recently determined in several
studies [19,20]. In another study, it was found that certain probiotics can adsorb AFs in
doogh (cultured dairy product) during fermentation and storage. The adsorption rate
depends on the type of probiotics. Thus, the use of Lactobacillus strains such as L. acidophilus,
L. rhamnosus, and L. casei for the ripening of cocoa has been evidenced to be an approach
with excellent prospects [21].

Currently, there is no commercially available chocolate containing tri-mix (charcoal,
probiotic, and yeast) and nothing in the current literature addresses such food formulation.
In addition, to the best of our knowledge, no investigation has described the use of adsor-
bent combination models for sequestering AFs in food matrices. Consequently, the aim
of this study was to evaluate and compare the effectiveness of A. charcoal, L. rhamnosus,
and S. cerevisiae as aflatoxin adsorbents in three forms—sole, di- and tri-mix—in phosphate
buffered saline (PBS) using an in vitro approach simulated to mimic the conditions found
in the gastrointestinal tract (GIT) based on pH, time and AFs concentration. In addition,
the adsorptive activity of tri-mix was studied using an in vitro dark chocolate model, and
its effect on the sensory properties of novel tri-mix-fortified chocolate was evaluated.

2. Results

2.1. Screening of Aflatoxins in Various Chocolate Kinds

A total of 60 local chocolate samples of six chocolate types (10 samples each) were
surveyed for the presence of total and individual AFs. The occurrence and concentrations
of the tested AFs in chocolate samples are summarized in Table 1. The results demon-
strated that all chocolate samples were contaminated by AFs. The highest concentration
of total AFs was observed in chocolate powder when compared with other chocolate
types in the following order: Chocolate powder: 2.32 > milk: 1.81 > dark: 1.66 > bitter:
0.704 > wafer: 0.674 > coverture: 0.290 μg/kg. The contamination rates of AFs in powder,
milk and dark chocolates are significantly higher (p < 0.05) than those in other chocolates.
The concentrations of AFB were higher than AFG in all examined chocolates. In order,
the AFB1 contents in milk, dark, wafer, and bitter chocolates were 0.966, 0.963, 0.414,
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and 0.369 μg/kg, respectively, while the least AFB1 concentration presented in coverture
chocolate, with 0.112 μg/kg. The contamination rates of AFB1 in powder, dark, and milk
chocolates are significantly different (p < 0.05) from other chocolates. Regarding the AFB2
level, its concentration reached the peak in chocolate powder with a mean of 0.593 μg/kg,
while its concentrations were slightly lower in the dark, bitter, milk, and wafer, at 0.573,
0.304, 0.239, and 0.207 μg/kg, respectively. The lowest concentration was reported in
coverture chocolate (0.071 μg/kg). In this study, the magnitude of AFG demonstrated
different levels among examined chocolates with lower values than AFB. In this context,
milk chocolate showed the highest mean concentrations of AFG1 and AFG2, which were
0.425 and 0.178 μg/kg, respectively. The levels of AFG1 and AFG2 in chocolate powder
were: 0.399 and 0.164 μg/kg > dark chocolate; 0.069 and 0.052 μg/kg > coverture chocolate;
and 0.067 and 0.041 μg/kg, respectively. In contrast, the lowest AFG levels were reported in
wafer and bitter chocolate to be 0.043 and 0.013 μg/kg for AFG1 and 0.010 and 0.18 μg/kg
for AFG2, respectively.

Table 1. Occurrence and concentration (μg/kg) of aflatoxin residues in chocolate products.

Chocolate
Products

Number of
Samples

AFB1 AFB2 AFG1 AFG2 Total AFs

Min–Max Mean ± SD Min–Max Mean ± SD Min–Max Mean ± SD Min–Max Mean ± SD Min–Max Mean ± SD

Couverture
chocolate 10 0.015–0.542 0.112 ± 0.19 c 0.006–0.262 0.071 ± 0.095 c 0.014–0.096 0.067 ± 0.007 b 0.013–0.086 0.041 ± 0.027 b,c 0.106–0.776 0.290 ± 0.231 d

Dark
chocolate 10 0.06–1.87 0.963 ± 0.689 a 0.076–0.972 0.573 ± 0.313 a 0.036–0.098 0.069 ± 0.020 b 0.037–0.062 0.052 ± 0.007 b 0.247–2.669 1.658 ± 0.735 b

Milk
chocolate 10 0.270–1.60 0.966 ± 0.376 a 0.130–0.390 0.239 ± 0.063 b 0.280–0.650 0.425 ± 0.112 a 0.130–0.280 0.178 ± 0.045 a 1.230–2.450 1.808 ± 0.333 b

Chocolate
powder 10 0.08–1.85 1.116 ± 0.832 a 0.280–0.820 0.593 ± 0.183 a 0.230–0.560 0.399 ± 0.107 a 0.120–0.240 0.164 ± 0.037 a 1.460–3.060 2.322 ± 0.489 a

Bitter
chocolate 10 0.26–0.52 0.369 ± 0.079 b 0.140–0.420 0.304 ± 0.099 b 0.001–0.029 0.013 ± 0.009 b 0.004–0.0360 0.018 ± 0.011 b,c 0.526–0.875 0.704 ± 0.101 c

Chocolate
wafer 10 0.23–0.93 0.414 ± 0.254 b 0.130–0.280 0.207 ± 0.058 b,c 0.032–0.054 0.043 ± 0.008 b 0.004–0.017 0.010 ± 0.005 c 0.421–1.278 0.674 ± 0.274 c

Min–Max: minimum–maximum; SD: standard deviation; a, b, c, d Mean values carrying different superscripts
small letter on the same column are significantly different (p < 0.05).

2.2. Aflatoxin Adsorption Efficiency in Phosphate Buffer Solution

The results of adsorption efficiency of (A. charcoal + L. rhamnosus + S. cerevisiae) in
sole, di-mixed, and tri-mixed PBS solution against AFs (B1, B2, G1, and G2) under pH
conditions (3 and 6.8) and at 2-time intervals (2 and 4 h) are illustrated in Table 2. The
results were compared with the negative control (PBS), which showed the AF adsorption
and residual levels of zero and positive control (PBS + AFs), with AF adsorption (zero%) and
residual levels (0.99 and 1.00 μg/mL). All the tested compounds were able to adsorb AFs
in PBS with varying degrees. In this study, the combined formula (tri-mix) showed higher
adsorption efficiencies (p < 0.05) and lowered residual AFs levels than individual tested
constituents. This finding reflects the synergistic actions between adsorbents against AFs in
the combined tri-mix. Accordingly, A. charcoal + L. rhamnosus + S. cerevisiae tri-mix revealed
the greatest AF adsorption of 96.8% and 97.7% at pH 3 and 6.8 for 2 h, respectively, while
the values were 98.1% and 99.7% at pH 3 and 6.8 for 4 h, respectively. On the contrary, the
concentrations of residual AFs were (0.032–0.019 μg/mL) at pH 3 and (0.023–0.003 μg/mL)
at pH 6.8 after 2 and 4 h, respectively. Concerning the di-mix tested compounds, we noticed
that A. charcoal + S. cerevisiae di-mixed PBS demonstrated the highest AF adsorption (89%
and 91% for 2 and 4 h, respectively, at all pH conditions) as well as the lowest residual AFs
levels (0.10 and 0.09 μg/mL for 2 and 4 h, respectively, at all pH conditions), compared
with L. rhamnosus + S. cerevisiae and A. charcoal + L. rhamnosus di-mixed PBS. The AF
adsorption values for L. rhamnosus + S. cerevisiae vis A. charcoal + L. rhamnosus di-mixed
buffer were 83% and 85% vis 80% and 78% at pH 3, while at pH 6.8, the values were
85% and 84% versus 80% after 2 and 4 h, respectively. In contrast, the residual AFs levels
were 0.17 and 0.15 versus 0.20 and 0.22 μg/mL at pH 3, as well as 0.15 and 0.16 versus
0.20 μg/mL at pH 6.8 after 2 and 4 h, respectively, for L. rhamnosus + S. cerevisiae versus
A. charcoal + L. rhamnosus di-mixed PBS.
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Table 2. Aflatoxin adsorption efficiency in PBS buffer.

Matrix Time pH
Aflatoxins Conc. (μg/mL)

B1 B2 G1 G2 Total AFs Adsorption%

PBS
(−Ve control)

2 h
3.0 n.d. n.d. n.d. n.d. n.d. 0

6.8 n.d. n.d. n.d. n.d. n.d. 0

4 h
3.0 n.d. n.d. n.d. n.d. n.d. 0

6.8 n.d. n.d. n.d. n.d. n.d. 0

PBS + AFs
(+Ve control)

2 h
3.0 0.24 ± 0.01 j 0.26 ± 0.01 i 0.24 ± 0.03 i 0.25 ± 0.02 j 0.99 ± 0.01 o 0

6.8 0.23 ± 0.02 j 0.25 ± 0.01 h 0.26 ± 0.01 j 0.25 ± 0.01 j 0.99 ± 0.02 o 0

4 h
3.0 0.25 ± 0.01 k 0.24 ± 0.02 h 0.25 ± 0.03 i 0.26 ± 0.01 a 1.00 ± 0.01 o 0

6.8 0.24 ± 0.02 j 0.26 ± 0.01 i 0.24 ± 0.01 i 0.25 ± 0.01 j 0.99 ± 0.02 o 0

Activated charcoal

2 h
3.0 0.12 ± 0.01 i 0.13 ± 0.02 g 0.12 ± 0.01 g 0.11 ± 0.02 h 0.48 ± 0.01 m 52.0 ± 0.31 l

6.8 0.11 ± 0.01 h 0.12 ± 0.01 f 0.13 ± 0.02 h 0.12 ± 0.01 h 0.48 ± 0.01 m 52.0 ± 0.70 l

4 h
3.0 0.11 ± 0.01 h 0.11 ± 0.01 f 0.12 ± 0.01 g 0.11 ± 0.01 h 0.45 ± 0.01 l 55.0 ± 0.42 k

6.8 0.12 ± 0.01 i 0.11 ± 0.02 f 0.13 ± 0.01 g 0.12 ± 0.02 h 0.48 ± 0.02 m 52.0 ± 0.30 l

L. rhamnosus

2 h
3.0 0.13 ± 0.03 i 0.12 ± 0.01 f 0.12 ± 0.02 g 0.11 ± 0.02 h 0.48 ± 0.01 m 52.0 ± 0.11 l

6.8 0.12 ± 0.01 i 0.12 ± 0.01 f 0.13 ± 0.01 h 0.12 ± 0.01 h 0.49 ± 0.01 n 51.0 ± 0.52 m

4 h
3.0 0.13 ± 0.01 i 0.11 ± 0.01 f 0.12 ± 0.01 a 0.11 ± 0.01 h 0.47 ± 0.01 m 53.0 ± 0.01 l

6.8 0.13 ± 0.01 i 0.12 ± 0.01 f 0.11 ± 0.02 g 0.13 ± 0.01 i 0.49 ± 0.02 n 51.0 ± 0.05 m

S. cerevisiae

2 h
3.0 0.08 ± 0.01 g 0.07 ± 0.02 e 0.08 ± 0.01 f 0.06 ± 0.01 f 0.29 ± 0.01 k 71.0 ± 0.04 j

6.8 0.08 ± 0.02 a 0.08 ± 0.01 e 0.06 ± 0.01 e 0.07 ± 0.02 f,g 0.29 ± 0.02 k 71.0 ± 0.14 j

4 h
3.0 0.07 ± 0.01 f 0.06 ± 0.01 d 0.08 ± 0.02 f 0.06 ± 0.01 f 0.27 ± 0.01 j 73.0 ± 0.11 i

6.8 0.08 ± 0.01 g 0.07 ± 0.02 d 0.06 ± 0.01 e 0.08 ± 0.02 g 0.29 ± 0.01 a 71.0 ± 0.07 j

A. charcoal + L. rhamnosus

2 h
3.0 0.06 ± 0.01 e 0.05 ± 0.01 c 0.05 ± 0.01 d 0.04 ± 0.01 e 0.20 ± 0.01 h 80.0 ± 0.41 g

6.8 0.05 ± 0.01 d 0.04 ± 0.01 c 0.06 ± 0.01 e 0.05 ± 0.01 e 0.20 ± 0.02 h 80.0 ± 0.31 g

4 h
3.0 0.05 ± 0.01 d 0.06 ± 0.01 e 0.05 ± 0.01 d 0.06 ± 0.01 f 0.22 ± 0.01 i 78.0 ± 0.09 h

6.8 0.04 ± 0.01 d 0.05 ± 0.01 d 0.06 ± 0.01 e 0.05 ± 0.01 e 0.20 ± 0.01 h 80.0 ± 0.14 g

A. charcoal + S. cerevisiae

2 h
3.0 0.03 ± 0.01 c 0.02 ± 0.01 c 0.03 ± 0.01 c 0.02 ± 0.01 d 0.10 ± 0.01 e 89.0 ± 0.21 d

6.8 0.03 ± 0.01 c 0.03 ± 0.01 c 0.02 ± 0.01 c 0.02 ± 0.01 d 0.10 ± 0.01 e 89.0 ± 0.07 d

4 h
3.0 0.02 ± 0.02 b,c 0.02 ± 0.01 c 0.03 ± 0.03 c 0.02 ± 0.02 d 0.09 ± 0.02 e 91.0 ± 0.22 c

6.8 0.02 ± 0.0 b,c 0.03 ± 0.01 c 0.02 ± 0.01 c 0.02 ± 0.01 d 0.09 ± 0.01 e 91.0 ± 0.17 c

L. rhamnosus + S. cerevisiae

2 h
3.0 0.05 ± 0.01 d 0.03 ± 0.01 c 0.04 ± 0.01 d 0.05 ± 0.01 e 0.17 ± 0.01 g 83.0 ± 0.11 e,f

6.8 0.04 ± 0.01 d 0.04 ± 0.01 d 0.03 ± 0.01 c 0.04 ± 0.01 e 0.15 ± 0.02 f 85.0 ± 0.06 e

4 h
3.0 0.03 ± 0.01 c 0.05 ± 0.02 d 0.04 ± 0.01 d 0.03 ± 0.01 d 0.15 ± 0.01 f 85.0 ± 0.32 e

6.8 0.03 ± 0.02 c 0.04 ± 0.01 d 0.05 ± 0.01 d 0.04 ± 0.02 e 0.16 ± 0.01 f 84.0 ± 0.41 e

A. charcoal + L. rhamnosus
+ S. cerevisiae

2 h
3.0 0.01 ± 0.01 b 0.01 ± 0.01 b 0.007 ± ±0.02

b 0.005 ± 0.01 c 0.032 ± 0.02 d 96.8 ± 0.08 b

6.8 0.01 ± 0.01 b 0.006 ± 0.02 a 0.004 ± 0.01 a 0.003 ± 0.01 a 0.023 ± 0.01 c 97.7 ± 0.45 a,b

4 h
3.0 0.005 ± 0.01 a 0.003 ± 0.01 a 0.005 ± 0.01 a 0.006 ± 0.01 b 0.019 ± 0.01 b 98.1 ± 0.41 a

6.8 0.003 ± 0.01 a n.d. n.d. n.d. 0.003 ± 0.01 a 99.7 ± 0.13 a

a, b, c, d, e, f, g, h, i, j, k, l, m, n, o Mean values carrying different superscripts small letter on the same column are signifi-
cantly different (p < 0.05). n.d.: not detected. PBS: Phosphate buffered saline; −Ve control: negative control (PBS);
+Ve control: positive control + AFs; n.d.: Not detected.
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2.3. Aflatoxin Adsorption Efficiency in Fortified Dark Chocolate

An experiment on the adsorption of AFs by the tri-mix (A. charcoal + L. rhamnosus +
S. cerevisiae) was carried out in model chocolate to assess the AF adsorption efficiency of
the tri-mix. The experiment was conducted at two time intervals (2 and 4 h) under pH
conditions (3.0 and 6.8). As depicted in Table 3, the overall results indicate a significant
reduction in AFs in supplemented chocolate compared to negative (chocolate) and positive
control (chocolate + AFs). In the positive control, there was a consistency in the range
of total AFs (0.98–0.99 μg/kg), with zero adsorption throughout the time intervals and
pH conditions. In contrast, the adsorption efficiency at simulated gastric pH (3.0) was
better, with an adsorption of 95.4% and 96.1% at 2 and 4 h, respectively, while the levels
of residual total AFs were 0.046 and 0.039 μg/kg at 2 and 4 h, respectively. The highest
adsorption and the lowest residual total AFs were achieved at pH 6.8 after 4 h, at 96.80%
and 0.032 μg/kg, respectively. In contrast, the lowest adsorption and the highest residual
total AFs were 90.2% and 0.098 μg/kg, respectively, after 2 h at the same pH. Regarding
the adsorption effect on the type of AFs, we found that AFG1 was the most adsorbed AF
in supplemented chocolate when compared with other AFs, with residual AFG1 values of
0.004 and 0.002 μg/kg at pH 3.0 and 0.003, respectively, and 0.001 μg/kg at pH 6.8, when
compared with the range of positive control (0.24–0.25 μg/kg). Furthermore, all AFs types
were strongly adsorbable at pH 6.8 compared with pH 3.0, for 2 and 4 h.

