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1. Introduction

Many toxigenic fungi are devastating pathogens of crop, fruit, and vegetable diseases
worldwide. Serious yield losses in grains and fruits occur annually due to fungal diseases
in the field and during storage. In addition to reducing agricultural product yields, dev-
astating fungal diseases can also lead to the contamination of consumption goods with
toxic secondary metabolites which pose a threat to human and animal health. Food/feed
safety is by far the greatest concern as infected grains are often contaminated with various
mycotoxins, such as trichothecenes, aflatoxins, and patulin, and these toxic secondary
metabolites can also co-occur. In recent years, the impact of mycotoxins on food safety and
human health has aroused considerable public concern. Toxigenic fungi and mycotoxins
therefore pose a significant threat to the global food supply and food/feed security.

2. There Are Various Types of Mycotoxins Which Are Key Biological
Hazards in the Field of Food and Feed Safety

Mycotoxins have attracted global attention because of their wide-ranging appearance
in various grains, nuts, fruit juices, and related products. It was estimated by Eskola
et al. [1] that approximately 25% of the world’s food/feed commodities are contaminated
by mycotoxins annually. On the other hand, multiple toxic effects (emetic, anorexic, im-
munosuppressive, and even death in cases of severe exposure) induced by these secondary
metabolites toward humans and animals have also aroused considerable public concern.
Furthermore, several mycotoxins have been shown to behave as virulence factors in plants,
allowing fungi to colonize and spread in host tissues.

There is currently a wide range of identified fungal toxins, the most common be-
ing aflatoxins, trichothecenes, zearalenone (ZEN), fumonisins, ochratoxin, and penicillin.
Members of the Fusarium genus represent a large group of toxigenic fungi, which have
been reported to produce at least eight kinds of mycotoxins with toxicological significance,
including trichothecenes, ZEN, fumonisins, fusarin C, moniliformin, enniatins, beauvericin,
and fusaproliferin. Toxigenic fungi in the section of Aspergillus flavi synthesize four main
molecules, aflatoxin B1, B2, G1, and G2, all of which can yield other derivatives when
metabolized by animals after their ingestion [2,3].

Furthermore, the identification of novel fungal toxins in recent years has presented
new and significant threats to food and feed safety, such as masked/modified mycotoxins
and novel toxins. Modifications of trichothecenes, for example, glycosylation on the C-3
of deoxynivalenol (DON), are more common in nature; this phenomenon has primarily

Toxins 2025, 17, 176 https://doi.org/10.3390/toxins17040176
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been found in many plants [4]. Most recently, two HT-2-alpha-glucosides produced by
Fusarium sporotrichilides were identified on a rice medium [5]. Different modified forms of
mycotoxins have been found in nature. For example, two kinds of sulfate conjugation of
DON, DON-15S and DON-3S, were detected in wheat treated with DON in 2015 [6]. It is
worth noting that most mycotoxin modifiers are also easily reduced to the non-modified
form in animal intestines or even during food processing [4,6–8]. In addition, recently,
several novel mycotoxins were identified, for example, NX-2 and NX-3 produced by
Fusarium graminearum [9,10]. It must be pointed out that among these toxic secondary
metabolites, most are currently not regulated in cereals and related food and feed by
governments; the toxicity data investigated should provide a robust framework for setting
their maximum residue limit values and protecting the health of human beings and animals.
There is still a long way to go in the toxicological assessment of different mycotoxins and
the development of related limit standards.

3. Significant Differences Were Observed in the Species Composition
and Genetic Diversity of Toxigenic Fungi and Their Mycotoxins

The biosynthesis of different mycotoxins is complex, being highly influenced by the
genetic basis. One fungus has the capability to produce multiple types of mycotoxins in in-
fected matrices. On the other hand, certain toxins can be produced by different pathogenic
fungi. For example, the Fusarium graminearum clade, Fusarium culmorum, and Fusarium
cerealis are the main sources of DON and ZEN contamination in wheat, maize, and other
cereal grains. Meanwhile, fumonisins can be produced by Fusarium verticillioides and
Fusarium proliferatum. Moreover, several subsets of strain-specific trichothecene genotypes
have been identified both in the type A and type B trichothecene-producing fusaria. For
example, according to the trichothecene production profiles, Fusarium graminearum clade
strains were subdivided into three different genotypes/chemotypes: the 3ADON geno-
type/chemotype that can produce DON and 3ADON; the 15ADON genotype/chemotype
that can produce DON and 15ADON; and the NIV genotype/chemotype that can produce
NIV and 4ANIV [11–15]. Fusarium graminearum clade strains typically produce one of
three strain-specific profiles of type B trichothecenes, whereas no Fusarium graminearum
clade strain was reported to produce type A trichothecene prior to 2015 [9,10]. Similarly, in
Fusarium goolgardi (a type A trichothecene-producing species), two different trichothecene
genotypes, DAS and T-2, were identified by Roach et al. in 2015 [16].

Toxigenic fungi are not distributed evenly around the climatic areas of the world, and
such ecological differences may contribute to establishing specific regional grain contam-
ination. According to surveys, it is clear that the geographic distributions of mycotoxin-
producing fungi are significantly influenced by several elements, such as climatic conditions
(temperature, sunshine, humidity, etc.), agricultural practices (soil cultivation, nitrogen
fertilization, fungicides, crop rotations, etc.), and even trade [17–19]. Due to the different
mycotoxins produced by these fungi, the regional differences in these pathogens certainly
lead to different risks to crop production and food safety. The Fusarium graminearum
clade has been intensively studied since its chemotype significantly differs from that
of other Fusarium species. In America, 15ADON producers are a prevalent population,
while 3ADON producers are predominant in China [20–22]. A recent report by Senatore
et al. [23] indicated that members of the Fusarium tricinctum species complex are replacing
F. graminearum in European countries, for example, Italy.
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4. The Genetic and Biochemical Approaches and Molecular
Mechanisms of Mycotoxin Biosynthesis Are Complex

At the moment, the molecular regulatory mechanisms of the biosynthesis of several
fungal toxins are rather evident, but there are still many unanswered questions. Containing
the genes required for mycotoxin biosynthesis in the genome of a certain strain is the
basic genetic basis for its ability to produce specific toxins. It is clear that most secondary
metabolite genes are located in a cluster. In Fusarium spp., the core genes responsible for
trichothecene biosynthesis are located in an approximately 25 kb cluster on chromosome
2 [24]. This cluster includes 15 genes, and its activation is mainly regulated by Tri6 and
Tri10 [25]. As recently reviewed by our group, the evolutionary process of the core tri-
chothecene biosynthesis gene cluster and specific Tri genes is complex in fusaria [26]. As an
example, the results of Roach et al. [16] indicated that a single-nucleotide mutation/deletion
occurred in the Tri1 and Tri16 genes, which gave rise to the differentiation of the DAS and
T-2 genotypes in Fusarium goolgardi. Thus, all these apparent genetic differences among
mycotoxin-producing fungi highlight the need for monitoring and more phenotypic char-
acterizations of Fusarium species. Understanding the evolutionary pathways and molecular
mechanisms of Fusarium and its mycotoxins will benefit the toxic potential and prediction
and identification of unknown mycotoxins.

The biosynthesis of mycotoxins is significantly influenced both by the genetic basis
and external environmental conditions. Plenty of genes involved in mycotoxin biosyn-
thesis have been identified and functionally characterized in different fungi, especially in
Aspergillus spp. and Fusarium spp. Among Fusarium spp., for example, more than 252 genes
have been identified to be involved in DON biosynthesis in Fusarium graminearum, as of
2019 [12]. The synthesis of mycotoxins, as secondary metabolites, has been proved to be
influenced by other complex mechanisms triggered in response to environmental stimuli,
including pH, light, nutrient sources, and other stresses, which may activate different cell
signaling pathways resulting in the modulation of the expression of genes involved in toxin
production [27–31]. Revealing the connection between gene clusters and environmental
stimuli in depth may help to define efficient strategies to decrease mycotoxin production.

Hence, this Special Issue, titled “Mycotoxins and Fungal Toxins: Current Status and
Future Perspectives” (https://www.mdpi.com/journal/toxins/special_issues/3NDGM7
3EAY, accessed on 5 March 2025), was formulated to compile current research and future
perspectives on all aspects of toxigenic fungi and mycotoxins. The topic was created on
12 August 2021 with the support of the MDPI management team and officially closed on
30 November 2023. In this Special Issue, a total of eleven articles were published by a
diverse group of scientists from different countries. Experts from the fields of mycotoxin
toxicology, mycotoxin detection and prevention, and mycotoxin biosynthesis molecular
mechanisms contributed their newest findings in the form of research articles or reviews.
These findings collectively contribute to the ongoing efforts concerning mycotoxins and
offer novel insights into future research work.

Author Contributions: Writing—original draft preparation, J.W., W.W. and X.Y.; writing—review
and editing, J.W., J.T. and X.Y.; supervision, J.W.; project administration, J.W.; funding acquisition,
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Abstract: Mitochondria hold redox homeostasis and energy metabolism as a crucial factor during
oocyte maturation, while the exposure of estrogenic mycotoxin zearalenone causes developmen-
tal incapacity in porcine oocyte. This study aimed to reveal a potential resistance of phytoalexin
resveratrol against zearalenone during porcine oocyte maturation and whether its mechanism was
related with PTEN-induced kinase 1 (PINK1)/Parkin-mediated mitophagy. Porcine oocytes were
exposed to 20 μM zearalenone with or without 2 μM resveratrol during in vitro maturation. As for
the results, zearalenone impaired ultrastructure of mitochondria, causing mitochondrial depolar-
ization, oxidative stress, apoptosis and embryonic developmental incapacity, in which mitophagy
was induced in response to mitochondrial dysfunction. Phytoalexin resveratrol enhanced mitophagy
through PINK1/Parkin in zearalenone-exposed oocytes, manifesting as enhanced mitophagy flux,
upregulated PINK1, Parkin, microtubule-associated protein light-chain 3 beta-II (LC3B-II) and down-
regulated substrates mitofusin 2 (MFN2), voltage-dependent anion channels 1 (VDAC1) and p62
expressions. Resveratrol redressed zearalenone-induced mitochondrial depolarization, oxidative
stress and apoptosis, and accelerated mitochondrial DNA copy during maturation, which improved
embryonic development. This study offered an antitoxin solution during porcine oocyte maturation
and revealed the involvement of PINK1/Parkin-mediated mitophagy, in which resveratrol mitigated
zearalenone-induced embryonic developmental incapacity.

Keywords: zearalenone; mitophagy; resveratrol; PINK1/Parkin; porcine oocyte

Key Contribution: The application of phytoalexin resveratrol redresses oocyte developmental
incapacity against zearalenone contamination. PINK1/Parkin-mediated mitophagy is involved
in the antitoxin effect of resveratrol.

1. Introduction

Grains are major ingredients in feed formulation in intensive livestock farms, while
around 70% of cereal feeds is polluted by mycotoxins [1]. Zearalenone is a non-steroidal
estrogenic mycotoxin produced by multiple species of the Fusarium genus that is frequently
detected in cereals [2]. Based on a ten-year global survey from more than 74,000 samples
in 100 countries, zearalenone is one of the top-three mycotoxins in animal feedstuffs [3].
Serious studies have reported that zearalenone and its metabolites have estrogen-like
activities in human and domestic animals that compete with the estrogen receptor [4]. As a
result, excessive estrogen syndrome and a series of pathological changes in the reproductive
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organs occur in domestic animals through ingestion of zearalenone-polluted fodder [5],
causing economic loss to husbandry and the culling of breeding stocks.

As a main livestock and medical model, pigs have been considered more sensitive
to zearalenone toxicity [6]. High-dose zearalenone intake causes permanent pathologic
alterations in pigs, leading to edema and prolapse of the vagina, infertility, pseudopreg-
nancy and embryo lethal resorption [7]. The toxicity of zearalenone on porcine oocytes is
presumed to relate to oxidative stress, apoptosis, autophagy and epigenetic modification
variation [8]. Similar research on porcine blastocysts also claimed that zearalenone exposure
promoted DNA damage, apoptosis and autophagy [9]. Other studies demonstrated that
zearalenone exposure impaired mitochondrial membrane potential (ΔΨm) [10], causing
oxidative stress through the mitochondrial apoptosis pathway in pigs [11]. These studies
hinted the state of mitochondria as a presumable toxicology of zearalenone, while in this
study, further disclosure of their interrelation and potential rescue solution of in vitro
maturation (IVM) oocytes will be evaluated.