Table 3. Aflatoxin adsorption efficiency in supplemented chocolate with tri-mix.

Sample Time pH
Aflatoxins Conc. (μg/mL)

B1 B2 G1 G2 Total AFs Adsorption%

Chocolate
(−Ve control)

2 h
3.0 n.d. n.d. n.d. n.d. n.d. 0

6.8 n.d. n.d. n.d. n.d. n.d. 0

4 h
3.0 n.d. n.d. n.d. n.d. n.d. 0

6.8 n.d. n.d. n.d. n.d. n.d. 0

Chocolate + AFs
(+Ve control)

2 h
3.0 0.24 ± 0.02 c 0.25 ± 0.01 c 0.24 ± 0.01 c 0.25 ± 0.03 c 0.98 ± 0.01 c 0

6.8 0.24 ± 0.02 c 0.26 ± 0.01 d 0.25 ± 0.02 c 0.24 ± 0.06 c 0.99 ± 0.02 c 0

4 h
3.0 0.25 ± 0.01 c 0.24 ± 0.02 c 0.25 ± 0.01 c 0.24 ± 0.03 c 0.98 ± 0.01 c 0

6.8 0.25 ± 0.03 c 0.25 ± 0.01 c 0.24 ± 0.03 c 0.25 ± 0.01 c 0.99 ± 0.01 c 0

Chocolate + AF + tri-mix
(A. charcoal + L. rhamnosus +

S. cerevisiae)

2 h
3.0 0.021 ± 0.02 b 0.016 ± 0.01 b 0.005 ± 0.01 a 0.004 ± 0.02 b 0.046 ± 0.02 a 95.40 ± 0.11 c

6.8 0.020 ± 0.01 b 0.015 ± 0.01 b 0.06 ± 0.02 b 0.003 ± 0.02 a 0.098 ± 0.01 b 90.20 ± 0.24 c

4 h
3.0 0.017 ± 0.02 a,b 0.015 ± 0.01 b 0.005 ± 0.01 a 0.002 ± 0.03 a 0.039 ± 0.01 a 96.10 ± 0.47 a

6.8 0.014 ± 0.0 a 0.013 ± 0.01 a 0.004 ± 0.01 a 0.001 ± 0.01 a 0.032 ± 0.01 a 96.80 ± 0.15 a

a, b, c, d Mean values carrying different superscripts small letter on the same column are significantly differ-
ent (p < 0.05). n.d.: not detected. −Ve control: negative control or/chocolate; +Ve control: positive control
or/chocolate + AFs; n.d.: Not detected.

2.4. Scanning Electron Microscope Assessment

The microscopic examination has been applied to determine the surface characteristics
of A. charcoal, probiotics, and yeast cells before and after AF adsorption. Drastic changes
in the surface morphology of A. charcoal after incubation with AFs mix (B1, B2, G1, and
G2) for 4 h were observed (Figure 1) when compared with non-incubated A. charcoal
(negative control).

In the SEM investigation (Figure 2), with 2000, 5000, and 10,000× magnifications, the
untreated S. cerevisiae cells, having a diploid form and ellipsoid shape, are observed with
capsules of a typical size of 1.71 ± 0.03 mm. The treated cells appeared spheroid, with
deformations and cavitation in the yeast cell wall.
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Figure 1. Scanning electron microscopy analysis of activated charcoal + AFs mix. (A–C) with 5000,
10,000, and 15,000× magnifications, respectively: control group (untreated charcoal in the left side
with honeycomb vacuumed structure) and treatment group (charcoal incubated with 1 mg/mL of
AFs for 4 h in the right side). Orange arrows denote the AF surplus upper layer and pimples on the
surface of activated charcoal.

 

Figure 2. Scanning electron microscopy analysis of S. cerevisiae cells + AFs mix. (A–C) with 2000,
5000, and 10,000× magnifications, respectively: control group (untreated cells in the left side having
diploid form and ellipsoid-shaped) and treatment group (S. cerevisiae cells incubated with 1 mg/mL
of AFs for 4 h in the right side). Orange arrows indicate structural changes induced by Afs, with
an additional upper layer of AFs and their perforations. The yeast cells appeared spheroid with
deformations and cavitation in the cell wall.
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In the typical micrograph of SEM (Figure 3), with 10,000, 15,000, and 20,000× mag-
nifications, the untreated L. rhamnosus cells (control) appeared as small undamaged rods
arranged in chains. The SEM imaging reveals a prevalent conformational change probably
produced by AFs attached to the cell wall surface.

 

Figure 3. Scanning electron microscopy analysis of L. rhamnosus cells + AFs mix. (A–C) with 10,000,
15,000, and 20,000× magnifications, respectively: control group (untreated rod-shaped cells in the left
side arranged in chains) and treatment group (L. rhamnosus cells incubated with 1 mg/mL of AFs for
4 h in the right side). Orange arrows refer to morphological alterations made by AFs; the bacterial
cells appeared as bud-like structures.

2.5. Cytotoxicity Assessment of Activated Charcoal

Table 4 illustrates the cytotoxicity assessment of charcoal to determine the IC50
(μg/mL) on peripheral blood mononuclear cells (PBMCs). Carbon particles have been
proven to be toxic to PBMCs at various concentrations. Consequently, cells exposed to
A. charcoal were presented with 94–47% of live cells at concentrations less than 48.8 μg/mL,
while at a higher concentration, above 97.5 μg/mL, the cells demonstrated 18–29% of
live cells.

Table 4. Estimation of cytotoxicity of charcoal and IC50 (μg/mL).

Sample Concentration (μg/mL) Viability% Inhibition%

Charcoal

390 18 82

195 26 74

97.5 29 71

48.75 47 53

24.37 58 42

12.18 72 28

6.09 94 6
IC50 for charcoal: 45.9 μg/mL.
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2.6. Sensorial Properties of Tri-Mix-Fortified Dark Chocolate

In the sensory evaluation of dark chocolate, taste and texture were the most important
characteristics, particularly in the tri-mix-fortified chocolate compared with the control.
The results in Table 5 reveal that all sensory scores are not significantly different between
chocolates, except for taste and texture. The mean values of taste and texture for tri-
mix-chocolate were equalized to be 8.0, which was lower than those for the control (8.6).
Commercially, A. charcoal has porous and gritty nature, which may affect the texture of
chocolate. The mean values of odor and overall acceptance for tri-mix chocolate versus
control were 8.1 versus 8.5, and 8.3 versus 8.6, respectively.

Table 5. Sensory properties of tri-mix-fortified dark chocolate.

Treatment/Group

Sensorial Properties
Mean ± SD

Color Odor Taste Texture Appearance Overall Acceptance

Control 8.4 ± 0.96 a 8.5 ± 0.84 a 8.6 ± 0.84 a 8.6 ± 0.84 a 7.9 ± 1.37 a 8.6 ± 0.84 a

A. charcoal + L. rhamnosus + S. cerevisiae 8.4 ± 0.94 a 8.1 ± 0.99 a 8.0 ± 1.05 b 8.0 ± 1.05 b 7.8 ± 1.31 a 8.3 ± 0.78 a

a, b Mean values carrying different superscript small letter on the same column are significantly different (p < 0.05);
tri-mix adsorbents: activated charcoal + L. rhamnosus + S. cerevisiae.

3. Discussion

3.1. Screening of Aflatoxins in Chocolates

AFB1 was the most frequently detected aflatoxin at the highest concentration, com-
pared with AFB2, AFG1, and AFG2, in all chocolates. Accordingly, the highest mean
concentration of AFB1 was detected in chocolate powder, at 1.12 μg/kg, exceeding the
permissible limit according to Codex Standard (1 μg/kg) [22]. On the other hand, our
findings regarding AFs in all tested chocolate are within the allowable limits of the Brazilian
Sanitary Surveillance Agency, which set limits of 10 μg/kg for cocoa beans and 5 μg/kg for
cocoa products and chocolate sold in Brazil, for both ochratoxin A and total aflatoxins [8].

The contamination levels of AFG in powder and milk chocolates are significantly
different (p < 0.05) from other chocolates. This finding is inconsistent with those reported
by Kabak [23], who found that AFG1 and G2 contents failed to be detected in all chocolate
samples, except milk chocolate, where the concentration of AFG1 was 0.35 μg/kg.

These results are relatively similar to those obtained by Copetti et al. [24] who de-
tected AFs in approximately 72% of milk chocolates and 100% of bitter and dark chocolate
at concentration ranges of 0.11–1.65 and 0.04–0.91 μg/kg, respectively. In a study by
Turcotte et al. [25] the AFB1 was reported in 80% of dark chocolate and 70% of milk choco-
late samples at values of 0.63 and 0.18 μg/kg, respectively. In Pakistan, Naz et al. [26]
reported that the contents of AFs in dark, milk, and bitter chocolates were 2.27, 1.31, and
0.97 μg/kg, respectively. In contrast, our findings are significantly higher than those re-
ported by Kabak, [23] who counted AFs in 19.6% of milk chocolate, 13.3% of bitter chocolate,
and 8.70% of chocolate wafer samples at mean values of 0.839, 0.455, and 0.281 μg/kg,
respectively. The authors confirmed that AFB1 was the highest detected AF in all examined
chocolate samples.

To date, there is no maximum threshold for AFs in cocoa and its products involving
chocolate established by the European Regulation. The differences in AFs levels amongst
examined chocolates may indicate the content and quality of cocoa solids. This finding
may explain the high content of total Afs, 2.322 and 1.658 μg/kg, in cocoa powder and
dark chocolate samples containing 100% and 35% cocoa solids, respectively. Although
milk chocolate sample content was 29–35% cocoa solids [22], the high content of total
AFs (1.81 μg/kg) could be attributed to milk solids, based on the presence of AFs in milk
products reported recently [27]. The higher contamination levels of chocolates containing
AFs may be attributable to the deficiency of quality control and quality assurance during
the manufacturing, and unhygienic packaging. Currently, chocolate consumption among
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Egyptians, particularly children, is high. Consequently, quantifying the presence of my-
cotoxins in these products is a significant issue, and additional research is required to
determine their mycotoxin concentrations.

3.2. Aflatoxin Adsorption Efficiency in Phosphate Buffer Solution

By comparing the individual tested compounds, it was found that S. cerevisiae ad-
sorbed the highest levels of AFs with adsorption vis residual levels of 71% vis 0.29 μg/mL
and 73% vis 0.27 μg/mL at pH 3.0, and 71% vis 0.29 μg/mL at pH 6.8, after 2 and 4 h,
respectively. This result is higher than those explained by Istiqomah et al. [28], who found
that the AFs binding activity of autoclaved S. cerevisiae B18 cells was 69.5%. Additionally,
Rahaie et al. [29] illustrated that the heat treatment of yeast cells increased their binding
abilities to AFs by 56 ± 2%. A. charcoal adsorbed 52–55% (pH 3.0) and 52% (pH 6.8) of
AFs versus 52–53% (pH 3.0) and 51% (pH 6.8) for L. rhamnosus, after 2 and 4 h, respectively.
This finding indicates that L. rhamnosus-supplemented PBS demonstrated the highest levels
of residual Afs, which were 0.48 and 0.47 μg/mL at pH 3.0, and 0.49 μg/mL at pH 6.8, for
2 and 4 h, respectively.

This investigation suggests that the adsorption efficiency depends on several reasons,
e.g., physical, chemical, and biological properties of the adsorbent and the adsorbate (the
food or beverage); concentration of the adsorbate in fluids; features of the liquid phase
(e.g., pH, temperature) and the residence time. The tri-mix demonstrated the maximum
AF adsorption, followed by the di-mix, due to the synergism among the tested adsorbents’
physical, chemical, ion-exchanging, and biological mechanisms. Accordingly, A. charcoal
has a large surface area and pore volume, providing an excellent adsorption capability. It
can sequester molecules, including mycotoxins, via both chemical and physical interactions;
hence, it can be used as an adsorbent agent. A. charcoal was recognized to have binding
efficiency of more than 90% with AFs.

Lactobacillus strains are Gram-positive bacteria, with a peptidoglycan layer in their
cell wall and teichoic acid and polysaccharides (β-D-glucan) on the surface. The divalent
cations can lead to alterations in the teichoic acid structure. Furthermore, the adsorption
ability of lactobacilli is generally strain-dependent, due to the differences in the structure of
biochemical components on the cell wall for most probiotic types [30,31].

In this study, we found that all the PBS-tested compounds containing S. cerevisiae
demonstrated the best AF adsorption. The adsorption capability mainly depended on yeast
composition and mycotoxin. Earlier studies investigated that yeast cells had the ability
to attach numerous molecules involving mycotoxins via the polysaccharides (glucans),
mannoproteins, and lipids found on their cell wall surface [32]. They can bind to the hy-
droxyl, ketone, and lactone groups of AFs by hydrogen bonds and van der Waals forces [33].
Furthermore, the natural characteristics of mycotoxins play an integral role in the adsorp-
tion activities, such as polarization, solubility, size, shape, cation exchange capacity (CEC),
acidity, and relative humidity [34]. This finding agrees with Joannis-Cassan et al. [35], who
indicated that the yeast cell wall components played a crucial role in AFs binding by
S. cerevisiae. Furthermore, S. cerevisiae was the most effective microorganism for binding
AFs in PBS. Concerning the synergetic action achieved in this study, A. charcoal displays
reversible physical adsorption for microorganisms in liquids without removal by simple
desorption and permeability, permitting its usage as a bio preservative [3]. A study by
Ikegamai et al. [36] revealed that the fermentation activities of S. cerevisiae reached 90%
in the medium containing A. charcoal, compared to 70% in controls. Besides, attractive
interactions between microorganisms and A. charcoal decreased the porosity and negative
charges, enhancing the capacity of A. charcoal to adsorb AFs, which might be the chief
cause of maximum adsorptive ability for the tri-mixed PBS solution.

As hypothesized, the AF adsorption varied with the type and initial concentration
of aflatoxin. Accordingly, AFB1 was the greatest adsorbed aflatoxin on A. charcoal +
L. rhamnosus + S. cerevisiae-treated PBS, with residual values of 0.003 ± 0.01 μg/mL at pH 6.8
for 4 h, compared with the initial concentration of 0.24 ± 0.01 μg/mL. Furthermore, AFB2
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achieved the best adsorption on A. charcoal + L. rhamnosus+ S. cerevisiae-treated buffer at pH
3 for 4 h compared to other Afs, with a residual level of 0 μg/mL of an initial concentration
of 0.25 ± 0.01 μg/mL. Similar findings were obtained by El-Nezami et al. [37] who found
that L. rhamnosus strains successfully bound AFB1 and B2, rather than G1 and G2. In contrast,
Liew et al. [20] showed that the cell wall of lactobacilli showed the highest adsorption,
at 97% for an AFB1 concentration of 6 μg/mL. Similarly, Hernandez-Mendoza et al. [38]
investigated the feasibility that teichoic acid contributes to AFB-binding by lactobacilli. The
ability of bacterial cells to bind with AFs could be enhanced by chemical conditions, as
bacterial cell treatment with acid facilitated the AFs’ physical binding to the bacterium’s
molecular components, especially at the cell wall level.

With respect to AFG2, it was the most efficiently absorbed aflatoxin by S. cerevisiae,
and A. charcoal + S. cerevisiae treated PBS compared to other AFs with residual values of
0.07 ± 0.01 and 0.02 μg/mL, respectively. Moreover, AFG1 and G2 showed a relatively
lower residual level (0.005 ± 0.002 μg/mL) on A. charcoal + L. rhamnosus + S. cerevisiae
tri-mixed PBS when compared with AFB1 and B2 on the same buffer. All AFs showed the
same residual values on A. charcoal + L. rhamnosus-treated PBS to be 0.04 ± 0.01 μg/mL.

The adsorption efficiency in this study is higher than those recorded by Shetty et al. [39],
who examined the adsorption of AFB1 by 18 species of Saccharomyces at AFB1 concentra-
tions of 1, 5, and 20 μg/mL. The authors reported that the yeast cells adsorbed 69.1% of
the AFB1 at 1 μg/mL, 41.0% at 5 μg/mL of AFB1, and 34.0% at 20 μg/mL of AFB1. In this
study, an increase in adsorption was achieved at a reduced initial concentration of each AF,
around 0.25 ± 0.01 μg/mL, so the adsorption levels were relatively high. These findings
are compatible with Joannis-Cassan et al. [35] who reported that the range of adsorption
was 2.5% to 49.3%, based on the AFB1 concentration and the adsorbent type. Similarly,
Gallo and Masoero [40] reported that the adsorption varied from 32% to 54%, with an initial
AFB1 concentration of 0.82 μg/mL.

By modifying surface charges and adsorbent–adsorbate reactions, pH substantially
affects a liquid medium’s adsorption efficiency. Hence, the adsorption ability of all adsor-
bents for the AFs was evaluated at 2 pH levels of 3.0 and 6.8. In this regard, we found that
the only treatment of PBS either by A. charcoal or L. rhamnosus, or S. cerevisiae achieved
the greatest adsorption, ranging from 52% to 73% at acidic pH (3.0). In a study by Joannis-
Cassan et al. [35] they demonstrated that acidic pH (3.0) permitted adequate adsorption of
the mycotoxins in the buffer. Exchangeable cations are involved in the binding mechanisms
of AFs, which can be enhanced after acidulating the adsorbent surface.