Each oocyte equips a large supply of mitochondria to meet the energy requirement of
maturation and embryonic development. Mitochondria are a crucial factor determining
the developmental competence of oocytes, as they control intracellular Ca2+ homeostasis
and produce ATP for continuous transcription and translation [12]. During mitochondrial
renewal or mitochondrial stress, mitophagy, oocytes selectively degrading impaired or su-
pernumerary mitochondria through autophagy, are involved in maintaining mitochondrial
homeostasis and oocyte survival [13].

As an evolutionarily conserved intracellular function, autophagy is considered a
stress-responsive autonomous process. Cells selectively dispose of redundant, potentially
harmful or dysfunctional cytoplasmic entities via autophagy to maintain intracellular
homeostasis [14]. Mitophagy, selectively eliminating mitochondria via autophagy, is critical
for the quality and quantity control of mitochondria. Impaired mitochondria are targeted by
the autophagic system to form mitophagosomes and subsequently delivered to lysosomes
for degradation. A primary signaling pathway to regulate mitophagy is through ubiquitin-
dependent PTEN-induced kinase 1 (PINK1)/Parkin. PINK1, a Ser/Thr kinase, stabilizes
on depolarized mitochondria and phosphorylates mitofusin (MFN), voltage-dependent
anion channels 1 (VDAC1) and other substrates on the outer-mitochondrial membrane
(OMM) [15,16]. E3 ubiquitin ligase Parkin is then recruited by phosphorylated substrates
from cytoplasm to depolarized mitochondria and catalyzes the transferring of ubiquitin to
substrates on OMM [17,18]. These polyubiquitinated substrates are recognized by p62 and
interact with microtubule-associated protein light chain 3 (LC3) through LC3-interacting
region motif and further cause the bilayer membrane structure to encapsulate damaged
mitochondria. The mitophagosome is then formed. In order to degrade target mitochondria
as its cargo inside, fashioned mitophagosome subsequently fused with lysosome, forming
mitophagolysosome. Target mitochondria are degraded into matrix substances in the acidic
environment of lysosomes and recycled by cell.

Due to cytoplasmic immaturity, the developmental capacity of IVM oocytes is consid-
ered lower than ovulatory oocytes [19]. Therefore, numerous antioxidants have been evalu-
ated to rescue IVM oocytes. Resveratrol, a natural phytoalexin, has been widely studied for
its resistant properties against oxidation, carcinogenicity and inflammation. A previous
study demonstrated multiple effects of resveratrol towards oocytes, such as enhancing
the clearance of mitochondrial damage [20], protecting oocytes form oxidative stress and
apoptosis, promoting oocyte maturation and hindering postovulatory aging [21]. Recent
studies revealed that these beneficial effects are closely related to autophagy/mitophagy
indued by resveratrol through multiple signaling pathways. For example, mitophagy
and enhanced mitochondrial protein FOXO3a induced by resveratrol was considered as
a potential mechanism against postovulatory oocyte aging [22]. In consideration of the
antitoxin effect of resveratrol and its close relation with mitophagy, this study presumed a
hypothesis that resveratrol could rescue zearalenone-induced maturation impairment of
porcine oocyte through PINK1/Parkin-mediated mitophagy. Resveratrol was concurrently
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co-incubated with zearalenone during porcine oocyte maturation for the hypothetical
resistance against zearalenone.

The purpose of this study was to (1) elucidate whether resveratrol could alleviate
zearalenone-indued oxidative stress, apoptosis and developmental incapacity during
porcine oocyte maturation through mitophagy and (2) clarify whether the PINK1/Parkin
signaling pathway was involved in it.

2. Results

2.1. Resveratrol Alleviated Zearalenone-Induced Embryonic Developmental Failures

To clarify the effect of estrogen-like mycotoxin zearalenone and the hypothetical
antitoxin effects of resveratrol against zearalenone during porcine oocyte maturation,
parthenogenetic activation (PA) and in vitro zygote culture were performed to determine
the cleavage and blastosphere rates as embryonic developmental potential (Figure 1A–C).
The results revealed that zearalenone hindered the development of PA embryo, demon-
strated as significantly decreased cleavage rate (90.67% ± 3.24% vs. 67.74% ± 3.96%,
p < 0.05) and blastosphere rate (18.64% ± 1.98% vs. 7.28% ± 1.50%, p < 0.05). Compared
to zearalenone-exposed oocytes, the cleavage rate (67.74% ± 3.96% vs. 82.78% ± 2.31%,
p < 0.05) and blastosphere rate (7.28% ± 1.50% vs. 13.20% ± 2.23%) raised up when
resveratrol co-incubated with zearalenone during oocyte maturation.

2.2. Resveratrol Alleviated Zearalenone-Induced Oxidative Stress and Apoptosis during
Oocyte Maturation

To reveal the mechanism of embryonic developmental failures induced by zearalenone
and the antitoxin effect of resveratrol, oocyte ROS levels (Figure 1D,E) and apoptosis rates
(Figure 1F,G) were, respectively, determined. Compared to maturated oocytes, zearalenone
significantly upregulated the ROS generation (1.00 ± 0.08 vs. 9.23 ± 0.67, p < 0.05) and
apoptosis rate (6.67% ±1.93% vs. 66.02% ± 3.31%, p < 0.05) in porcine oocytes, while,
compared to zearalenone-exposed oocytes, resveratrol significantly inhibited the ROS
generation (9.23 ± 0.67 vs. 5.89 ± 0.60, p < 0.05) and apoptosis (66.02% ± 3.31% vs.
51.25% ± 3.08%, p < 0.05) when it co-incubated with zearalenone during oocyte maturation.

2.3. Resveratrol Alleviated Zearalenone-Induced Mitochondrial Defects during Oocyte Maturation

To explore the effect of zearalenone towards oocyte mitochondrial state, ultrastructure
observation and determinations of ΔΨm and mitochondrial DNA (mtDNA) copy numbers
were performed. As for the results, numerous mitochondria in regular morphology with
mitochondrial crista were equably distributed in the cytoplasm in maturated porcine
oocytes. After zearalenone exposure, the destruction of mitochondrial internal structure,
including vacuolated mitochondria and vague or disabled cristae (white arrows), was
observed in oocytes. Typical structure of mitophagosome (red arrow) was observed in
zearalenone-exposed oocytes (Figure 2A), which indicated the activation of mitophagy.

In the meantime, the ultrastructural damage caused by zearalenone led to the vari-
ation in ΔΨm (Figure 2B,C) and relative mtDNA copy number (Figure 2D), which were
determined by fluorescence probe JC-1 and realtime-PCR. As for the results, compared to
maturated oocytes, the ΔΨm (1.56 ± 0.08 vs. 0.66 ± 0.08, p < 0.05) and relative mtDNA
copy number (1.00 ± 0.11 vs. 0.76 ± 0.08) were both decreased in zearalenone-exposed
oocytes. The results above revealed that zearalenone exposure led to mitochondrial struc-
tural damage, depolarization and decreased mtDNA copy number and also hinted the
involvement of mitophagy in zearalenone-induced mitochondrial defects during porcine
oocyte maturation.
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Figure 1. Resveratrol alleviated zearalenone-induced oocyte oxidative stress, early apoptosis and
loss of embryonic developmental potential. (A) Morphological observation of PA embryos in 7 d.
Bar = 100 μm. (B,C) Statistical analysis on the ratio of cleavage and blastosphere number. (D) Deter-
mination of ROS generation. Bar = 100 μm. (E) Statistical analysis of ROS generation. (F) Fluorescence
observation of oocyte apoptosis. Bar = 100 μm. (G) Statistical analysis of apoptosis rates. Typical
images of each different treatment towards oocytes were present. Independent replications were per-
formed three times in each experiment. Different lowercase letters on the statistical graphs indicated
significant differences between treatments (p-value < 0.05).
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Figure 2. Resveratrol alleviated zearalenone-induced mitochondrial dysfunction during porcine
oocyte maturation. (A). Mitochondrial ultrastructure of zearalenone-exposed porcine oocytes was
observed by transmission electron microscopy. M: mitochondria. White arrows: damaged mito-
chondria with vague or disabled cristae. Red arrow: mitophagosome. Bar = 500 nm. (B) Detection
of ΔΨm. Red fluorescence represented high ΔΨm while green fluorescence represented low ΔΨm.
Bar = 20 μm. (C) Statistical analysis of ΔΨm value (Red/Green). (D) Comparison on relative mtDNA
copy numbers. Relative gene expression of NADH dehydrogenase subunit 1 (ND1) was determined
by real-time PCR. Typical ultrastructural images or intracellular fluorescence images were given
representing different oocyte treatments. Independent replications were performed three times in
each treatment. Different lowercase letters on the statistical graphs indicated significant differences
between treatments (p-value < 0.05).
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To explore the effect of resveratrol on mitochondrial defects against zearalenone, ΔΨm
and relative mtDNA copy numbers were determined when resveratrol was co-incubating
with zearalenone during porcine oocyte maturation (Figure 2B–D). As for the results,
resveratrol significantly upregulated the ΔΨm (0.66 ± 0.08 vs. 1.08 ± 0.09, p < 0.05) and
relative mtDNA copy number (0.76 ± 0.08 vs. 1.20 ± 0.05, p < 0.05) in zearalenone-exposed
oocytes. The results reveled that resveratrol alleviated zearalenone-induced mitochondrial
defects in porcine oocytes during maturation.

2.4. Resveratrol Enhanced Mitophagy Flux during the Maturation of Zearalenone-Exposed Oocytes

To reveal the mechanism of resveratrol alleviating zearalenone-induced mitochon-
drial dysfunction and the effect of resveratrol on mitophagy flux in zearalenone-exposed
oocytes, the formation and degradation of mitophagosomes were, respectively, deter-
mined. Representing the formation of mitophagosomes, mitochondrial outer-membrane
marker translocase of outer-mitochondrial membrane 20 (TOMM20) and autophagic vac-
uole marker microtubule-associated protein 1 light-chain 3 beta (LC3B) were stained using
immunofluorescence and colocalized under a laser scanning confocal microscope (LSCM)
(Carl Zeiss, Jena, Germany) (Figure 3). After oocyte exposing to zearalenone during mat-
uration, the fraction of TOMM20 overlapping LC3B significantly raised up (0.30 ± 0.04
vs. 0.63 ± 0.06, p < 0.05). Compared to it, resveratrol further upregulated the formation of
mitophagosomes in zearalenone-exposed oocytes, demonstrating a significantly enhanced
fraction of TOMM20 overlapping LC3B (0.63 ± 0.06 vs. 0.88 ± 0.05, p < 0.05).

Figure 3. Fluorescence colocalization of mitophagosomes in porcine oocytes. (A) Fluorescence
colocalization between VDAC1 and LC3B. Bar = 20 μm. (B) Statistical analysis of the fraction of
VDAC1 overlapping LC3B. Typical images of each different treatment towards oocytes were present.
Independent replications were performed three times. Different lowercase letters on the statistical
graphs indicated significant differences between treatments (p-value < 0.05).

Representing the formation of mitophagolysosomes, the fluorescence colocalization
of mitochondria and lysosomes was stained by fluorescence probes Mito-tracker green
and Lyso-tracker red and observed under LSCM (Figure 4). The fluorescence dots of
mitochondria and lysosomes equally distributed in maturated oocytes, showing a loose
bond between mitochondria and lysosomes. Compared to it, the colocalization coefficient
between mitochondria and lysosomes significantly upregulated in zearalenone-exposed
oocytes (0.13 ± 0.02 vs. 0.33 ± 0.04, p < 0.05), which revealed the enhanced formation of
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mitophagolysosomes induced by zearalenone. Compared to zearalenone-exposed oocytes,
the colocalization coefficient was further upregulated (0.33 ± 0.04 vs. 0.54 ± 0.06, p < 0.05)
when resveratrol co-incubated with zearalenone during oocyte maturation.