In contrast, the di-mixed treatment of PBS by A. charcoal + L. rhamnosus, A. charcoal +
S. cerevisiae, or L. rhamnosus + S. cerevisiae demonstrated the best adsorption, varying from
80% to 91% at pH 6.8. The tri-mixed PBS by A. charcoal + L. rhamnosus + S. cerevisiae had
the overall maximum adsorption of 97.7% and 99.70% at pH 6.8. These results indicate
that the adsorption of AFB1 and AFB2 by the combined adsorbents was pH-independent,
whereas adsorption of AFG1 and AFG2 increased to a certain extent at neutral pH (6.8),
as evidenced by the net surface charges on adsorbents and the charge on AFs molecules.
Similar findings were reported by Rasheed et al. [41] who found no evident variation in the
adsorption for AFB1 and AFB2 in buffer at pH 7, while for AFG1 and AFG2, adsorption
increased enormously. Moreover, this result agrees with Tejada et al. [42] who noticed that
the highest adsorption of A. charcoal reached a value of 75.4% in a solution at pH 6.

In the present research, we used two time intervals, and the adsorption efficiency of
AFs by all treated buffers was more significant at 4 h than at 2 h. This result is compatible
with Rahaie et al. [29], who confirmed that the adsorption capability of AFs in a buffer may
occur at 2 h to 3 h of treatment. The variation in the incubation time could be the factor
that influences the adsorption efficiency of AFs. In the current study, the incubation times
of ranging from 2–4 h were used to reflect the transit time in human GIT. In addition, the
absorption of AFs mainly occurs in the small intestine [19]. Generally, incubation time
plays a part in the adsorption activity.
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3.3. Aflatoxin Adsorption Efficiency in Supplemented Dark Chocolate

Although the results of AF adsorption by the tri-mix in the supplemented chocolate
were high, they were relatively lower than in the PBS solution. This decreased percentage
suggests chocolate has a lower cation exchange capacity (CEC) than the PBS medium. Ad-
ditionally, this concept could be acceptable due to polyphenols and alkaloids in the model
chocolate having great affinity for less polar AFs and acting as an ideal solvent for them [43],
therefore affecting the adsorption efficiency between AFs and adsorbents. Additionally,
the hydrophilic proteins involved in the composition of chocolate might compete with
AF molecules for adsorption sites on adsorbents, thus decreasing its adsorption capacity.
This finding agrees with Barrientos-Velázquez et al. [43]; they found that proteins blocked
the hydrophobic sites needed for Afs on the surface of the adsorbent. The results of AF
adsorption in model chocolate revealed marginal dissimilarity, which could be due to the
presence of a distribution coefficient for AFs amongst aqueous and solid phases compared
with PBS.

3.4. Scanning Electron Microscope Assessment

The non-incubated sample exhibited a honeycomb vacuumed morphology similar
to the turbostratic shape of the carbon molecules. This finding reflects the large surface
area of the carbon particles. The same result was obtained by Kalagatur et al. [44]. The
incubated sample showed a highly exfoliated and rougher surface after AF adsorption.
The honeycomb shape was replaced by a pimple-like structure, due to an additional upper
layer of AFs appearing on the particle surface of A. charcoal.

Vilela et al. [45] informed that such holes can be formed by the action of adsorption, as
yeasts are normally characterized by their egg shape and the smoothness of the surface.
With a magnification of 15,000×, it is noticed that the capsule’s core has a slight irregularity
with holes along its whole length, which means that the internal morphological structure
and the surface of holes were available to the molecules of AFs. Similar results of specific
surface area were reported by De Rossi et al. [46].

The appearance of bud-like structures on the surface of bacterial cells was only noticed
in the AFs-treated cells. Besides, the morphological changes involved the asymmetrical and
coarse surface of the bacterial cell wall. It can be assumed that the interaction between AFs
and the teichoic acids surface and beta-d-glucan structure of the L. rhamnosus cell wall might
cause the structural variations noticed in SEM imaging. The same result of morphological
alterations on the bacterial surface against AFB1 was observed by Liew et al. [20].

3.5. Cytotoxicity Assessment of Activated Charcoal

The results of cytotoxicity in the current research contradicts the findings of
Kalagatur et al. [44], who reported the non-toxic effect of A. carbon against neuro-2a cells,
displaying 95.46% of live cells. The toxic effect may result from the size and shape, porosity,
surface functionality, surface conductivity, or, frequently, the toxic guest species allied with
these materials during processing [47]. The IC50 value of A. charcoal was 45.9 μg/mL, and
this result was considered in the application process, as added A. charcoal did not exceed
40 μg/g in dark chocolate.

3.6. Sensorial Properties of Tri-Mix-Fortified Dark Chocolate

In the present study, dark chocolate exhibited grades of (much-like > 8.0) for all
sensory attributes before and after adding tri-mix. This finding disagrees with Ronald
and Normalina [48], who found that the supplementation of dark chocolate cake with
A. charcoal enhanced its odor and overall interpretation. As hypothesized, A. charcoal acts
as a taste- and odor-eliminating agent, so it might adsorb some of the volatile compounds
responsible for the aroma and taste perception of dark chocolate. The color and appearance
ratings showed the same values of 8.4 and 7.9 in both chocolates, which might be due to
the black color of the A. charcoal hidden with the color of the dark chocolate, enhancing its
color. This result agrees with Ronald and Normalina [48] who recorded a much-accepted
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appearance of dark chocolate cake after adding charcoal. This study determined that the
tri-mix-fortified chocolate had a negligible impact on the adsorptive abilities of the tri-mix.
Therefore, we suggest the application of tri-mix in manufacturing dark chocolate. The
amount of A. charcoal used in this evaluation was ideal as it caused a minimal effect on
the sensory scoring of dark chocolate. We should consider that A. charcoal is a relatively
unspecific adsorbent; hence, essential dark chocolate nutrients could also be adsorbed
particularly if its concentrations in the food are much greater than those of the AFs.

4. Conclusions

In the present study, it was shown that powder, dark, and milk chocolates contained
the highest concentrations of aflatoxins, recommending the implementation of good agri-
cultural practices (GAPs) in cocoa farms, and good manufacturing practices (GMPs) in all
steps of chocolate processing. In vitro assessment of adsorption abilities of A. charcoal,
S. cerevisiae, and L. rhamnosus revealed that combined adsorbents exhibited higher adsorp-
tion efficacy toward AFs than that of individual adsorbents. The highest binding (96.80%)
was reported for tri-mix (A. charcoal+ S. cerevisiae +L. rhamnosus) at neutral pH 6.8 for 4 h.
The SEM micrographs showed that AFs caused structural changes on the surfaces of all
adsorbents with extraordinary trapping. The dark chocolate newly fortified with tri-mix
(A. charcoal+ S. cerevisiae +L. rhamnosus) displayed a maximum removal of AFs and a high
adsorptive power with minimal effects on its sensory evaluation. As a result, tri-mix has
significant potential to be extensively utilized as a bio-functional food for enhancing the
safety of this newly developed chocolate model. Moreover, further investigations to ad-
dress various chocolate types produced from different countries and based on spectroscopic
techniques combined with big data analyses are highly recommended.

5. Materials and Methods

5.1. Chemicals and Reagents

All reagents and cultural media used in the current study were provided by Fluka
chemicals (Fisher Scientific, Cairo, Egypt), and Merck Co (Kenilworth, NJ, USA). AFs and
A. charcoal used were bought from SD Fine-Chem company, Maharashtra, India (Product No:
43032, Methylene blue adsorption: 270 mg/g, particle size: 300 mesh, pH: 6–7.5, maximum
limits of impurities: ash 2.5%, moisture 5%, water-soluble 1.5%, and acid-soluble 2.5%).

5.2. Standards Preparation

The standard solution of AFs was prepared in methanol at concentrations of 1.00, 0.30,
1.00, and 0.30 μg/mL for AFB1, AFB2, AFG1, and AFG2, respectively. The intermediate
multi-standard mixture was dissolved in methanol at concentrations of 0.10 μg/mL for
AFB1 and AFG1, and 0.03 μg/mL for AFG2, and AFB2 was prepared in methanol and kept
at −18 ◦C. Then, these solutions were utilized in the preparation of standards. The detection
limits for AFB1, AFB2, AFG1, and AFG2 were 2.70, 2.50, 1.33, and 1.40 ng/mL, respectively,
while the quantification limits were 3.12, 2.92, 1.61, and 1.81 ng/mL, respectively.

5.3. Bacterial Strains and Cultural Conditions

Saccharomyces cerevisiae EMCC 97 and Lactobacillus rhamnosus EMCC 1105 were ob-
tained from Microbiological Resources Centre (MIRCEN), Ain Shams University, Cairo,
Egypt. S. cerevisiae was cultured in yeast peptone dextrose medium broth (YPD) (purchased
from Merck KGaA, Darmstadt, Germany), while L. rhamnosus was cultivated in de Man
Rogosa and Sharpe broth (MRS) (obtained from HIMEDIA, Maharashtra, India) and kept
overnight at 37 ◦C and 100 rpm. The cells were collected by centrifugation at 6000 rpm/15 min,
washed with PBS, and distilled water as described by El-Nezami et al. [49]. Cells were finally
suspended in 0.1 M PBS at pH (6.8), and the concentration of cells was adjusted at 600 nm
to be (2 × 108 CFU/mL) for S. cerevisiae and (1 × 109 CFU/mL) for L. rhamnosus.
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5.4. Screening of Aflatoxins in Various Chocolate Types

Sixty samples of six chocolate types were purchased from various areas in Alexandria,
Egypt. Ten samples of each chocolate type, dark, milk, bitter, couverture, powder, and
wafer chocolates, were screened. The samples were grounded and saved at −20 ◦C until
extraction and examination.

5.5. Extraction and Immunoaffinity Chromatography (IAC) Clean-Up

The extraction of AFs from chocolates was done as previously reported by Copetti et al. [24]
with minor alterations. Twenty grams of chocolate were extracted by 120 mL methanol:
water (8:2, v/v) and 2 g NaCl and were blended at a speed of 1500 rpm for 2 min, and
then were filtered using filter paper. Six milliliters of the filtrate were mixed with 44 mL of
PBS and were re-filtered through a 1.5 μm microfibre filter (VWR International, Leuven,
Belgium). Sixty milliliters of the filtrate were escaped through AflaTest® IAC fixed on
a vacuum manifold (Agilent Technologies, Santa Clara, CA, USA) at a flow of 2 drops/second.
At the same time, the column was immersed with 15 mL of Milli Q water (Siemens Ultra
Clear, Germany). AFs were separated from the IAC using 0.5 mL of methanol in two stages.
The collective eluates were mixed with 1 mL of Milli Q water and kept at 3–7 ◦C before
HPLC investigation.

5.6. HPLC Analysis

Aflatoxin analysis of chocolate samples was applied using the Waters HPLC system
(Model 6000, Milford, MA, USA), as previously reported by Hamad et al. [50]. It consists
of a solvent conveyance system controller (model 720) fitted with a fluorescence detector
(FLD, model 274) at 360 Ex, and 450 Em. The separation was done using a Waters regularity
column (150 × 4.6 mm2 i.d., 5 μm), the reverse phase was utilized at a flow rate of 1 mL/min
with an isocratic model consisting of 1% acetic acid: methanol: acetonitrile (55:35:10,
v/v/v). The calibration curve was made using varied concentrations of AFB1, AFB2, AFG1,
and AFG2.

5.7. Preparation of Adsorbents in Sole, Di, and Tri-Mix Forms

Using A. charcoal, probiotic yeast (S. cerevisiae), and lactic acid bacteria (L. rhamnosus),
AF adsorption tests were conducted. The S. cerevisiae cell wall was prepared according
to Nathanail et al. [18]. The yeast culture was activated in potato dextrose for mass cul-
ture, and then optical density was adjusted at 600 nm (T80 UV/VIS spectrophotometer,
Leicestershire, UK) to reach a concentration of 2 × 108 CFU/mL. Yeast pellets were col-
lected by centrifugation at 3000 rpm/20 min (Micro centrifuge, SELECTA, Madrid, Spain),
washed three times using sterilized water, then suspended in 0.1 M PBS and autoclaved at
120 ◦C/20 min. Finally, centrifugation was carried out at 5000 rpm/20 min, then the super-
natant was wasted, and cells were washed with sterilized distilled water and freeze-dried.

The culture of L. rhamnosus was activated by inoculating 1 mL into 100 mL of MRS
broth (Oxoid, Hampshire, UK) and was kept at 37 ◦C for 20 h. Then, 1 mL of this culture
was then transferred to 99 mL of MRS broth to obtain a 1% dilution and incubated again
was performed at 37 ◦C/20 h. The concentration was adjusted using a spectrophotometer
at 600 nm to be 1 × 109 CFU/mL. The bacterial cells were deactivated, and their cell
walls were separated by incubating them with 4 mL of 2M HCl at 37 ◦C/1 h. The cells
were then washed with 2 mL of PBS and centrifuged at 5000 rpm/10 min at 10 ◦C. The
supernatant was then discarded, and bacterial cells were freeze-dried at −40 ◦C. In PBS,
concentrations of 40 μg/mL of A. charcoal, lyophilized 2 × 108 CFU/mL of S. cerevisiae, and
1 × 109 CFU/mL of L. rhamnosus were applied individually, in pairs (di-mix) (A. charcoal +
L. rhamnosus, A. charcoal + S. cerevisiae, and L. rhamnosus + S. cerevisiae), and all together
(tri-mix) in PBS. The doses were prepared as follows: (1) A. charcoal = 40 μg/mL or g
(2) L. rhamnosus = 110 μg/mL or g and (3) S. cerevisiae = 130 μg/mL or g.
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5.8. Assessment of Aflatoxin Adsorption in PBS Solution

The adsorption effects of previously prepared adsorbents in the sole, di-, and tri-mix
forms were examined in PBS containing aflatoxin in 2 mL tubes. The assessment was
conducted at two medium pH (3.0 and 6.8) and at 2 time intervals. The samples were sited
in a shaker incubator with a speed of 40 cycles/min at 37 ◦C/30 min. For HPLC analysis,
1 mL of the supernatant was obtained after centrifugation at 25 ◦C and 3000 rpm/5 min.
The results were compared with those of the positive control (1 μg of AF/mL in the absence
of adsorbents) and negative control (adsorbents suspended in pure PBS). Adsorption
percentage was calculated according to Ghofrani Tabari et al. [51] by matching the primary
aflatoxin concentrations with their concentrations in the existence of adsorbents using the
following formula (Equation (1)).

Adsorption percentage =
1 − AF concentrations in the existence of adsorbent

AF concentrations in the standard sample
× 100 (1)

where AF is the aflatoxin.

5.9. Determination of Aflatoxins Residues Using HPLC

A standard solution (26.0 μg/mL) of individual aflatoxin (AFB1, AFB2, AFG1, and
AFG2) was prepared by liquefying 1 mL mixture of HPLC-grade benzene: acetonitrile
(97:3 v/v). The standard solution was diluted until reaching a concentration of 1 μg/mL
(250 ng/mL for each aflatoxin) using 0.5 mol/L PBS (pH 3.0 and 6.8). Analysis of AFs in
PBS was performed according to Hamad et al. [52]. For sample derivatization, 100 μL
of trifluoroacetic acid (TFA) + 200 μL of n-hexane were added to each sample and were
vortexed for 30 s, and samples were kept for 15 min at ambient temperature. Then, 900 μL
water: acetonitrile (9:1, v/v) was added and blended by a vortex. The n-hexane layer was
discarded, and AFs in samples were determined.

5.10. Assessment of Aflatoxin Adsorption by Tri-Mixed Adsorbents in Dark Chocolate Model

Dark chocolate was prepared as follows: dark coverture chocolate was melted in
a water bath, then after tempering at 40 ◦C, divided into three equal portions; (1) negative
control (plain chocolate), (2) positive control (chocolate + AFs 1 μg/kg), (3) tri-mix of
A. charcoal, lyophilized L. rhamnosus (1 × 109 CFU/g) and S. cerevisiae (2 × 108 CFU/g) with
a ratio of (40:110:130 μg/kg of chocolate) and AFs mix (AFB1, AFB2, AFG1, AFG2) (1 μg/kg
of chocolate). Chocolate masses were blended (1500 rpm/5 min), molded, cooled, detached
from the form, wrapped in aluminum foil and paper blanks, then kept at 20 ◦C [53]. The
adsorption effect was assessed and compared with control, after 2 and 4 h of incubation at
40 ◦C, at pH 3.0 and 6.8. The adsorption% and residual AFs were estimated as previously
done in PBS.

5.11. Scanning Electron Microscope Analysis

Activated charcoal, probiotics, and yeast cell surface characteristics before and after
AF adsorption were visualized by Scanning Electron Microscope (SEM) (SEM—Joel JSM
6360, LA, Tokyo, Japan).