Figure 4. Fluorescence colocalization of mitophagolysosomes in porcine oocytes. (A) The fluores-
cence of mitochondria (represented in green) and lysosomes (represented in red) was inspected
by LSCM. Bar = 20 μm. Typical images of each different treatment towards oocytes were present.
Independent replications were performed three times. (B) Statistical analysis of colocalization coeffi-
cient. Different lowercase letters on the statistical graphs indicated significant differences between
treatments (p-value < 0.05).

The results above revealed that mitophagy was activated in zearalenone-exposed
porcine oocytes. Based on it, antitoxin resveratrol further enhanced mitophagy flux in
zearalenone-exposed oocytes.

2.5. Resveratrol Enhanced Mitophagy through PINK1/Parkin Signaling Pathway in
Zearalenone-Exposed Oocytes

To reveal the mechanism of resveratrol altering mitophagy flux in zearalenone-exposed
oocytes, the fluorescence aggregation of Parkin and the protein expressions of PINK1/Parkin,
a primary signaling pathway of mitophagy, were determined by immunofluorescence and
Western blotting. The results showed that, compared to zearalenone-exposed oocytes,
resveratrol significantly enhanced fluorescence aggregation of Parkin during oocyte matu-
ration (1.56 ± 0.16 vs. 2.31 ± 0.14, p < 0.05) (Figure 5A,B).

Meanwhile, the results of the Western blot assay revealed that mitophagy was induced
by zearalenone in porcine oocyte during maturation (Figure 5B,C), demonstrated as sig-
nificantly upregulated autophagy marker LC3B-II (0.44 ± 0.03 vs. 0.56 ± 0.03, p < 0.05),
and p62 degradation (1.06± 0.06 vs. 0.72 ± 0.04, p < 0.05), comparing zearalenone-exposed
oocytes to maturated oocytes. Meanwhile, compared to zearalenone-exposed oocytes,
resveratrol upregulated the protein expressions of the PINK1/Parkin signaling pathway,
demonstrated as significantly upregulated PINK1 (0.48 ± 0.04 vs. 0.64 ± 0.03, p < 0.05),
Parkin (1.01 ± 0.04 vs. 1.34 ± 0.06, p < 0.05), significant degradation of ubiquitinated sub-
strates VDAC1 (0.73 ± 0.03 vs. 0.49 ± 0.02, p < 0.05) and MFN2 (1.02 ± 0.04 vs. 0.36 ± 0.05,
p < 0.05) and significantly upregulated downstream autophagy marker LC3B-II (0.56 ± 0.03
vs. 0.77 ± 0.04, p < 0.05) and p62 degradation (0.73 ± 0.04 vs. 0.40 ± 0.05, p < 0.05).
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(

Figure 5. Resveratrol enhanced PINK1/Parkin signaling pathway in zearalenone-exposed porcine
oocytes. (A) Fluorescence localization of Parkin. Bar = 20 μm. Typical intracellular fluorescent
distributions were given representing different oocyte treatments. (B) Statistical analysis of relative
fluorescence intensity of Parkin. (C) Protein expressions of PINK1/Parkin-mediated mitophagy deter-
mined by Western blotting. (D) Statistical analysis of protein expressions. Independent replications
were performed three times in each experiment. Different lowercase letters on the statistical graphs
indicated significant differences between treatments (p-value < 0.05).

3. Discussion

As a non-steroidal estrogenic mycotoxin, zearalenone is ingested by domestic animals
through grains and cereal products and generally causes hypofertility and considerable
financial loss in animal husbandry. A previous study on porcine oocytes attributed the
toxicity of zearalenone as impairing the function and distribution of organelles, inter-
dicting the extrusion of polar body and disturbing the expansion of cumulus granulosa
cells [10]. In vivo research showed that 1.04 mg/kg zearalenone environmental intake
induced follicular atresia in pigs, inhibiting proliferation of porcine granulosa cells and
inducing its apoptosis and necrosis [23]. However, the dose of zearalenone enriched to
porcine follicle fluid was still required to be clarified. On the other side, in vitro dose test on
porcine cumulus–oocyte complexes revealed that 10 μM to 30 μM zearalenone incubation
led to a significant decline in oocyte maturation rate [8] and it further decreased to less
than 5% when the concentration of zearalenone up to 50 μM [24]. A similar study on
mouse oocytes also claimed that zearalenone disturbed G2/M transition [25]. In spite
of this evidence, however, oxidative-stress-mediated apoptosis was also considered as a
plausible mechanism of zearalenone toxicity [9,26], which hinted a potential toxicity effect
towards mitochondria and the application of antioxidants. In consideration of these studies,
we cultured cumulus–oocyte complexes supplied with 20 μM zearalenone to explore its
effect on the mitochondrial function of porcine oocytes and the potential rescue mecha-
nism. Therefore, in this study, we first investigated the outcome from oocyte meiosis to
PA embryo, verifying the fate of oocytes that zearalenone exposure during IVM led to
the failure of cleavage and blastosphere formation, whereas the application of resveratrol
gained higher embryonic developmental capacity of PA oocytes (Figure 1A–C), which led
to further investigations of the antitoxin effects and their mechanism.

In this study, zearalenone was confirmed to disrupt mitochondrial homeostasis,
demonstrating structural destruction, depolarization and DNA damage in mitochondria
(Figure 2). Dysfunctional mitochondria are less competent to counteract ROS production
and the supraphysiological levels of ROS in zearalenone-exposed oocyte led to oxidative
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stress (Figure 1D,E). Mitochondria are not only the primary endogenous source of ROS
synthesis and release, but also the main target organelle of ROS effects. ROS increases
the permeability of the inner-mitochondrial membrane to solutes through activating the
mitochondrial permeability transition pore [27], which induces mitochondrial depolariza-
tion. Therefore, in this study, zearalenone-induced supraphysiological ROS and structural
damage of mitochondria caused a vicious loop between oxidative stress and aggravated
mitochondrial dysfunction, in which apoptosis was activated. In addition, zearalenone
was previously proved to induce apoptosis and/or autophagy in oocytes [10], spermatogo-
nia [28] and embryo [29], whereas, in this study, we provided evidence that mitophagy was
activated in response to zearalenone-induced mitochondrial defects and oxidative stress in
porcine oocyte, demonstrated as enhanced mitophagy flux (Figures 3 and 4).

Several studies attempted to mitigate zearalenone-induced impairment and oxidative
stress in vivo or in vitro. In vivo research claimed that resveratrol was efficacious in reduc-
ing DNA lesions and the modulation of antioxidant enzymes caused by zearalenone intake
in rats [30]. In vitro comparison in aged mice and humans revealed that about 1.0 μm was
a more appropriate concentration of resveratrol than 0.1 μm and 10 μm in IVM medium
that induced oocyte maturation and benefitted mitochondrial quality [31]. Meanwhile,
another comparison study further revealed that 2 μM was the optimum concentration of
resveratrol in a range of 0 to 4 μM to gain increased first polar body extrusion rate and
hinder postovulatory aging [21]. A similar study in pigs claimed that reductant Vitamin C
prevented hormonal disorders and vulval deformities caused by zearalenone intake [32].
In vitro research claimed that melatonin ameliorated oxidative stress, aberrant mitochon-
dria distribution and DNA damage in zearalenone-exposed porcine embryo [29]. In the
meantime, we confirmed that resveratrol relieved mitochondrial dysfunction (Figure 2) and
prevented oxidative-stress-induced apoptosis (Figure 1) in zearalenone-exposed oocytes
through PINK1/Parkin-mediated mitophagy (Figures 3–5).

The progress of apoptosis as well as excessive autophagy generally lead to cell death,
while a certain extent of autophagy contributes to maintaining cellular metabolism and
environmental homeostasis. In this study, we considered mitophagy as a self-healing mech-
anism in response of zearalenone infringement towards mitochondria, of which the positive
effects of resveratrol-induced autophagy/mitophagy were demonstrated in multiple stud-
ies. Resveratrol was verified to enhance SIRT1-mediated autophagy in oocytes against
aging [33], alleviating the disorder of mitochondrial biogenesis against benzo(a)pyrene
toxicity by promoting mitophagy [34]. A similar effect was also confirmed in flavonoid
quercetin, which improved IVM outcomes in porcine by promoting mitophagy, improving
mitochondrial function and reducing oxidative stress [35].

Parkin, an E3 ubiquitin ligase belonging to the RING-between-RING family, was involved
in the inducement of multiple nerve diseases, including Parkinson’s [36], Alzheimer’s [37]
and Huntington disease [38], of which the pathogenesis was closely related with mito-
chondrial dysregulation. Moreover, it brought about widespread attention whether the
deficiency of Parkin-mediated mitophagy might be a potential pathogenesis of these dis-
eases [39]. Nevertheless, the implementation of PINK1/Parkin-mediated mitophagy was
ubiquitin dependent. A noteworthy fact was that MFN1 and MFN2, the ubiquitinated
substrates of PINK1/Parkin, were recognized as key regulators of mitochondrial fusion
in mammals. Although mitochondria were considered morphologically static organelles,
they continuously change their shape in response to a variety of cellular signals, which
were known as mitochondrial dynamics [40]. Damaged mitochondria may lose their
inner-membrane potential, causing accumulation of toxic ROS, then contaminating other
mitochondria through mitochondrial fusion. In this study, the enhanced degradation of
MFN2 through the ubiquitin–proteasome proteolytic system was determined when resvera-
trol co-incubated with zearalenone during IVM, which revealed a synchronization between
enhanced clearance through mitophagy and inhibited fusion of damaged mitochondria as
the antitoxin effect of resveratrol against zearalenone in porcine oocytes.
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This in vitro study gave the evidence of phytoalexin resveratrol application showing
reproductive toxicity resistance in pigs. However, each oocyte was suspended in follicular
fluid of a follicle in ovaries, so the concentration of resveratrol from in vitro to in vivo needs
to consider the absorptivity of RES from blood to follicular fluid and its accumulation effect.
The bioavailability of oral RES still needs further in vivo studies, since many factors affect
its absorption, such as different species, the amount of fat in the diet and drug-delivery
methods (oral vs. intraperitoneal injection) et al. [41].

Nevertheless, it occurred with high frequency when livestock underwent a co-exposure
between zearalenone and deoxynivalenol. The ecology of deoxynivalenol production often
mirrors that of zearalenone, since it is produced by the same fungi and usually detected in
crops at the same time. A similar reproductive toxic effect to zearalenone was also detected,
of which the exposure of deoxynivalenol towards oocyte hindered the normal progression
of meiosis by disrupted meiotic spindle. The inducement of autophagy and apoptosis was
also detected in oocytes after deoxynivalenol exposure [42]. Moreover, their co-exposure
toward oocytes was confirmed to alter DNA methylation levels [43], which caused the
loose embryo developmental capacity [44]. Therefore, whether resveratrol would show
a similar resistant effect against deoxynivalenol or their joint toxicity in oocytes through
mitophagy remains a worthy research issue.

4. Conclusions

We attributed the oxidative stress and apoptosis of porcine oocytes to functional defects
in mitochondria induced by zearalenone during IVM, which further led to embryonic devel-
opmental incapacity. Phytoalexin resveratrol alleviated zearalenone-induced mitochondrial
dysfunction, oxidative stress and apoptosis by upregulating PINK1/Parkin-mediated mi-
tophagy, which improved embryonic developmental potential. This study proposed a
feasible protocol for porcine oocytes to resist reproductive toxicity of estrogenic mycotoxin
zearalenone with the application of phytoalexin resveratrol during oocyte maturation.

5. Materials and Methods

5.1. Chemicals

Chemicals applied in this study were purchased from Sigma-Aldrich (St Louis, MO,
USA) unless otherwise specified.