5.12. Cytotoxicity Assessment of Activated Charcoal

Cell viability was examined using peripheral blood mononuclear cells (PBMCs) main-
tained in the RPMI medium. Blank wells (150 μL PBS), control wells (150 μL PBMCs), and
tested wells (150 μL PBMCs) were allocated on a 96-well microtiter plate. Activated char-
coal at different concentrations was added to test wells and incubated for 24 h. After adding
neutral red (150 μL/wells), they were incubated at 37 ◦C/2 h, cells were washed, and plates
were shaken with de-staining solution (150 μL/well) of (1% acetic acid: 49% deionized
water: 50% ethanol). Absorbance was monitored at 540 nm in a spectrophotometer [54].
The percentage of inhibition = 100 − (O.D Control − O.D Treatment / O.D Control)
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(Equation (2)); IC50 values were calculated online “www.aatbio.com/tools/ic50-calculator
(accessed on 14 June 2022)”.

Inhibition percentage = 100 − O.D Control − O. D Treatment
O. D Control

(2)

where O.D = optical density.

5.13. Application of Tri-Mixed Adsorbents in Dark Chocolate Model

Dark chocolate was prepared according to Mirković et al. [53] as follows: (1) plain
chocolate: control; (2) treatment: tri-mix of A. charcoal, lyophilized L. rhamnosus
(1 × 109 CFU/g), and S. cerevisiae (2 × 108 CFU/g) with a ratio of (40:110:130 μg/kg
of chocolate).

5.14. Sensory Evaluation

Sensory assessment of control and supplemented chocolate was carried out following
the procedure of Senaka Ranadheera et al. [55] with slight modifications. The samples
were examined at room temperature using a 9-point Hedonic scale for color, odor, taste,
texture, appearance, and overall acceptability. Organoleptic assessment was conducted by
20 panelists (22–58 years old).

5.15. Statistical Analysis

Data were expressed as means of duplicates ± standard deviation (SD). Data were
analyzed by multiple comparisons of one-way analysis of variance (ANOVA) using the
Duncan test in IBM SPSS statistics 23 software program (IBM Corp, Armonk, NY, USA),
where probability (p < 0.05) was considered statistically significant.
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Abstract: Current investigations in the field of toxicology mostly rely on 2D cell cultures and animal
models. Although well-accepted, the traditional 2D cell-culture approach has evident drawbacks
and is distant from the in vivo microenvironment. To overcome these limitations, increasing efforts
have been made in the development of alternative models that can better recapitulate the in vivo
architecture of tissues and organs. Even though the use of 3D cultures is gaining popularity, there
are still open questions on their robustness and standardization. In this review, we discuss the
current spheroid culture and organ-on-a-chip techniques as well as the main conceptual and technical
considerations for the correct establishment of such models. For each system, the toxicological
functional assays are then discussed, highlighting their major advantages, disadvantages, and
limitations. Finally, a focus on the applications of 3D cell culture for mycotoxin toxicity assessments
is provided. Given the known difficulties in defining the safety ranges of exposure for regulatory
agency policies, we are confident that the application of alternative methods may greatly improve
the overall risk assessment.

Keywords: alternative methods; 3D culture; spheroids; in vitro toxicology; mycotoxins

Key Contribution: This review is focused on the applications of 3D spheroid and organ-on-a-chip
models for advanced toxicological studies, highlighting their advantages and critical aspects. Advice
on the correct establishment of the models is also provided based on our laboratory experience.

1. Introduction

Since the early 1900s, assessing the effects of toxic chemicals mainly relies on in vitro
two-dimensional (2D) cell cultures, which poorly reflect in vivo conditions and are affected
by several limitations [1,2]. In 2D cultures, cells lack both the in vivo tissue organization
and key biological functions such as cell–cell and cell–matrix interactions, all contributing
to decreased differentiation, non-physiological distribution of nutrients and growth factors
from the medium, reduced resistance to xenobiotics, and rapid proliferation [3]. Due to
their inadequate ability to elucidate complex biological processes, 2D cell-based systems
often require additional follow-up experiments with animal models to better assess toxicity.
However, animal experiments also show evident limitations: they are costly, require
relatively large amounts of test substances and longer experimental times [4], and express
and regulate genes and proteins differently from humans, limiting the straightforward
translation of information [5,6]. Last but not least, laboratory procedures that often lead to
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animal suffering and their sacrifice are raising ever-growing concerns among the general
public, such that various countries and organizations are strictly controlling animal studies
due to ethical reasons [7]. Over the last decades, several alternative in vitro toxicity-
testing strategies that better mimic the in vivo cell behavior and provide more predictive
results have been developed for evaluating the hazards associated with the exposure
to toxic substances. In 2007, the Toxicology in the 21st Century program, or Tox-21c,
prompted by the National Research Council, dominated the discussion [8]. Since then,
numerous conferences have addressed Tox-21c’s call for a paradigm shift in toxicology,
several American agencies formed a coalition to facilitate its implementation, and the U.S.
Environmental Protection Agency (EPA) made the novel approach its official toxicity-testing
strategy [9,10]. Similarly, the 1986 European Directive 86/609/EEC article 7 encourages the
development and validation of alternative techniques that would provide the same level of
information as animal experiments [11]. Most recently, animals’ wellbeing and welfare in
laboratories have been further regulated by Directive 2010/63/EU [12]. However, although
Europe is heavily investing in the 3R principles—reduce, replace, and refine—there is a
certain reluctance to fully embrace the alternative methods due to the remaining difficulties
in standardization, quality control, and validation [4].

The call for alternative and more predictive methods has led to the development of
novel advanced in vitro systems with greater physiological relevance.

2. Towards More Predictive Toxicology

It is increasingly recognized that cells grown in a 3D environment more closely resem-
ble in vivo cell functions due to the improved cell–cell and cell–matrix interactions [13,14].
Indeed, the phenotype and physiological behavior of individual cells are strongly de-
pendent on interactions with neighboring cells and proteins of the extracellular matrix
(ECM) [15]. Moreover, 3D cultures have well-differentiated cells, show more realistic prolif-
eration rates, reacquire functions lost to monolayers, and are more resistant to xenobiotics
treatments, providing a more accurate representation of their effects [3,16]. Finally, 3D cell
cultures have longer-term stability, making them an appropriate tool for chronic toxicity
studies. Overall, 3D models outperform standard 2D monolayer cultures and provide
researchers with tools to better analyze poorly understood phenomena. Despite all these
evident advantages, 3D cultures tend to be more expensive and time-consuming, techni-
cally challenging, and low in throughput and increase the difficulty of interpreting the data
and replicating the experiments.

Simplifying, 3D cultures can be divided in two main groups: spheroids and organoids.
Whereas spheroids can be defined as a cluster of differentiated cells that aggregate, ex-
hibiting some tissue-like structure, organoids are multicellular self-assembled constructs
that mimic the corresponding in vivo organ in terms of cell types, structure, and func-
tion [17]. The lack of components of the in vivo organ, such as vasculature [18], prompted
the development and integration of micro-physiological systems (organ-on-a-chip, OoC).
These technologies, which combine in vitro models with perfusion and micro-engineered
environments, enable the creation of controlled micro-environmental niches and patterned
biomolecular signals. Since the first published OoC by Shuler et al. [19], the number of
studies on this topic has increased constantly. Although useful to accelerate the preclinical
assessment of substances on cells and tissue mimics, they present limitations due to the
lack of the complex inter-organ crosstalk in the human body. To improve the available
models, researchers have thus devised various “multi-organ-on-a-chip” devices, connecting
multiple organs on a single chip via microfluidic channels, enabling interactions through
the flow of culture medium [20–24]. Organ-chip models are obviously more difficult to
use than other 3D culture techniques in terms of development, sample handling, and
manipulation [25].

Given this overview of in vitro alternative methods and with the goal of identifying
the optimal tradeoff between adherence to in vivo conditions, quality of the results, and
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ease of use, the next sections will focus on key in vitro approaches (spheroids and OoC)
and their application in toxicological studies.

3. 3D Spheroids

Spheroids represent a suitable model for improved toxicology risk assessments over
other 3D cell-culture methods thanks to their faster production, higher reproducibility, and
presence of cell heterogeneity within the sphere [26].

The self assembly of a spheroid from gently pelleted cells generally follows three main
steps: first, extracellular matrix arginine-glycine-aspartate (RGD) motifs bind with integrins,
forming loose aggregates; second, cell–cell interactions induce increased expression of the
cadherin gene, resulting in the membrane accumulation of cadherin protein; finally, a
compact spheroid forms as a result of the homophilic cadherin-to-cadherin interactions [27].
Figure 1 schematizes these steps and shows representative images of the formation of a
spheroid using human neuroblastoma SK-N-AS cells.

Figure 1. Representative optical images of SK-N-AS spheroids at different stages of growth over
the course of 7 days, from the loose aggregate of cells to the formation of a compact spheroid. Scale
bar = 100 μm (magnification 5×). This figure is original and unpublished.

While 2D cell cultures are almost exclusively based on plastic plates or flasks, the role
of both synthetic and organic materials in the formation and maintenance of spheroids is
key for their optimized use. Generally, the formation methods can be divided in two main
groups: scaffold-based and scaffold-free [28].

Scaffold-based methods use materials providing external cell-anchoring systems mim-
icking the ECM and thus supporting cell growth [29,30]. Several scaffolding biomateri-
als are currently available and include synthetic hydrogels, e.g., poly (ethylene glycol)
(PEG), poly (lactic-co-glycolic) acid (PLGA), and polydimethylsiloxane (PDMS), and natu-
ral protein-based hydrogels, such as collagen, alginate, matrigel, gelatin, and hyaluronic
acid (HA) [28,31,32]. The ideal scaffold should be chosen according to several parameters,
including the porosity and the pore size (100–500 μm) [33,34], which confer specific char-
acteristics to the 3D culture, especially in terms of the diffusion of nutrients, oxygen, and
metabolites [29,35]. Natural polymers present several advantages, including biocompatibil-
ity and natural cell-adhesive properties [36]. Nevertheless, the lack of strong mechanical
properties and the batch-to-batch variation makes them not easily controllable [37]. Syn-
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thetic hydrogels overcome these limitations by providing high reproducibility, stability,
and control over the biochemical and mechanical properties [38]. Comprehensive reviews
of scaffold-based methods can be found in the literature [29,30,39,40].

Scaffold-free methods promote the self-aggregation of cells without adding bioma-
terials, use specialized culture surfaces, including ultra-low attachment (ULA) plates or
hanging-drop microplates [36], and exploit factors such as magnetic and gravitational
forces [29]. The hanging-drop method allows the production of high numbers of spheroids,
but given its high operator dependency, it leads to heterogeneous sizes and morpholo-
gies [29,41,42]. In contrast, microwell plates characterized by low-adhesion micropat-
terned compartments combine high-throughput production with little plate-to-plate varia-
tion [29,43]. These systems are available in different formats and an example is represented
by AggreWellTM plates (STEMCELL), where each of the 24 or six wells contains a matrix
of pyramid-shaped microwells enabling the production of thousands of uniform cellular
aggregates within 24–48 h with simple centrifugation of the cell suspensions. The exact
diameter of the aggregates will be determined by the microwell dimensions and the chosen
cell-seeding concentration [40]. Aggregates can be recovered from the microwells by gentle
pipetting and transferred into ULA plates or bioreactors for further culturing and testing.
Despite the clear advantages, this method is not ideal when analyses of single spheroids
are required (such as for microscopy imaging or cytotoxicity evaluation) because of the
difficulty of diluting the obtained suspension of 3D structures to the single-spheroid level.

Single spheroids can be obtained via a liquid-overlay technique or using ULA plates.
The first one uses substrates creating non-adherent surfaces that favor cell aggregation [44].
Agarose diluted in medium can be used to coat the plate and prevent cell adhesion, but
the generated spheroids are typically non-uniform in size and the bottom concave agarose
layer may hinder some applications. Since agarose solidifies within seconds to minutes, a
critical step is that it must be kept at a temperature of around 60 ◦C during dispension to
avoid irregular or insufficient coating due to cooling. In addition, a relatively large volume
(50 μL) per surface area is needed to guarantee the formation of a concave surface [45].
Finally, agarose does not interact with tumor cells, leading to its inability to activate specific
pathways. Alternative materials can be used, including HA, which can interact with the
surface receptors of cancer cells [44].

The ULA plates are characterized by cell-repellant surfaces promoting cell–cell interac-
tion and self-aggregation into spheroids without the need for coating [46]. Our group has
recently shown a successful application of ULA (Corning®, 7007, New York, NY, USA) for
the formation, characterization, and evaluation of sterigmatocystin-induced cytotoxicity on
neuroblastoma SH-SY5Y- and SK-N-DZ-derived spheroids [47]. The non-adhesive U-bottom
surface of ULA 96-well plates allowed the formation of one centrally located spheroid per well,
compatible with several applications and analyses. In particular, in the aforementioned work,
the spheroids were employed for various tests, from cytotoxicity assays, such as thiazolyl blue
tetrazolium bromide (MTT) and ATP assays, to immunofluorescence and Western blotting.
Moreover, the round bottom of the wells directs the aggregation of cells at its center and
facilitates the generation of a uniform spheroid upon centrifugation, an essential feature for
the reproducibility of cytotoxicity experiments. Among the commercially available formats,
we believe 96-well plates are the ideal choice for cytotoxicity experiments since they guarantee
monitoring and manipulation of individual spheroids with high numbers of replicas for
experimental conditions. Careful optimization of both the cell numbers and the centrifugation
times needed for aggregation is necessary, as well as determination of the appropriate days of
culture for spheroids to form and grow to the required size.

Dynamic culture in bioreactors brings several advantages over static methods for
the generation of spheroids, including a homogeneous environment, better diffusion of
oxygen and nutrients, and longer periods of cultivation [48,49]. The stirred-tank bioreactor
(STR) allows an easy and large-scale production of spheroids using culture modalities that
allow the control of several parameters, including oxygen and pH [48,50]. Their main
disadvantage is related to the relatively high shear forces that could have a detrimental
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effect on the spheroids’ shape and structure. Rotating wall vessel bioreactors (RWB) are also
called microgravitational bioreactors and produce spheroids in a microgravity environment
with a lower shear and turbulence compared to other bioreactor systems [48,51].

3.1. Considerations for Spheroid Handling

To use a spheroid model for advanced toxicology risk assessment, some critical con-
siderations need to be further addressed. First, it is crucial to have one single spheroid per
well; second, the spheroids must be uniform in shape and size to reduce variability in the
readouts. Although we are aware of the difficulty of obtaining an absolute standardization
of spheroid culturing, we will here discuss some key points that are often overlooked.

3.1.1. Morphology

Employing regular and well-rounded spheroids in in vitro assays ensures a higher
reproducibility of the results [52,53]. For this reason, the evaluation of morphological
parameters such as solidity and circularity is the starting step to limit the bias and choose
the appropriate spheroid for a given biological application. According to Santo et al. [54],
spheroids are considered regular in shape if their solidity values are higher than 0.90.
Circularity (Cir) is used to calculate the sphericity index (SI), in turn indicating how close
to a spherical geometry the construct is, according to Equation (1) [39].

SI =
√

Cir (1)

Zanoni et al. [30] consider spheroids spherical when SI ≥ 0.90. The shape parameters
may be estimated using AnaSP, a user-friendly software automatically analyzing brightfield
images acquired with a standard optical microscope [55]. In our laboratories, we character-
ized spheroids generated from tumoral and non-tumoral cell lines. As shown in Figure 2,
spheroids generated from bone-marrow-derived mesenchymal stem cells (BM-MSCs) can
be considered regular and spherical in shape at all tested cell-seeding densities and culture
times, with solidity values higher than 0.92 after 1 day of culture and SI ranging from
0.93 to 0.97. Regarding neuroblastoma SH-SY5Y cells, the best results were obtained for
spheroids after 7 days of culture, with measured solidity values and SI over 0.85 and close
to 0.90, independent of the cell-seeding concentration.

Figure 2. Shape parameters of BM-MSCs (a,b) and SH-SY5Y (c,d) spheroids throughout culture
period in ULA 96-well round-bottom plates obtained using AnaSP software. (a,c) Solidity; (b,d)
sphericity index (SI). Curves represent the mean ± SEM of 3 replicates for each cell density/well.
This figure is original and unpublished.
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3.1.2. Size and Time

The physiological state of spheroids strongly depends on their size and culture time.
A diameter of 400–500 μm is considered appropriate for the spontaneous formation of
gradients of oxygen and nutrients and of differential proliferation rates, all essential for
relevant 3D experimental studies [46]. Smaller spheroids sized up to 200 μm allow one
to obtain cell-to-cell and cell-to-matrix interactions, but they do not develop a stratified
composition with viable cells in the rim and necrotic/apoptotic cells in the center [55]. The
seeding cell number only partially correlates to the spheroid size, which is also affected by
the compactness in a cell-line-dependent manner (Figure 3). Moreover, given the specific
doubling times, different cell lines require different culture lengths to obtain spheroids
of a defined diameter. Therefore, the optimal seeding cell density and time in culture
need to be identified for each cell line. Figure 4 shows representative size measurements
of spheroids generated from BM-MSCs and SH-SY5Y cells over time in culture. While
SH-SY5Y spheroids had an almost linear growth, BM-MSC spheroids showed a slight
decrease, likely as a consequence of a reduction in the amount of cytoplasm and in cell
volume [56].

Figure 3. Optical images of spheroids generated from different cell lines on ULA 96-well round-
bottom plates and seeding the same number of cells (2000 cells/well). Scale bar = 100 μm (magnifica-
tion 5×). This figure is original and unpublished.