5.2. Oocyte Maturation

Prepubertal gilts were slaughtered in a local slaughter house. Their ovaries were
subsequently separated form enterocoelia, preserved in 0.9% (w/v) saline at 39 ◦C and
transported to laboratory within 1 h. A 10 mL syringe (combining with an 18-gauge needle)
was used to aspirate porcine follicular fluid (PFF) from antral follicles, which contained
cumulus–oocyte complexes (COCs). After being naturally precipitated for 30 min at 39 ◦C,
the superstratum was centrifuged at 3000 r/min for 15 min and filtered to gain PFF, while
the sediment was inspected under microscopy to gain COCs. Every 55 COCs were cultured
in a well of four-well dishes, with each well consisting of 500 μL in vitro maturation
medium [45] and covered with 200 μL mineral oil. 20 μM zearalenone (Pribolab Pte. Ltd.,
Singapore) with or without 2 μM resveratrol added into maturation medium. The COCs
were cultured at 39 ◦C in a humidified atmosphere of 5% CO2 for 44 h and transferred into
0.1% hyaluronidase to stripped oocyte form COCs.

5.3. Embryonic Developmental Capacity

PA was performed on cumulus-denuded oocytes after 44 h maturation so as to verify
their embryonic developmental capacity. After being washed with PA medium [46] 3 times,
cumulus-denuded oocytes were transferred to a microslide 0.5 mm fusion chamber (Model
450, BTX, Holliston, MA, USA) and went through a 1.2 kV/cm direct current pulse in
60 ms by BTX2001 (BTX, Holliston, MA, USA). About 150 electric activated oocytes were
cultured in porcine zygote medium-3 [47] at 39 ◦C in a humidified atmosphere of 5%
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CO2. Number of cleavages was observed and counted at 2 d. Number of blastospheres
was counted at 7 d.

5.4. Oocyte ROS Level

Next, 30 oocytes were stained by 50 μM 2′,7′-dichlorofluorescin diacetate (DCFH-DA)
(S0033, Beyotime, Shanghai, China) for 30 min at 39 ◦C in a humidified atmosphere of 5%
CO2, then washed 3 times with PBS and inspected by a fluorescence microscope (Olympus,
Tokyo City, Japan). Relative fluorescence intensity was analyzed by image J.

5.5. Oocyte Apoptosis

Then, 30 oocytes were stained by 2.5% Annexin V-mCherry (C1069, Beyotime, China)
for 30 min at 39 ◦C in a humidified atmosphere of 5% CO2, then washed 3 times with PBS
and inspected under fluorescence microscope. Oocytes observed with red fluorescence
were considered as apoptotic oocytes.

5.6. Intracellular Ultrastructure Observation

The procedures referred to the previous study [46]. In brief, 500 oocytes were fixed
in 2.5% glutaraldehyde, embedded in 4% agar, fixed with 1% osmium tetroxide, fully
dehydrated with a series of increased concentration of ethanol, replaced with propylene
oxide, transferred in Epon-812 and polymerized in polymerization reactor. Ultrathin
sections were sliced to form semithin sections, stained with uranyl acetate-lead citrate and
observed under transmission electron microscopy.

5.7. Mitochondrial Membrane Potential

Following this, 30 oocytes were stained with 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethyl-
imidacarbocyanine iodide (JC-1) (C2006, Beyotime, China) for 30 min in a humidified
atmosphere of 5% CO2 to determine the ΔΨm. After staining, oocytes were washed with
PBS 3 times, inspected under an LSCM and visualized using software ZEN (Carl Zeiss,
Germany). When the ΔΨm was low, JC-1 was kept as monomer which could be detected in
green fluorescence, while it formed into aggregation in mitochondria with high ΔΨm and
could be detected as red fluorescence. The ratio of red (JC-1 aggregation) to green (JC-1
monomer) fluorescence intensity represented the ΔΨm.

5.8. Relative mtDNA Copy Number

Next, 100 oocytes were pooled as one sample for total RNA isolation using TaKaRa
MiniBEST Universal RNA Extraction Kit (9767, Takara, Kusatsu, Shiga, Japan). PrimeScript
RT Master Mix (RR036A, Takara, Japan) and TB Green® Premix Ex Taq™ II (Tli RNaseH
Plus, Takara, Japan) were used for reverse transcription and real-time PCR following man-
ufacturers’ instruction. ND1, specific primer for coding region of mitochondria DNA, was
designed on behalf of mitochondrial DNA copy numbers. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was designed as reference gene. The primer sequences were
listed as follows. ND1, Forward: TCCTACTGGCCGTAGCATTCCT; Reword: TTGAG-
GATGTGGCTGGTCGTAG. GAPDH, Forward: CGATGGTGAAGGTCGGAGTG; Reword:
TGCCGTGGGTGGAATCATAC. The results were calculated by 2−ΔΔCt method.

5.9. Immunofluorescence

Oocytes were fixed in 4% paraformaldehyde for 30 min, washed 3 times with 0.1%
Tween-20 and transferred to 0.1% Triton X-100 overnight for permeabilization. Permeabi-
lized oocytes were washed 3 times and then blocked with 1% BSA for 1 h.

Blocked oocytes were successively incubated with the primary and secondary antibod-
ies Rabbit anti-Parkin antibody (ab233434, Abcam, Boston, MA, USA) and Goat anti-rabbit
IgG H&L (Alexa Fluor® 647) (ab150079, Abcam, USA), washed with PBS 3 times and the
fluorescence aggregation of Parkin was observed with LSCM.
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For colocalization of LC3B and TOMM20, blocked oocytes were incubated with Rabbit
Anti-LC3B (ab192890, Abcam, USA) and Mouse Anti-TOMM20 (ab283317, Abcam, USA)
for 1 h, then incubated with secondary antibodies Goat anti-mouse IgG H&L (Alexa Fluor®

488) (ab150113, Abcam, USA) and Goat anti-rabbit IgG H&L (Alexa Fluor® 647) (ab150079,
Abcam, USA), washed with PBS 3 times and observed with LSCM. The overlapping
coefficient was analyzed using Image J as the fraction of VDAC1 overlapping LC3B.

5.10. Fluorescent Colocalization of Mitophagolysosomes

Then, 30 oocytes were co-stained with Mito-Tracker Green (C1048, Beyotime, China)
and Lyso-Tracker Red (C1046, Beyotime, China) following the manufacturer’s instructions.
Oocytes were then washed 3 times with PBS and observed under LSCM. The colocalization
coefficient between the fluorescence of mitochondria and lysosomes was analyzed as the
Pearson’s coefficient using Image J software, which represented mitophagolysosomes.