Figure 4. Assessments of spheroid growth on ULA 96-well round-bottom plates. Growth kinetics of
(a) BM-MSCs and (b) SH-SY5Y spheroids evaluated over a period of 7 days. Curves represent the
mean ± SEM of 3 replicates for each cell density/well. This figure is original and unpublished.

Another fundamental aspect is the assessment of the maintenance of the desired cell via-
bility throughout the 3D constructs. Recently, several user-friendly kits have been developed to
measure cell viability on 3D spheroids. Among these, the Live & Dead Viability/Cytotoxicity
assay (Invitrogen®, L3224, Waltham, MA, USA) distinguishes live from dead cells in a pop-
ulation by exploiting the fluorescent properties of Calcein AM (acetomethoxycalcein) and
ethidium homodimer-1 dyes (Figure 5). Calcein, as a permeable and liposoluble dye, when
internalized in live cells is cleaved by intracellular esterases with the subsequent emission of
green fluorescence. Ethidium homodimer-1, a cell-membrane-impermeable dye, confers red
fluorescence to nucleic acids and is an indicator of cell death.
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Figure 5. Assessments of spheroid viability on ULA 96-well round-bottom plates. Cell viability
of BM-MSCs spheroids was evaluated using a Live & Dead assay after (a) 1 day and (b) 7 days of
growth. Live cells are stained green and dead cells are stained red. Scale bar = 100 μm (magnification
5×). This figure is original and unpublished.

3.1.3. Extracellular Matrices

Not all cell lines spontaneously form spheroids using standard culture medium but
require the addition of ECMs such as collagen or methylcellulose. For example, human
umbilical vein endothelial cells (HUVECs) seeded in ULA 96-well round-bottom plates form
loose aggregates and only upon the addition of ECM components to the growth medium yield
a 3D spheroid-like morphology (Figure 6). In this case, the spheroid-generation conditions
need to be optimized by testing various ECM components. For HUVECs, we found that
collagen I worked best to form spheroids with a defined boundary, with an optimized
concentration of 7.5 μg/mL, while higher concentrations led to a disrupted morphology
(Figure 7). Considering that some ECMs may have poor biocompatibility, their use requires a
validation of their potential toxicity. The cell viability of spheroids cultured in the presence of
ECMs may be tested with a Live & Dead fluorescence staining assay (Figure 8).

Figure 6. HUVEC cells seeded for spheroid formation with and without ECMs addition. Scale
bar = 100 μm (magnification 5×). This figure is original and unpublished.

Figure 7. Standardizing collagen I concentration. A total of 10,000 HUVEC cells was seeded in
medium supplemented with different concentrations of collagen I. Scale bar: 100 μm (magnification
5×). This figure is original and unpublished.
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Figure 8. Assessments of HUVEC spheroid viability cultured in the presence of ECMs. A total of
10,000 HUVEC cells was seeded in medium supplemented with (a) 7.5 μg/mL collagen I and (b)
0.25% methylcellulose and stained with Live & Dead 1 day later. Scale bar: 100 μm (magnification
5×). This figure is original and unpublished.

3.2. Downstream Functional Assays on 3D Spheroid Model: Advantages and Critical Issues

As previously stated, 3D spheroids improve upon the canonical 2D culture techniques
by enabling us to address previously unanswered research questions [36]. Of course,
bridging the gap from 2D culture techniques to 3D innovative models is not free from
obstacles and challenges. In addition to the previously discussed critical aspects such
as the spheroids’ formation, size, and shape, the type and method of acquisition of the
viability/cytotoxicity tests following treatments with toxic substances must also be carefully
considered to minimize biases and obtain reliable data.

After exposure to toxic substances, the first evidence of toxic effects is based on op-
tical observations of potential alterations on the structural organization of the spheroids,
assessed by measuring the integrity and viability of the spheroids over time [47]. Com-
mercially available cell-viability assays can be adapted to the 3D model. An example is
the CellTiter-Glo® Luminescent Cell Viability Assay (Promega®, G968B, Milan, Italy), a
luminescent assay that measures ATP to determine the number of metabolically active
cells. An additional viability test applicable to 3D spheroids is the MTT assay. Compared
to monolayer cultures, the MTT assay for spheroids requires slight protocol modifications.
In particular, at the end of the treatment, the spheroids must be transferred to a flat-bottom
96-well plate before the MTT solution is added. However, it should be noted that the
spheroid transfer could not only disturb the culture, but also lead to the loss of cell material
and impede a large-scale throughput [47,57].

Moreover, a limiting step when working with 3D cultures can be the reproducibility
of data. To bypass this issue and provide major robustness to the results it is mandatory to
have at least four to six spheroids per experimental condition.

Microscopy and imaging are among the most widespread analytical methods em-
ployed in cell biology. However, one of the biggest issues when 3D spheroids are used
as a working model is the difficulty of staining and imaging the entire structure due to
the dense network of cells in the core mass. Furthermore, the plates where spheroids
are formed are not always fully compatible with microscopes, hindering high-resolution
imaging and often requiring spheroids to be transferred to more suitable surfaces, with
consequent disturbances to the culture conditions and the potential loss of cellular mate-
rial [58]. A further challenge is to capture the full complexity of the spheroid structure. To
do this, a series of xy images can be captured at fixed steps in the vertical direction using
automated microscopes to obtain a z stack [58]. Moreover, since not all antibodies labeled
with fluorescent dyes are able to diffuse into and stain the inner core of the spheroids, we
recommend performing primary and secondary antibody incubations under constant and
gentle shaking to improve upon the limited penetration capacity.

Spheroids are also adaptable to routine molecular and biochemistry applications.
A recent study optimized the protocol to determine the protein profile in 3D cultures
after mycotoxin treatments [47]. Surely, one aspect to consider for specific downstream
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applications is the overall number of viable cells available at the desired endpoint. A simple
but not necessarily easy strategy is culturing high numbers of spheroids per condition to
obtain the quantity and purity of RNA and proteins suitable for the analyses. After the
careful collection of spheroids, the genes and proteins of interest can be detected according
to standard PCR and blotting procedures.

Other assays that have been shown to be adaptable to the spheroid model are cell cycle
and apoptosis analysis using flow cytometry. The crucial aspect to consider for this type of
acquisition is the sensitivity of the cytometer, with a minimum cell count requirement of
500,000 cells, thus requiring large numbers of spheroids according to the initial seeding
density, growth timing, and final cell number obtained [47]. The experimental procedure is
based on the labeling and acquisition of single-cell suspensions; thus, a defined number of
spheroids per experimental condition must be collected and trypsinized before staining
and subsequent cytometer acquisition [59].

Angiogenesis is a multi-step process involving the parent vessel’s extracellular matrix
degradation, causing the migration and proliferation of endothelial cells to form a new ves-
sel with a lumen and a layer of mural cells [60]. Being a complex phenomenon, reproducing
it in vitro is a challenge not addressable with standard cell culture. Dr. Thomas Korff
and Dr. Hellmut Augustin pioneered an endothelial cell spheroid-based 3D angiogenesis
technique for in vitro studies [61]. Based on this system, in vitro angiogenesis assays were
widely developed to investigate the putative angiogenesis-related toxic effects of com-
pounds and/or genetic manipulations [62]. By culturing endothelial-cell spheroids with
the hanging-drop method and embedding them into a collagen matrix, the ability to form
capillary-like tubes can be investigated by counting the number and length of sprouts after
treatment with toxins [63]. The spheroid-based sprouting assay is an advantageous tool
that makes the study of angiogenesis in an in vivo-like microenvironment easier and more
robust. Similarly, 3D cultures can be instrumental in analyzing with better soundness the
general cell-migration phenomenon. For this purpose, different matrices have been tested
to include the spheroids, such as gelatin, collagen, and matrigel [64–66]. Based on our
experience, a gelatin coat guarantees a good experimental reproducibility and spheroids
generated in ULA 96-well round-bottom plates can be transferred to gelatin-coated “mi-
gration” plates and monitored over time using an optical microscope. Within a few hours,
tumor cells begin spreading from the spheroid over the coated surface [47]. Fundamental
for correct data interpretation are the image-processing steps performed on several images
for each sample. The complete image-analysis routine needs to be managed with different
and sequential image-processing techniques with the aim of measuring the cells spreading
on the gelatin coat. The Sobel mathematical model, based on the edge detection of optical
greyscale images, provides a reliable measure of migrating cells. The edge of the spheroid
masks detected at time 0 is employed to identify the inner regions from the surrounding
migrated cells [47,67,68].

Regarding the assessment of genotoxicity associated with exposure to toxic substances,
there are many limitations associated with 2D cultures, as extensively reviewed previ-
ously [69]. Moreover, the regulated genotoxicity in vitro testing methods have demon-
strated low specificity and produced misleading false positives, resulting in the need for
additional animal testing [70]. Recently, 3D in vitro models have had increasing application
in the field of genotoxic assessment due to their reliability in reproducing the physiological
environment and metabolism of chemicals [71]. An existing application tested genotoxic
effects on 3D HepG2 cells and compared the effects in 2D monolayer cultures, showing
that the spheroids had improved sensitivity in detecting genotoxic compounds evaluated
with a comet assay [72]. Genotoxicity assessments, like other analyses described above,
require at least 48–60 spheroids per condition to provide reliable results (Figure 9). Other
advanced tools are the 3D skin comet and the reconstructed skin micronucleus (RSMN)
assays [73], which detect DNA lesions and chromosomal damage, respectively, that could
be due to exposure to a variety of compounds found in cosmetics, industrial chemicals, and
household products. In the field of dermally applied chemical exposure, the 3D skin comet
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assay resulted in a 70–100% range of predictivity and good intra- and inter-laboratory
reproducibility.

Figure 9. Summary of functional assays and possible approaches for the obtainment of reliable results
in a spheroid model. This figure is original and unpublished.

In addition, novel genotoxicity testing enabled researchers to observe DNA damage
through a high-throughput comet chip assay on metabolically competent HepaRG cells [74].
The optimized 3D culture system used 96- or 384-well ULA plates for evaluating the
response to various direct-acting and indirect-acting genotoxicant/carcinogen exposure.
The high-throughput comet chip platform on 3D spheroids proved to be a reliable in vitro
approach improving the risk assessment for human genotoxic carcinogen exposure.

Another common effect associated with toxin exposure is the induction of oxidative
stress. Currently, the role of reactive oxygen species (ROS) on decreased cell viability
induced by toxic substances is mainly investigated using simplified 2D monolayers [72].
The use of a 3D spheroid model enables the capture of the complexity of these biological
processes and cellular behaviors, better resembling in vivo conditions. ROS generation can
be measured using an ROS-specific fluorescent dye such as 2’,7’-dichlorodihydrofluorescein
diacetate (DCFH-DA), a cell-permeable probe used to detect intracellular ROS through
plate-reader acquisition [47]. In a 3D glioblastoma model, the CellROX Green Reagent
(Thermo Fisher Scientific, Waltham, MA, USA) was used to measure the release of intra-
cellular ROS. CellROX, a DNA-binding cell-permeant dye, displays green photostable
fluorescence if oxidation is active. This fluorescence followed the fluorescent probe’s incor-
poration due to drug treatments. To provide further insights on the oxidative status of the
spheroids, the authors also assessed glutathione (GSH) levels using a luminescence-based
assay (Promega, Madison, WI, USA) as well as the expression of glutathione peroxidase4
(GXP4) and 8-Oxo-2′-deoxyguanosine (8-oxo-dG) using immunohistochemistry in sections
from the spheroid tumors [75]. The expression of enzymes associated with ROS metabolism
can also be measured via PCR and/or Western blot. These time-consuming methods re-
quire a skilled operator and, to reduce the data variability, multiple technical replicates per
condition [47].

4. Organ-on-a-Chip (OoC) Systems

OoCs combine cell biology and microfluidic technology in a microdevice capable
of recapitulating the dynamics, functionality, and (patho)physiology of human organs.
Typically, a microfluidic-based device houses cell constructs embedded in engineered 3D
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microenvironments, with medium flow driven by pumps (syringe or peristaltic). Compared
to conventional 2D cultures, cells in OoC systems show a cell polarization and cytoskeletal
architecture more similar to those observed in vivo, in addition to maintaining cell viability
and functionality for longer periods of time. OoCs also enable a fine regulation of the
biological and physicochemical micro- or nano-environment thanks to a tight control of
the flow of the culture medium. The flowing medium mimics the continuous supply of
oxygen and nutrients, mirroring the in vivo physiological conditions while also allowing
the delivery of drugs or other compounds of interest to the cells in culture. Another
advantage derives from the use of small volumes of culture medium and test substances,
with great economic gain that should not be underestimated.

So far, OoCs have greatly advanced life science and medical research, playing an
increasingly important role in preclinical trials and drug development, but also provide
new broad opportunities for the toxicological field. With the ability to recapitulate in vivo
physiology and study complex biological systems in a controlled in vitro environment,
OoCs predict more accurately the acute and chronic effects induced by chemical and
natural toxicants to which humans may be exposed. These advanced cell-culturing systems
promote the improvement of toxicological hazard and risk assessment and overcome ethical
limitations such as the use of animal testing for toxin risk assessment.

Although OoCs could play an important role in the revolution of toxicology, their
application shows downsides, such as the low throughput, difficulty of standardization
and validation, and most importantly, the inability to give ultimate answers on the adverse
systemic effects at the level of the whole individual. The following sections provide an
overview of the usability, compatibility, and assay ability aspects of OoC systems.

4.1. Considerations for OoC Handling

In OoC technology, the design, fabrication methods, and culture strategy strongly
depend on the ultimate experimental purposes. All the choices relating to the development
of an OoC model must depend on them, from the selection of materials to the cell source.

4.1.1. Material Selection

There are various materials that can be used for the fabrication of OoCs; however, each
of them shows advantages and disadvantages. Here, we present only the most important
and widely used materials in OoC design and development.

The most commonly used material is PDMS, a silicone polymer whose biocompati-
bility, elasticity, optical transparency, and gas permeability make it the ideal candidate for
biological experiments [76]. However, its tendency to adsorb a wide range of chemicals
limits its application in toxicity studies and must be carefully taken into account [77,78].
The absorption of biomolecules is reduced when using glass, whose great optical trans-
parency also makes it the first choice for real-time imaging. However, glass chips are not
suitable for long-term cell culture, since they are not gas-permeable [79]. Furthermore,
in contrast to PDMS, which can be processed with soft lithography and micromolding
techniques, glass is typically processed with the more expensive and time-consuming
standard lithography [76,80].

Recently, plastic materials such as poly(methylmethacrylate) (PMMA), polycarbonate
(PC), and polystyrene (PS) have been increasingly replacing the traditional PDMS- and
glass-based chips due to their low cost and easy fabrication [81]. Furthermore, they show
several interesting properties, such as: (i) high biocompatibility, enabling cell growth and
adhesion; (ii) excellent optical transmittance, allowing high-quality fluorescent imaging;
and (iii) resistance to small-molecule permeation and, therefore, approval by the Food and
Drug Administration (FDA) [82,83]. Nevertheless, there are some limitations in their use,
due to the low gas permeability, which has a negative impact on long-term experiments,
and their incompatibility with most organic solvents [84,85].

Hydrogels are polymeric materials with a high water content showing many attractive
properties for the OoC field, including biocompatibility, high permeability, biodegradability,
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elasticity, and low cytotoxicity [37]. In addition, their mechanical properties mimic some
elements of ECMs, also protecting biological entities in long-term studies [86]. Due to their
high biocompatibility and presence of cell-binding sites, hydrogels are mostly coated on
the surface of OoC devices fabricated with a material with less-favorable cell-attachment
properties [87,88]. However, hydrogels, especially natural ones, present some limitations
due to the poor stability and batch-to-batch variability. Collagen is one of the most widely
used hydrogels for bioengineered tissues, being the most common ECM component in the
human body [89]. Techniques for hydrogel-based OoC fabrication include lithography, 3D
printing, and molding [90].

Finally, as for conventional cell-culture platforms, all components of the OoC devices
must be sterile, and the choice of sterilization method depends on the materials involved.
An inappropriate sterilization may result in component damage, ultimately leading to sys-
tem failure. The conventional autoclave sterilization methods cannot be used for materials
with low thermal resistance, such as PMMA and PC plastics, and should be replaced with
UV and/or ethanol treatments. However, materials that exhibit opacity and/or the ability
to absorb UV rays are not suitable for UV sterilization, while ethanol is not compatible with
materials that can absorb it, including PDMS [91].

Once sterilized, the device surfaces that will be in direct contact with cell cultures
may require specific treatments to ensure biocompatibility and regulate cell attachment. If
adhesion needs to be favored, ECM coating is often adopted (see above), while pluronic
acid treatment, which prevents cell adhesion, can be used in those chips designed for 3D
culture [3].

4.1.2. Selection of Cell Culture

Closely related to the scientific question is the selection of the appropriate cell source.
Immortalized cells, primary cell cultures, and induced pluripotent stem cells (iPSCs) can
be used. Cancer cells are widely employed in toxicological studies because they are
highly proliferative, easy to culture, and well-characterized. Despite these advantages,
immortalized cell lines show an altered genotype and phenotype, which limit their ability
to reproduce physiological cell behaviors [92]. For these reasons, primary cells are a
valid option to evaluate the toxicological effects induced by exposure to toxic substances
under physiological conditions. However, they show several limitations, including poor
accessibility due to the lack of donors, inter-donor variability, limited proliferative capacity,
and the loss of tissue-specific functions when maintained in vitro, preventing their use in
chronic toxicity studies [93,94].

The use of iPSCs is in demand in toxicological studies using OoC models. The main
advantages of iPSCs are their capacity to differentiate in various cell lineages [95] and
their adult origin, avoiding the ethical concerns associated with the use of embryonic
tissues. In addition, like primary cells, iPSCs derived from donors with known disease
phenotypes inherit the patient genotype, making them ideal to study toxic responses for
susceptible groups, but less suitable for broader populations [95]. The major challenge in
the use of iPSCs is their correct differentiation into specific cells or tissues. Due to their
natural variability, standardization remains difficult, but protocols to maintain, differentiate,
and mature iPSCs in vitro are constantly being developed and updated. In addition,
direct on-chip culture techniques have also been performed using iPSC-derived intestinal
organoids [96], proving that a synergy between iPSC culture and the OoC technology is
expected to greatly progress research.

OoCs culturing monolayers of only one cell phenotype might underrepresent the
in vivo complexity. For these reasons, new approaches include more complex 3D architec-
tures with multicellular compartments [97]. When culture wells allow direct access (open
at the top), 3D cultures previously formed with scaffold-free techniques can be directly
seeded without the need for delicate injections through microchannels [98–101].

Single-organ systems are ideal to study the effects of toxicants on a specific target;
however, a more comprehensive analysis would require a multi-organ system that would
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reproduce the correlations that one site has on the functionality of another one. However,
obtaining true multi-organ systems is not as straightforward as the simple connection
of two or more single-organ systems. For example, multi-OoCs require an optimized
formulation of a common culture medium, capable of ensuring and maintaining the correct
viability and physiology of each cell population. Mixing the culture media used for each
cell type has been shown to generally produce good outcomes [102,103]. However, as the
number of cell types in a system increases, optimizing a co-culture medium can become
more challenging. In these cases, the compartmentalization of cells into semi-insulated
culture chambers can be a viable option to circumvent the issue [99,104].

4.2. Downstream Function Assays on OoC Model: Advantages and Critical Issues

The functional assays that can be performed in OoC systems can generally be divided
into two classes: on-chip and off-chip. The first comprises immunohistochemistry, trans-
epithelial electric resistance (TEER), and migration and angiogenesis assays. Off-chip
assays include high-performance liquid chromatography/mass spectrometry (HPLC/MS),
gas chromatography/mass spectrometry (GC/MS), and enzyme-linked immunosorbent
assays (ELISA) [105].

Immunohistochemical staining and other microscopy readouts are the most widespread
methods used in OoC devices. By using the microchannel network of the OoC, it is pos-
sible to directly deliver the fluorescent stains or antibodies to assess cell viability or the
expression of specific markers. Furthermore, the use of optically transparent materials
ensures excellent imaging quality [106–109] while also enable on-line monitoring of cell
behavior (if live cell stains are available, i.e., in reporter cell lines). Other on-chip assays
(e.g., calcium-imaging, colorimetric, and luminescence assays) are still feasible but less
frequently adopted due to the difficult optimization in a microfluidic environment.

The measurement of TEER values allows the evaluation of the integrity and perme-
ability of any barrier tissue. This technique is mainly employed in OoCs where cells form a
natural barrier between fluid compartments. TEER is easily measured by applying Ohm’s
law, but impedence spectoscopy, using microelectrodes integrated into the chip during
fabrication [110,111] or before an experiment [112,113], provides a more accurate measure.
Complex systems containing several cell-culture chambers, such as the one reported by
Ramadan et al. [114], which measured the barrier integrity of human keratinocytes in
co-culture with monocytes, require highly trained end-users.

Off-chip assays have the advantage of measuring many markers simultaneously.
However, only approaches that require a few microliters of sample volume are compatible
with microfluidic chips. Perhaps for these reasons, HPLC/MS and GC/MS are used
by few in OoC studies [115–117]. To meet the needs of OoC systems, in recent years
various microarray techniques and commercial assay kits have been developed for specific
biomarkers using very low volumes (<5 μL) [91].

Due to the high sensitivity of HPLC/MS and GC/MS techniques and their ability
to provide quantitative analysis, considerable efforts have been made by researchers to
overcome the difficulties encountered in coupling OoC to off-chip mass spectrometers.
However, with the continued development of microfabrication technology, coupling of mi-
crofluidic systems to MS has become more common [118]. It must be noted that producing
a device with chromatographic separation for LC/MS systems remains challenging due
to the high back pressure generated when pushing the mobile phases through a particle-
packed channel. Recently, Chen et al. developed a reproducible, robust, and stable 3D
bioprinting microfluid chip coupled to LC/MS, demonstrating the suitability of the device
for drug analysis and straightforward quantification [119]. The field of development of new
coupling strategies is still growing and oriented towards the use of miniaturized analyzers,
which would greatly increase the possibility of on-site analysis [120].

Lytic, transcriptomic, proteomic, and cell-viability assays typically require the retrieval
of the cell samples from the chip prior to analysis, thus increasing the operator dependency.
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It is also essential that the chip be designed to enable sample retrieval without detrimental
effects on their function and structure in order not to affect the results [121].

It should be noted that most publications reported performing the analysis only on a
single chip, although it is well-accepted that a minimal number of replicas per condition
as well as positive and negative controls is required to produce statistically relevant and
reliable data.

5. Applications of Advanced In Vitro Models for Mycotoxin Assessment

There is promising evidence that the toxicology field could benefit from the application
of alternative culture methods. An innovative approach could contribute to a more reliable
toxicity evaluation of compounds and support regulatory agency policies on allowable
exposure levels. To date, regulatory toxicology has only partially embraced alternative
methods, and food toxicology in particular is a sector still largely outside of the 3R and
Tox-21c proposed regulations [122]. Searching terms as “food” AND “toxicology” AND
“alternative methods” in PubMed results in a bibliography of just 118 articles from 1985
to the present. Of these, very few address mycotoxins and their risk assessment. On the
contrary, searching terms such as “mycotoxin” and “animal model” yield 1200 articles in the
last 20 years only, highlighting how far this topic is from adopting alternative approaches.

Mycotoxins are toxic secondary metabolites produced by filamentous fungi frequently
found as contaminants of food and feed. Recently, Royal DSM, a global science-based
company in nutrition, health and sustainable living, released Biomin results for the 2020
World Mycotoxin Survey, identifying 65% of analyzed samples contaminated with at least
one mycotoxin above the threshold levels [123]. Mycotoxins are objects of concern, as
they are known to induce adverse health effects in humans and animals following the
consumption of contaminated foodstuffs. To prevent and contain the negative effects on
consumers and animals, regulatory limits and guidance values are stipulated in several
countries for many mycotoxins [124]. So far, mycotoxin risk assessment mainly relies on
studies evaluating their cytotoxicity using in vitro 2D cell models, which can overestimate
or underestimate the cellular toxicity due to the lack of a 3D architecture. In fact, evidence
is accumulating that the same degree of sensitivity of the 2D systems did not translate into
3D culture systems [57,125,126]. As described in the sections above, this discrepancy can
be attributed to the presence of more pronounced intracellular junctions in 3D cell models,
mimicking physiological barriers, as well as a dense ECM, which influences xenobiotic
transport [127,128]. In agreement with the literature, 3D models exposed to the mycotoxins
ochratoxins (OTs), citrinin (CIT), sterigmatocystin (STE), and fumonisin B1 (FB1) showed
a remarkably different sensitivity compared to monolayer cells [47,129,130]. These data
shed light on the need for a more precise evaluation of mycotoxin risk using more complex
models.

A list of studies aimed at assessing mycotoxin toxicity using alternative methods
is provided in Table 1. Aflatoxin B1 (AFB1) is the mycotoxin that is most frequently
studied using alternative in vitro models. The already-known genotoxic potential of AFB1
has recently been further investigated using hepatic spheroids, which show a higher
expression of metabolic enzymes than 2D monoculture and, thus, better represent the
metabolic activity of the hepatic cells in vivo [131,132]. Likely because of the increased
metabolic activity of the spheroids, 3D HepG2 spheroids demonstrated a greater efficacy
than standard monolayer cells in detecting genotoxicity, showing a higher sensitivity to low
concentrations of AFB1 [71,72]. These data confirm that the advanced features of the 3D
model make it an ideal candidate to improve the state-of-the-art for AFB1 genotoxicological
assessment. The acute toxicity of AFB1 was also assessed on a microphysiological system
(MPS) that enabled the maintenance of the hepatic functionality of hepatocytes for at least
14 days. An analysis of the LDH activity showed a modest increase in LDH after exposure to
30 μM AFB1. The system has proven to be a valuable tool for evaluating the hepatotoxicity
of toxicants that require bioactivation, such as AFB1. However, only one liver cell type
was employed in the system, representing a limitation of the approach [106]. Based on
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the study by Ma et al., an even more reliable toxicity evaluation of AFB1 may be obtained
using 3D co-culture spheroids. In fact, the authors observed an important difference in
terms of metabolic viability and sensitivity of 3D co-culture spheroids compared not only
to 2D cells, but also to 3D mono-type cell spheroids [133]. Specifically, AFB1 (≤30 μg/mL)
was shown to induce apoptosis in 2D HepG2 cells, but did not significantly affect 3D
cell spheroids, especially those in triple co-culture, which exhibited a higher resistance.
Combined with an analysis of gene expression, both metabolic activation and detoxification
efficiency were higher in 3D than in 2D cells, explaining the different sensibility shown by
the two models. Similarly, in another study, the authors observed different interactions
associated with the co-exposure of AFB1 with cyclopiazonic acid (CPA) compared with
those reported in the literature. Synergistic effects were obtained in co-cultured hepatocyte
spheroids at concentrations close to real-life exposure levels (0.625 μg/mL AFB1 and
3.125 μg/mL CPA) [134], and the authors speculated that this could be because the 3D
culture environment might confer metabolic processes that differ from those of adherent
cells, leading to differences in interactions between 3D and 2D cells. Since it is widely
accepted that the carcinogenic and toxic effects of AFB1 are dependent on its metabolic
activation [135], 3D cell culture seems to be a complex and suitable model for a more precise
evaluation of mycotoxin co-exposure.

Considering that the toxicity of mycotoxins can be influenced by other organs once in
the bloodstream, Bovard et al. developed a microfluidic multi-organ chip that overcomes
the inaccuracies associated with 3D models cultured under conventional static condi-
tions [136]. The novel system consisted of a 3D organotypic bronchial model connected
with liver spheroids acting as a metabolizing compartment. In normal human bronchial
epithelial cells at the air–liquid interface, AFB1 cytotoxicity was delayed by co-culture with
liver spheroids, suggesting that at least part of AFB1 was metabolized into the less-toxic
parent compound aflatoxin Q1 (AFQ1) by the hepatic compartment. Similarly, Schimek
et al. observed that AFB1 induced a greater decrease in functionality and viability in
mono-cultured bronchial cultures compared with lung–liver co-cultures [137]. Taken to-
gether, these studies lay the first stone upon a new alternative and physiologically relevant
approach to assess the potential toxicity of AFB1.

For many mycotoxins of concern, the mechanisms underlying their toxicity are still
elusive due to the lack of adequate models that fully recapitulate human functions in vivo.
Imaoka et al. used a 3D human kidney proximal tube microphysiological system (kidney
MPS) to define the dose–response relationships of ochratoxin A (OTA)-induced nephropa-
thy [138]. The LD50 values obtained by the authors (1.21 and 0.375 μM at 72 and 186 h of
exposure, respectively) agreed with the clinically relevant toxic concentrations of OTA in
urine (0.37 μM), suggesting that the kidney MPS may represent a good model to reflect
chronic toxicity of OTA and support changes in its risk assessment.

For the mycotoxin deoxynivalenol (DON), a deeper understanding of its effects on
intestinal barrier functions is needed, considering that it is rapidly and almost completely
absorbed in the proximal small intestine. However, the effects of DON on intestinal stem
cells have not yet been studied in vitro due to the lack of a model containing them. To
overcome this issue, Hanyu et al. used intestinal organoids containing intestinal stem
cells (enteroids) to evaluate DON toxicity on luminal and basolateral intestinal sides [139].
Enteroids consist of a central lumen lined by a villus-like epithelium and several crypt-like
domains and allow mimicry of most features of the native intestine. In the study, DON
was delivered to the enteroid lumen using a microinjection technique and its basolateral
exposure was shown to affect intestinal stem cells more than luminal exposure at equal con-
centrations. Similar results were obtained using the native small intestine of mice exposed
to DON orally. DON toxicity in enteroids was also reported by Li et al., who showed that
acute exposure to DON suppresses intestinal-stem-cell-based enteroids’ expansion [140].
These findings support the use of enteroids as a powerful alternative tool to test the effects
of toxins on intestinal stem cells. Very recently, DON-mediated effects on intestinal barrier
leakage were further confirmed using a three-layered 3D gut-on-a-chip Caco-2 cell-culture
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model that allowed the inclusion of intestinal flow, ECM, and compartmentalization in
three compartments (apical gut tube with lumen, ECM, and basolateral compartment).
Similar to the previous findings, the intestinal cells were found to be more sensitive to
basolateral DON exposure [141]. Noteworthy, with the addition of the third dimension and
the application of fluid flow, shear stress, and the integration of the ECM, this study took
one step further towards a more physiological model solution.

Table 1. Studies assessing mycotoxin toxicity using alternative in vitro methods.

Mycotoxin 3D Model Endpoint Reference

AFB1

Hepatic spheroids (HepG2 cells) DNA damage [72]

Hepatic spheroids (HepG2 and HepaRG cells) Cytotoxicity, liver functionality,
genotoxicity [71]

Human hepatocytes cultured in a MPS LDH release [106]

Mono-type spheroids (HepG2 cells); co-cultured
spheroids (HepG2 cells + EA.hy 926 cells); triple

co-cultured spheroids (HepG2 cells + EA.hy 926 cells
+ LX-2 cells)

Cell viability, mitochondria, oxidative
stress, cell membrane [133]

Normal human bronchial epithelial (NHBE) cells
cultured at the air–liquid interface (ALI);

lung/liver-on-a-chip (NHBE ALI + HepaRG
spheroids)

Transepithelial electrical resistance
(TEER), ATP content [136]

Lung/liver-on-a-chip (Bronchial MucilAir +
HepaRG and HHSteCs spheroids) Intracellular ATP levels, LDH release [137]

Paper-based 3D HepG2 culture Hepatotoxicity at different oxygen
tensions [142]

AFB1, CPA Triple co-cultured spheroids (HepG2 cells + EA.hy
926 cells + LX-2 cells)

Individual and combined cell viability,
mitochondria, oxidative stress,

metabolomic analysis
[134]

STE Human neuroblastoma spheroids (SH-SY5Y and
SK-N-DZ cells)

Cell viability, oxidative stress, apoptosis,
DNA damage, migration [47]

CIT, OTs, Canine kidney spheroids (MDCK cells) Individual and combined cytotoxicity [129]

DON

Mouse enteroids Intestinal barrier function [139]

Porcine enteroids Intestinal stem cells activity [140]

3-layered 3D gut-on-a-chip Caco-2 cell culture Intestinal barrier function [141]

FB1
Rat hepatic spheroids Cytotoxicity [130]

3D human esophageal epithelial cells (HEEC) Cell viability [143]

OTA 3D human kidney proximal tubule
microphysiological system

Cytotoxicity, analysis of kidney injury
biomarkers, OTA transport,

detoxification, and bioactivation
[138]

AFB1: Aflatoxin B1, ALI: air–liquid interface, CIT: citrinin, CPA: cyclopiazonic acid, DON: deoxynivalenol, EA.hy
926: immortalized human vascular endothelial cells, FB1: fumonisin B1, HHSteCs: human hepatic dtellate cells,
LDH: lactate dehydrogenase, LX-2: human hepatic stellate cell line, MPS: microphysiological system, NHBE:
normal human bronchial epithelial, OTs: ochratoxins, OTA ochratoxin A, SK-N-DZ: human neuroblastoma
MYCN-amplified cells, STE: sterigmatocystin.

6. Conclusions

Both 2D and 3D cell-culture methods allow us to obtain an advanced understanding
of the cellular response to toxin exposure. However, 3D models have proven to have the
potential to better recapitulate the in vivo architecture of natural tissues and organs. Thus,
researchers working to test toxins, including mycotoxins, on 2D cell monolayers should
seriously consider 3D cell-culturing alternatives. Although there is encouraging evidence
that the toxicological field could benefit from the application of advanced and complex
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culture methods, it has only partially embraced them, especially in the field of regulatory
toxicology. Several alternative methods for assessing toxicity endpoints, such as irritation,
corrosion, and genotoxicity, have already been validated and accepted by the Organization
for Economic Co-operation and Development (OECD) [144,145]; however, there is still a
lack of alternative models for many other toxicity endpoints. One of the reasons for the slow
adaptation to alternative methods could be due to the difficulties of standardization, quality
control, and validation. Furthermore, some alternative methods, while representing a
successful example of in vitro reproduction of the in vivo microenvironment, are technically
challenging and lack in throughput. Indeed, as the complexity of the system increases, the
design, fabrication, and other phenomena commonly ignored in conventional macroscale
cell cultures, such as bubble formation, evaporation, and nutrient depletion, assume a
key and fundamental role. One of the major benefits of alternative in vitro models is the
great potential to increase the biological relevance of in vitro studies. The development of
cheaper and more user-friendly alternative systems would facilitate the adoption of this
technology by more laboratories. With a shift in methodology and an increased effort for
alternative models, the techniques will be better understood, and more advanced methods
will be developed and adopted for toxicology studies.
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Abstract: Milk is a staple food that is essential for human nutrition because of its high nutrient content
and health benefits. However, it is susceptible to being contaminated by Aflatoxin M1 (AFM1), which
is a toxic metabolite of Aflatoxin B1 (AFB1) presented in cow feeds. This research investigated AFM1
in Tunisian raw cow milk samples. A total of 122 samples were collected at random from two different
regions in 2022 (Beja and Mahdia). AFM1 was extracted from milk using the QuEChERS method,
and contamination amounts were determined using liquid chromatography (HPLC) coupled with
fluorescence detection (FD). Good recoveries were shown with intra-day and inter-day precisions of
97 and 103%, respectively, and detection and quantification levels of 0.003 and 0.01 μg/L, respectively.
AFM1 was found in 97.54% of the samples, with amounts varying from values below the LOQ to
197.37 μg/L. Lower AFM1 was observed in Mahdia (mean: 39.37 μg/L), respectively. In positive
samples, all AFM1 concentrations exceeded the EU maximum permitted level (0.050 μg/L) for AFM1
in milk. In Tunisia, a maximum permitted level for AFM1 in milk and milk products has not been
established. The risk assessment of AFM1 was also determined. Briefly, the estimated intake amount
of AFM1 by Tunisian adults through raw cow milk consumption was 0.032 μg/kg body weight/day.
The Margin of Exposure (MOE) values obtained were lower than 10,000. According to the findings,
controls as well as the establishment of regulations for AFM1 in milk are required in Tunisia.

Keywords: aflatoxin M1; raw cow milk samples; Tunisia; HPLC-FD; risk assessment

Key Contribution: According to the findings of this survey; AFM1 is commonly found in the majority
of raw cow milk collected in Tunisia; and all positive samples had concentrations that exceeded the
EU maximum tolerable limit. Furthermore; the risk assessment of AFM1 through milk consumption
was determined; suggesting some health concerns for Tunisian consumers.

1. Introduction

Milk is essential for human nutrition due to its high nutrient content and health
benefits [1]. Humans consume milk either raw (unprocessed) or processed (condensed,
pasteurized, powdered, liquid, heat-treated, or UHT-treated) [2]. Cow milk is the most
frequently consumed by humans. When comparing cow milk and other animal milk types
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to human milk, it was previously thought to be the ideal food for children, who represent
the majority of consumers [3].

In fact, cow milk accounts for 83% of world milk production, followed by buffalo
milk with 13%, goat milk with 2%, sheep milk with 1%, and camel milk with 0.3% [4].
Furthermore, it accounts for 77% of African animal milk production [4]. The dairy sector
is an important component of Tunisia’s agricultural and agro-alimentary sectors. Further-
more, in Tunisia, raw cow milk is used for making special and traditional products such
as cheese and gouta. Tunisia produced an average of 1,100,000 tons of fresh cow milk
per year in the period of 2010–2014 [5]. Later, in 2017, Tunisia produced approximately
1424 million liters of cow milk [6]. Its consumption by the Tunisian population is about
110 L/cap/year. This consumption is higher than the global average (100 L per capita per
year) and the African average (17 L/cap/year). The cow milk collected represents more
than 62.6% of the national milk produced, and the Tunisian industry dairy obtain about
89.6% of the fresh milk from collection centers [6]. Tunisia, in North Africa, is surrounded
by the Mediterranean Sea, which has a warm climate with high relative humidity. These
conditions are favorable to the proliferation of toxigenic molds and mycotoxins produc-
tion. In fact, it is essential that milk be free of toxic compounds that can be harmful to
humans, particularly children, who are more susceptible to the action of toxic compounds.
In fact, the quality of milk, in terms of toxic contaminants, has a direct relation with the
type and quality of animal feed. Nonetheless, milk can be indirectly contaminated by
mycotoxins such as aflatoxins (AFs) and ochratoxin A (OTA) at relatively high levels, as
well as fumonisins (FBs), zearalenone (ZEA), and deoxynivalenol (DON) at trace levels,
by ingesting contaminated feed [7]. Mycotoxins are a group of highly toxic secondary
metabolites produced by Aspergillus, Fusarium, Penicillium, Claviceps, and Alternaria fungal
species [8]. Mycotoxins can cause health risks ranging from allergic reactions to death, both
in humans and animals. In effect, their toxicity is determined by the concentration and type
of mycotoxins consumed. They are responsible for chronic effects, namely immunotoxicity,
genotoxicity, hepatotoxicity, nephrotoxicity, teratogenicity, cytotoxicity, and neurotoxic-
ity [9]. Furthermore, the International Agency for Research on Cancer has classified AFs as
carcinogenic to humans and animals [10].

The majority of studies on mycotoxins’ presence in milk have focused on aflatoxin
M1 (AFM1) analysis. AFM1 is a hepatic carcinogenic mycotoxin, and its presence in milk
poses a danger for humans [11]. In fact, AFM1 is a monohydroxilated product of aflatoxin
B1 (AFB1) biotransformation in the cow liver, and is detected in milk within 12–24 h of
the first ingestion of AFB1 presented in animal feed [12]. It is excreted in milk at rates
ranging from 1% to 6% of the dietary consumption [13]. The rate of biotransformation
varies between animals, and other factors such as diet, rate of ingestion, digestion rate,
animal health, and the biotransformation capacity of the liver [14]. AFM1 was classified
as a Group 1 carcinogen by the International Agency for Research on Cancer [10]. Milk
contamination by mycotoxins is not only a public health problem, but it also costs farmers
financially due to the negative effects of them on animal production [15]. The presence of
AFM1 in milk is a worldwide issue. Once it is secreted into milk, it cannot be removed by
technological treatments such as pasteurization, sterilization, or drying [16]. In order to
protect humans, the European Union established 0.05 μg/L as the maximum permitted
level (MPL) of AFM1 in milk [17]. Similarly, the Food and Drug Administration (FDA) in
the United States has established a maximum permitted level of 0.50 μg/L for AFM1 in
milk [18]. Tunisia, unfortunately, does not have a maximum limit for mycotoxins in milk
and milk products.

For the detection of mycotoxins in milk, many sensitive, selective, and reliable analyti-
cal techniques are used, such as enzyme-linked immunosorbent assay (ELISA) and liquid
chromatography coupled with a fluorescence or ultraviolet detector (HPLC-FD/HPLC-UV),
thin-layer chromatography (TLC), LC-MS/MS, and ultra-performance liquid chromatogra-
phy coupled with tandem mass spectrometry (UHPLC-MS/MS) [19–21].
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Despite the high consumption of cow milk by Tunisian people and the dangers that
mycotoxins pose to humans and animals, to the best of our knowledge, only one study
about mycotoxins presence in milk was carried out in Tunisia [22], and no data on the risk
assessment of mycotoxin consumption was available in this study. Thus, it is essential
to investigate the occurrence of mycotoxins in milk to furnish information about human
exposure. Taking those considerations into account, the objectives of the present study
are to determine and quantify AFM1 in raw cow milk collected from two Tunisian re-
gions, Beja (the continental region) and Mahdia (the coastal region), using HPLC-FD, as
well as to determine the daily exposure of Tunisians consumers to AFM1 through cow
milk consumption.

2. Results

2.1. AFM1 Levels in Raw Cow Milk

One hundred and twenty-two samples of raw cow milk produced in the Tunisian
provinces of Mahdia (n = 60) and Beja (n = 62) were analyzed by HPLC-FD to evaluate the
occurrence of AFM1. The AFM1 occurrence, concentration range, and mean concentration
are presented in Table 1. In fact, only positive samples above the LOD (0.003 μg/L) were
considered.

Table 1. Incidence of the studied AFM1 (μg/L) in raw cow milk samples from tow Tunisian regions.

Region

Positive
Samples

<LOD <LOQ
Minimum

Concentration
(μg/L)

Maximum
Concentration

(μg/L)

Mean Con-
centration

(μg/L)

Lower
Bound

Scenario
(μg/L)

Upper
Bound

Scenario
(μg/L)

n %

Mahdia (60) 58 96.67 2 48 <LOQ 99.36 39.37 6.56 6.57
Beja (62) 61 98.39 1 53 <LOQ 197.37 64.27 8.29 8.30

Total (122) 119 97.54 3 101 <LOQ 197.37 50.44 7.44 7.45

Only positive samples (≥LOD: 0.003 μg/L) were considered for calculations. Lower bound scenario (LB): the
value of 0 was attributed when AFM1 was not detected or detected below the LOQ. Upper bound scenario (UB):
the value of LOD was attributed to AFM1 that was not detected, and the value of LOQ was attributed to AFM1
detected at levels below the LOQ. Values are expressed as means of three assays and significant vs. control assay:
p < 0.05. LOD: limit of detection: 0.003 μg/L. LOQ: limit of quantification: 0.01μg/L.

This study exposed high contamination levels of AFM1 in the raw cow milk collected
in Tunisia. AFM1 was found in 119 out of 122 (97.54%) of analyzed milk samples, at
concentrations ranging between values lower than the LOQ and 197.37 μg/L, with a mean
value of 50.44 μg/L. However, it is important to highlight that only 18 of 119 positive
samples were contaminated at levels above LOQ. Furthermore, AFM1 was not detected in
3 of 122 samples. Moreover, 18 of 122 analyzed samples exceeded the maximum permitted
level (MPL) set for AFM1 by the EU (0.05μg/L) [17] and the FDA 0.5 μg/L [18].

2.2. Regional Differences in AFM1 Contamination Levels

Based on the milk sampling region, the levels of AFM1 in samples collected from two
different regions in Tunisia were compared (Tables 2 and 3). The highest AFM1 maximum
concentration was found in the continental region (Beja), at 197.37 μg/L, compared to
99.36 μg/L in the coastal region (Mahdia). Moreover, the mean value of AFM1 in milk
samples from the continental region (64.27 μg/L) was about 1.6 times higher than in milk
samples from the littoral region (39.73 μg/L). AFM1 levels of some samples, eight from the
Beja region and ten from Mahdia, were above the thresholds set by the EU and FDA [17,18].
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Table 2. Meteorological data during sampling period of 2022 in Tunisia.

Region
(Period)

Average of
Precipitation

(mm)

Average of
Temperatures

(◦C)

Average of Humidity
(%)

Littoral region
(March–June) 3.75 21.25 71.5

Continental region
(March–June) 10.5 21.25 71

Data from the National Institute of Meteorology (Tunisia).

Table 3. Geographic data related to the sampling regions in Tunisia.

Sampling
Region

Geographic
Position

Altitude (m) Latitude Longitude
Bioclimatic

Zone

Mahdia
(Coastal) Center East 6 36807 N 10_22051 E Semi-Arid

Inferior
Beja

(Continental
north)

Northwest 93 36_33004 N 9_26035 W Sub-Humid

2.3. Estimation of Daily Intake

Based on the findings of this study and the amount of milk consumed by the Tunisian
population (approximately 110 L/person/year [23]), the estimated daily intake of AFM1
(EDI) for a Tunisian adult weighing 70 kg was estimated to be 0.032 μg/kg body weight/day,
considering the mean concentration calculated under Lower Bound scenario (LB) and
Upper Bound scenario (UB).

2.4. AFM1 Risk Characterization

The characterization of AFM1 risk from dairy product consumption in the Tunisian
population was performed using a deterministic approach. The Margin of Exposure (MOE)
was calculated. Considering the LB and UB scenarios the MOE value for raw milk was 12.54.

3. Discussion

3.1. AFM1 Presence in Raw Cow Milk

Mycotoxins are a worldwide issue that harms both animals and humans. Similar
to the rest of the world, the Tunisian people consume a great quantity of cow milk. The
determination of AFM1 (a carcinogenic mycotoxin) levels in raw cow milk samples from
Tunisia, as well as the investigation of the risk assessment associated with this contamina-
tion, piqued our interest in this study. In the context of this study, there are other studies
on AFM1 occurrence in raw cow milk from countries over the world highlighting their
presence. To the extent of our knowledge, only one study on mycotoxins in milk has been
published in Tunisia [22].

In this survey, AFM1 contamination levels in raw milk were found in 97.54 percent of
analyzed samples. Similar to our results, AFM1 was found in raw cow milk samples with
very high occurrences in various other North African countries. In Egypt, Kamel et al. [24]
used UPLC-MS/MS to analyze raw cow milk samples and found AFM1 in all of them
(100%) at quantities ranging from 0.14 to 8.54 μg/L. Later, Abdallah et al. [25] found AFM1
in 20 of 20 samples taken from different local markets in Assiut Governorate in Upper Egypt,
with concentrations ranging from 0.02 to 0.19 μg/L. In a previous Sudanese investigation,
Ali et al. [26] also revealed AFM1 in all raw milk samples tested with concentrations ranging
from 0.1 to 2.52 μg/L. In 2023, Hamed et al. [27] used HPLC-FD to analyze raw cow milk
from Egypt, and detected AFM1 in 88% of samples with a maximum concentration of 0.122.

More recently, in 2023, AFM1 was detected in all of the raw cow milk samples from
Ethiopia [28]. However, no AFM1 occurrence was detected in raw cow milk from Portugal
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in 2023 [29]. North African counties, including Tunisia, which are surrounded by the
Atlantic Ocean, the Mediterranean Sea, and the Red Sea, have a humid and warm climate
that may encourage fungal development and mycotoxin production. In fact, the high
temperatures associated with climate change induce fungi apparition and mycotoxin pro-
duction in animal feeds [30]. Recently, The Food and Agriculture Organization (FAO) [31]
have published a paper on climate change and food safety, notably analyzing the effects of
climate change on mycotoxins. In the sampling period, the temperature (21 ◦C) was high
(Table 2). Aflatoxins (AFs), including AFB1, are mycotoxins produced in animal feed by
fungal genera such as Aspergillus flavus, Aspergillus parasiticus, and Aspergillus nomius [32].
These fungi can grow at temperatures ranging from 19 to 35 ◦C [33], producing AFB1 in
Tunisian animal feed [34]. In comparison to our findings, AFM1 contamination has been
recorded in other studies with zero or low prevalence in raw cow milk samples. In North
Africa, lower incidences were reported. In 2015, Redouane et al. [35] reported that an only
one out of 22 (4.5%) raw cow milk sample from Algeria was contaminated by AFM1. Also
in Egypt, a study revealed AFM1 in only 18% of raw cow milk samples taken from Cairo
provinces [36], and later Zakaria et al. [37] found AFM1 in 49% of raw milk from the Aswan
province. In an Algerian study, the contamination of raw cow milk was shown to have an
incidence of 46.43% [38].

The concentrations found in this work ranged from values below LOQ and 197.37 μg/L.
In accordance with our results, Esam et al. [39] found high concentrations of AFM1, ranging
between 10 and 110 μg/L in all raw cow milk samples analyzed from Egypt. Added to
that, Mukhtar et al. [40] detected the presence of AFM1 in the overall fresh raw cow milk
samples collected from Nigeria at concentrations ranging from 22.33 to 119.99 μg/L.

The high AFM1 concentration in milk is usually explained by the contamination of
cow feeds by AFB1. According to Table 2, the sampling period was a dry one during which
farmers were not able to feed their animals (kept in local dairy farms) with green feed.
Therefore, the main feed supplements are grains (corn and soya), and concentrated feed is
a mixed of barley, wheat, corn, and soya, which are susceptible to mycotoxins and fungal
contamination due to poor transportation and storage conditions. Tunisians typically store
those feeds in non-hermetic bags made by jute and woven polypropylene. These bags have
inadequate construction because they allow air to enter, exposing the stored feed to fungus
spores [41].

The maximum concentration of AFM1 (197.37 μg/L) in Tunisian raw milk was higher
than that reported in other countries around the world, including Cyprus (0.017 μg/L; [42]),
Turkey (0.034 μg/L; [43]), Italy (0.026 μg/kg; [44]), Pakistan (0.021 μg/L; [45]), Brazil
(0.045 μg/L; [46]), China (0.036 μg/L; [47]), Lebanon (0.440 μg/L; [48]), and Spain
(1.36 μg/L; [49]), and lower than that reported in Kenya (273.8 μg/L; [50]) and Iran
(240 μg/L; [51]).

Those different results indicate that milk contamination levels with AFM1 vary be-
tween countries. These differences are due to different techniques for extracting and
detecting mycotoxins, the type and quality of forage and feed, the kind of cow diet, the
geographic location, the climatic variation, the sampling seasons, the genetic variation in
dairy cows, the farming systems, and the feed storage [51–53].

In terms of regulations, all raw milk samples had AFM1 concentrations that exceeded
the MPL (0.050 μg/L for the EU and 0.5 μg/L for the FDA). In the same way, the per-
centage of AFM1 contamination levels of samples exceeding regulatory limits have been
reported for cow milk from north Africa, such as Egypt (100%; [24]) and Sudan (100%; [26]);
however, Mohammedi-Ameur et al. [38] found that only one sample (1.19%) of Algerian
raw milk had an AFM1 concentration above the MPL. Cow milk contamination levels
(%) that exceeded regulatory limits have also been reported in other African countries
such as Burundi (100%; [54]), Kenya (63%; [55]), Zimbabwe (79.2%; [56]), and Tanzania
(83.8%; [57]), as well as in other countries over the world such as Iran (83.7%; [58]) and
Indonesia (68.4%; [59]).The high quantities of AFM1 reported in this study can be attributed
to the nature of the milk examined, which was fresh and untreated. In a Moroccan study,
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15.2% of pasteurized milk samples were contaminated with AFM1 at lower levels rang-
ing from 0.010 to 0.077 μg/L while in ultra-high temperature treated (UHT) milk, only
9.5% of samples were contaminated with AFM1 at concentrations ranging from 0.013 to
0.048 μg/L [60]. AFM1 was found in three different milk products from Punjab, India, with
varying levels of contamination (percentage of positive samples/maximum concentration),
including raw milk (80%, 4.185 μg/L), pasteurized milk (41%, 2.330 μg/L), and ultra-high-
temperature milk (47%, 2.585 μg/L) [61]. Inadequate conditions, contamination of the
milking instrument and/or manipulation of raw milk may also contribute to mycotoxin
contamination of milk [62].

3.2. Regional Differences in AFM1 Concentrations

The current study reported considerable differences in AFM1 contamination levels
in raw milk samples from two different regions in Tunisia, with the continental region
having the highest contamination levels with a mean concentration of 64.27 μg/L and
all the positive samples having concentrations above the MPL (0.05 μg/L). However,
Abbès et al. [22] found contradictory findings when analyzing raw cow milk from the
continental region, Beja, in Tunisia using ELISA technique. They detected moderate
contamination levels of AFM1, with a mean concentration of 13.62 μg/L, and only 5
(4.4%) had concentrations above 0.05 μg/L. The differences in concentrations observed
could be attributed to geographic and climatic variations [63]. In fact, high levels of AFM1
in milk samples were found in continental regions with more precipitation, including
rain (Table 2), which increases humidity and favors the growth of aflatoxigenic fungi and
the accumulation of aflatoxins, in particular AFB1, in dairy animal feed, which was then
transferred to milk in the form of AFM1 [64]. These variations could also be caused by
other factors such as animal species, milking time, the level of mycotoxins in feed intake,
and the volume of milk produced by the animal mammal in such region. In fact, due to
limited resources for this survey, we could not collect background information on farming
practices and cow feeds (green feed, dry feed, and concentrate) provided at the different
regions. So far, we have no information about differences in AFM1 contamination.

3.3. Estimated Daily Consumption of AFM1

Humans are exposed daily to AFM1 through the consumption of contaminated milk.
Exposure assessment, as one component of risk assessment methodology, combines my-
cotoxin levels in food with consumption habits, providing valuable information for risk
management if mycotoxins affect food safety and health on an individual or population
level [65]. The estimated exposure of humans to mycotoxins, in particular AFM1, is cal-
culated by combining contamination and consumption data. In this context and, for the
first time in Tunisia, the determination of the EDI of AFM1 was carried out to evaluate the
risk associated with the intake of this mycotoxin through milk consumption by Tunisian
adults (70 kg). In Tunisia, milk consumption was estimated at 110 L/person/year. This
consumption is compared with neighboring countries. It was higher than 72 L/person/year
in Morocco and lower than 140 L/person/year in Algeria [60]. In this survey, considering
the mean of total samples, EDI values obtained were 0.032 μg/kg body weight/day in
both the LB and UB scenarios. The great finding of EDI can be explained by the Tunisian
population’s higher intake of raw cow milk, due to its low cost, accessibility, and taste. It
can also be explained by the high prevalence of AFM1 in the raw milk samples collected,
given that this toxin is not removed or degraded by the industry’s typical technological
processes, such as heat treatments, drying, and/or milk fermentation [60].

Although various studies have reported the presence of AFM1 in milk [66], few data
on the risk assessment of this mycotoxin for milk consumers are still accessible, and no data
are available in Tunisia. In comparison to data from other countries, the EDI (0.032 μg/kg
body weight/day) of AFM1 taken from cow raw milk consumption reported in this research
was the highest. In comparison to our reported data, negligible EDI values were reported
in other studies. Bilandžić et al. [67] found EDI values from mean raw milk intake ranging
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from 0.000017 to 0.00282 μg/kg bw/day in a Croatian study. Further, Mohammedi-Ameur
et al. [38] found an EDI of 0.0003425 μg/kg bw/day in raw milk from Algeria. Also, the
research by Gizachew et al. [68] reported an EDI of 0.0007891 μg/kg bw/day in raw milk
from Ethiopia. Recently, Daou et al. [48] found an EDI of 0.0001126 μg/kg bw/day for raw
milk in Lebanon. In Ghana, the EDI ranged between 0.000006 and 0.000203 μg/kg bw/day
for infants, toddlers, children, teenagers, and adults [69]. Due to the lack of consumption
data for various age groups in this study, we were able to estimate exposure and health
risks only for adults.

3.4. Risk Characterization of AFM1 Exposure

Regarding the MOE, it can be used to describe the health risk posed by carcinogenic
and genotoxic substances found in food [70]. When the value of the MOE is ≥ than 10,000,
it is assumed that there is a low risk to public health [66]. In our study, the MOE values
measured in both scenarios were less than 10,000 (12.54 in both the LB and UB scenarios).
In any case, the ingestion of raw cow milk contaminated with AFM1 can result in a public
health problem (liver cancer). Similar to our results, Kortei et al. [69] found MOE values
ranging from 197 to 6666.7, which was below 10,000 and caused a problem for public health
by consuming raw cow milk. Further, Zebib et al. [28] revealed that the MOE detected
in the studied Ethiopian regions was less than 10,000 in adult populations, indicating a
possible public health risk due to the high AFM1 exposure from raw milk consumption.
Contrary to our findings, the MOE values for Serbian consumers’ exposure to AFM1 were
significantly higher than 10,000 in toddlers and other children, indicating that there is no
health risk associated with AFM1 exposure through consuming milk [71]. The differences
in results reported in this work and other studies could be attributed to a variety of factors,
including milk consumption, nutritional habits, the number of analyzed samples, the milk
sampling period, and the method used for AFM1 extraction and analysis (ELISA kits,
HPLC, or LC-MS/MS, for example). That said, attention should be paid to the health risks
associated with exposure to mycotoxins, including AFM1, through consumption of raw
cow milk.

The high frequencies and concentrations of AFM1 in raw milk samples in the current
investigation indicate that lactating cows were exposed to high levels of dietary AFB1.
Thus, preventive approaches for reducing AFB1 concentrations in feed as well as good
storage practices and hygiene in dairy farms should be explored to protect animal health.
Furthermore, to protect consumers from possible health risks associated with AFM1 expo-
sure, more extensive and periodic control of AFM1 concentration in milk is required, as is
establishing regulations for mycotoxins in Tunisia.

4. Conclusions

In the current survey, AFM1 was frequently identified in raw cow milk from two
regions of Tunisia (the continental and coastal regions) with high levels of contamination.
The amounts of AFM1 in 18 of 119 positive samples exceeded the MRL. According to the
toxicological parameters of EDI and MOE calculated in this study, where the MOE was
less than 10,000, there was a public health problem, particularly hepatocellular carcinoma
(HCC), due to the high exposure of the Tunisian population to AFM1 by consuming raw
cow milk. To avoid the proliferation of fungi and the production of aflatoxins, farmers
must be informed of the optimal storage conditions for animal feed as well as milk control.
Strict regulation and a tolerable maximum for AFB1 and AFM1 should be established in
Tunisia to reduce possible risks to health and economic losses. Further investigation of
AFM1 in milk and its risk assessment in consumers, particularly children (the majority of
milk consumers), is needed.
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5. Materials and Methods

5.1. Reagents and Chemicals

The solvents used in this work, methanol (MeOH) and acetonitrile (ACN) (HPLC
grade), were acquired from Merck (Darmstadt, Germany). The deionized water (resistivity
> 18 M cm1) was obtained in the laboratory from a Milli-Q SP® Reagent Water System
(Millipore Corporation, Bedford, MA, USA). The formic acid (95%) was purchased from
Sigma Aldrich (St. Louis, MO, USA). The Nylon filters (0.45-μm pore size) were supplied
by Scharlau (Barcelona, Spain). The syringe nylon filters (13 mm diameter and 0.22 m pore
size) were supplied by Membrane Solutions (Plano, TX, USA). The derivatization reagent
(pyridine hydrobromide perbromide, tech.90%) was acquired from Thermo Scientific
(Kandel, Germany). The glacial acetic acid (99%) was supplied by Fisher Scientific (Leics,
UK). The hexane (95%) was provided by VWR International bvba (Leuven, Belgium).
The tri-sodium citrate dihydrate was purchased from VWR International BVBA (Leuven,
Belgium). The disodium hydrogen citrate sesquihydrate (99%) was delivered from Alfa
Aesar GmbH and Co. KG (Karlsruhe, Germany). The sodium chloride (99.5%) was supplied
by Fisher Scientific (Loughborough, UK). The magnesium sulfate anhydrous was supplied
by Thermo Scientific (Kandel, Germany). The standards for Aflatoxin M1 were purchased
from Sigma Aldrich (Madrid, Spain). All solutions were kept in amber vials under secure
conditions at −20 ◦C. Prior to injection into the LC-FD system, these stock solutions were
diluted to obtain adequate working concentrations.

5.2. Study Region and Samples Collection

A total of 122 raw cow milk samples were randomly collected from two different
geographical and agro-climatic conditions regions in Tunisia: the continental region (n = 62),
defined as Beja, characterized by a more arid climate, and the coastal region (n = 60),
represented by the location of Mahdia, characterized by a more semi-arid climate. Table 3
shows the geographic information for the coastal and continental areas. A total of 40 mL of
fresh samples were collected directly from dairy cows in farmers’ houses and dairy farms
during a routine midday milking procedure. Samples were stored in 50 mL Falcon tubes
at −20 ◦C until analysis without being treated in any way beforehand. All samples were
transported to Valencia, Spain, in polystyrene cartons containing dry ice. Then, they were
kept in the laboratory at −20 ◦C until the analysis.

5.3. AFM1 Extraction from Milk

A QuEChERS extraction procedure was employed to extract AFM1 from milk. To
summarize, 500 μL of milk sample were placed in a 15-mL Falcon tube. Then, 2 mL
of hexane were added to the sample. The mixture was vortexed for 30 s before being
centrifuged for 5 min at 5000 rpm in an Eppendorf Centrifuge 5810R (Eppendorf, Hamburg,
Germany). Following the removal of the hexane, 2.5 mL of deionized water and 2.5 mL
of ACN were added to the tube and shaken for 1 min. Subsequently, a mix of salts (2 g of
MgSO4, 0.3 g of NaCl, 0.25 g of DSHCSH, and 0.5 g of TSCDH) was added. After vortexing
for 1 min and centrifugation for 5 min at 3500 rpm, 2 mL of the upper phase was filtered
through a 13 mm/0.22 μm nylon filter. Subsequently, 900 μL of the filtrate were dried at
40 ◦C under a nitrogen stream using a multi-sample Turbo-vap LV Evaporator (Zymark,
Hoptkinton, USA). Finally, and before HPLC analysis, the final residue was reconstituted
with 300 μL of methanol.

5.4. AFM1 Determination by HPLC-FD

A JASCO Lc-Net II/ADC coupled to a FP-2020 plus JASCO detector was used for
the determination of AFM1. The chromatographic separation was achieved with a liquid
purple ODS reverse-phase column C18 (5 μm, column LC 150 × 4.6 mm, Analisis vinicos).
The mobile phases consisted of acetonitrile (A), 0.1% acetic acid water (B), and methanol (C).
The gradient program began with a proportion of 15% for eluent A and 60% for eluent B.
Then, mobile phase A changed to 50% and 40% of mobile phase B in 14 min and remained
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the same proportion until 30 min. Then, the column was cleaned and readjusted to initial
conditions over the next 5 min. The following instrument parameters were set: injection
volume of 10 μL, flow rate of 0.8 mL/min, excitation wavelength of 365 nm, and emission
wavelength of 455 nm.

The methodology proposed for AFM1 determination was optimized in terms of
recoveries, matrix effects, linearity, and limits of detection (LOD), and quantification (LOQ).
All analytical parameters obtained were in accordance with the criteria established by
European Commission Decision 2002/657/EC. In this sense, good recoveries were observed
at 100 μg/L, with intra-day and inter-day precision between 97 and 103%, respectively. SSE
(%) obtained evidenced no matrix effects. Calibrations curves constructed by spiking blank
raw milk extract samples and solvent at levels comprised between <LOQ and 250 μg/L
revealed good linearity, with correlation coefficients (R2) between 0.990 and 0.999. Finally,
the LOD and LOQ were 0.003 μg/L and 0.01 μg/L, respectively. Matrix-matched calibration
curves were used for effective quantification of milk samples.

5.5. Estimation of the AFM1 Daily Intake (EDI)

The EDI was determined by the AFM1 mean concentration found in analyzed milk
samples, the daily intake of milk by the population, and the average body weight of an
adult consumer. The EDI was calculated using the following formula [72] and expressed in
μg/kg per body weight (bw) per day [66].

EDI =
CAFM1 × ADC

BW

where CAFM1 is the mean AFM1 concentration in milk samples (μg/L), ADC is the
average daily consumption of milk (L/day), and BW is the body weight of an individual
consumer (kg).

To consider those concentration values that were below the LOD or LOQ (left-censored
data), an exposure assessment was performed in two different scenarios [73,74]: the lower
bound scenario (LB), in which the value of 0 was attributed when AFM1 was not detected
or detected below the LOQ, and the Upper bound scenario (UB), in which the value of
LOD was attributed to AFM1 that was not detected, and the value of LOQ was attributed
to AFM1 detected at levels below the LOQ.

5.6. Risk Characterization Margin of Exposure (MOE)

The MOE was determined by dividing the Benchmark dose lower limit of 10% (BMDL
10) for AM1, which was 0.4 μg/kg bw/day (AFM1 potency in male Fischer rats based on
a 2-year study) by EDI [66]. The benchmark is an estimate of the lowest dose that is 95%
certain to cause no more than 10% cancer incidence; it is the dose that produces a minor
but discernible reaction [28].

The main finding of the risk assessment of aflatoxins, including aflatoxin M1, was
liver carcinogenicity. In fact, a MOE value below 10,000 indicates that exposure to these
mycotoxins may increase the risk of developing hepatocellular carcinoma (HCC), which is
a serious public health concern [66].

5.7. Statistical Study

The differences between AFM1 occurrence levels of the samples were evaluated using
a randomized block experiment. Furthermore, significance level between sampling periods
was elucidated using Duncan multiple comparison test. A multi sample ANOVA test was
used also for determination of the significance (p value < 0.05).

202



Toxins 2023, 15, 518

Author Contributions: K.B.H.: Methodology, writing, original draft; J.B.S.-A.: data curation, writing;
K.C.: review and editing; S.A.: overall project supervision, writing, and editing. N.P.: methodology,
writing; H.B.: funding acquisition, supervision, writing and editing. E.F.: funding acquisition, writing
and editing. F.J.M.-Q.: review and editing. All authors have read and agreed to the published version
of the manuscript.

Funding: The authors gratefully acknowledge the technical and financial support from the Tunisian
Ministry of Higher Education and Scientific research. This work has been supported by a scholarship
offered by the University of Jendouba, Tunisia, by the Spanish Ministry of Science and Innovation
project (PID2020-115871RB), and by the Generalitat Valenciana project (AICO/2021/037).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: This work has been supported by a scholarship offered by the University of
Jendouba, Tunisia, by the Spanish Ministry of Science and Innovation project (PID2020-115871RB),
and by the Generalitat Valenciana project (AICO/2021/037). Khouloud Ben Hassouna would like
to express his gratitude to the Department of Preventive Medicine and Public Health, Food Science,
Toxicology, and Forensic Medicine, Faculty of Pharmacy, Valencia, Spain, for their technical assistance.
Samir Abbès wants to express his gratitude to the Tunisian Ministry of Higher Education and Scientific
Research for the support it has provided. Noelia Pallarés wishes to thank the post-PhD program of
the University of Valencia for the requalification of the Spanish University System from the Ministry
of Universities of the Government of Spain, modality “Margarita Salas” (MS21-045), financed by the
European Union, Next Generation EU.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ben Hassouna, K.; Ben Salah-Abbès, J.; Chaieb, K.; Abbès, S. Mycotoxins occurrence in milk and cereals in North African
countries—A review. Crit. Rev. Toxicol. 2023, 52, 619–635. [CrossRef] [PubMed]

2. Becker-Algeri, T.A.; Castagnaro, D.; de Bortoli, K.; de Souza, C.; Drunkler, D.A.; Badiale-Furlong, E. Mycotoxins in Bovine Milk
and Dairy Products: A Review. J. Food Sci. 2016, 81, R544–R552. [CrossRef]
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