5.11. Protein Quantification by Western Blot Assay

For protein extraction, 100 oocytes were gathered and transferred in protein lysis
buffer as a sample, with three duplicates for each group and the determination of protein
concentration was performed using a BCA Protein Assay Kit (02912E, Cwbiotech, Beijing,
China). Western blotting assay was subsequently performed following manufacturers’
protocols to ensure the levels of protein expression. The information of primary and
secondary antibodies is listed as follows: Rabbit Anti-PINK1 (ab23707, Abcam, USA),
Rabbit anti-Parkin (ab233434, Abcam, USA), Rabbit Anti-VDAC1/Porin (ab15895, Abcam,
USA), Rabbit anti-Mitofusin 2 (ab124773, Abcam, USA), Rabbit Anti-LC3B, Rabbit Anti-
SQSTM1/p62 (ab233207, Abcam, USA), Rabbit Anti-GAPDH (ab9484, Abcam, USA) and
the secondary antibody Goat anti-rabbit IgG (H+L) (HRP) (111-035-003, Jackson, West
Grove, PA, USA). The expression of GAPDH was determined as a loading control.

5.12. Statistical Analysis

At least three independent replicates were performed in each experiment. Image
J was used to determine fluorescence intensity, colocalization coefficient and Western
blot quantification. ANOVAs with Duncan multiple comparisons were executed for data
comparisons in SPSS Statistics 22 (IBM, Armonk, NY, USA). The results were provided as
the mean ± SEM. Different lowercase letters on the statistical graph indicate significant
differences between treatments (p-value < 0.05).
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Abstract: The importance of neuroinflammation in neurology is becoming increasingly apparent. In
addition to neuroinflammatory diseases such as multiple sclerosis, the role of neuroinflammation has
been identified in many non-inflammatory neurological disorders such as stroke, epilepsy, and cancer.
The immune response within the brain involves the presence of CNS resident cells; mainly glial cells,
such as microglia, the CNS resident macrophages. We evaluated the peptide Ca-MAP1 bioinspired
on the C. albicans immature cytolytic toxin candidalysin to develop a less hemolytic peptide with
anti-neuroinflammatory, antibacterial, and cytotoxic activity against tumor cells. In silico and in vitro
studies were performed at various concentrations. Ca-MAP1 exhibits low hemolytic activity at lower
concentrations and was not cytotoxic to MRC-5 and BV-2 cells. Ca-MAP1 showed activity against
Acinetobacter baumannii, Escherichia coli ATCC, E. coli KPC, Klebsiella pneumoniae ATCC, Pseudomonas
aeruginosa, and Staphylococcus aureus ATCC. Furthermore, Ca-MAP1 exhibits anti-neuroinflammatory
activity in the BV-2 microglia model, with 93.78% inhibition of nitrate production at 18.1 μM. Ca-
MAP1 presents cytotoxic activity against tumor cell line NCI-H292 at 36.3 μM, with an IC50 of
38.4 μM. Ca-MAP1 demonstrates results that qualify it to be evaluated in the next steps to promote
the control of infections and provide an alternative antitumor therapy.

Keywords: Candida albicans; drug design; peptide toxin; neuroinflammation; multiactivity peptide

Key Contribution: In this work, we described a novel synthetic peptide with biological activity
against bacteria, LPS-mediated neuroinflammation, and cancer cell lines.

1. Introduction

Neuroinflammation is defined as the response of central nervous system (CNS) cells to
infections, as well as to the infiltration of the brain and spinal cord by cells of the innate and
adaptive immune system [1]. A prolonged or very intense inflammatory response in the
CNS causes neuronal death by increasing levels of pro-inflammatory cytokines, proteases,
glutamate, free radicals, and excessive activation of glial cells [1,2].

The origin of neuroinflammation can be multifactorial and includes infections, accumu-
lation of toxic metabolites in obese or aging individuals, chemotherapy-related cognitive
impairment, and peptides or proteins, as seen in various neurodegenerative diseases,
Alzheimer’s disease, Parkinson’s disease, amyotrophic lateral sclerosis, ischemic injury,
and multiple sclerosis [3,4].

The membrane component of Gram-negative bacteria, such as lipopolysaccharide
(LPS), is a trigger of the inflammatory process that can cause an exacerbated reaction and
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induce the production of reactive molecules that directly damage cells by activating cas-
cades of reactions that might cause sepsis and death; it is also related to neuroinflammation
that can lead to the onset of neurodegenerative diseases. Forms of treatment that deal with
both bacteria and LPS are highly desirable from a therapeutic viewpoint [5–7].

The search for a new form of treatment has led to the search for molecules called
antimicrobial peptides (AMPs), especially those with a cationic helical structure, that act as
mediators in cases of routine infections, hospital sepsis, or bacterial resistance by inhibiting
the growth or destroying the membranes of invading cells [8,9]. Fungi are microorganisms
that share many ecological niches with bacteria and end up competing with each other;
this competition causes them to develop molecules, such as AMP, that can eliminate their
competitors [10–12]. New molecules from organisms such as fungi are an alternative in the
search for the control and/or combat of pathogenic organisms.

The pathogenic fungi Candida albicans, which grows in the mouth, digestive tract, and
in the external portion of the reproductive system of most of the world population, can
compete with human pathogenic bacteria and is capable of synthesizing a cationic cytolytic
peptide toxin called candidalysin. Candidalysin in lower concentrations (1.5–15 μM) has
already induced immunomodulatory effects such as DNA binding of c-Fos, G-CSF, and
GM-CSF. Additionally, concentrations of 70 μM are already able to induce cell damage and
damage-associated cytokines such as IL-1 α and IL-6 [13–15].

The cytolytic peptide toxin candidalysin is critical for the pathogenesis of the C. albicans
fungi, thus showing the potential to be used in drug design to modulate its activity, because
fungi can eliminate or inhibit other microorganisms when changing to its filamentous
form and causing candidiasis [13–15]. The present study proposes to evaluate the anti-
neuroinflammatory activity of synthetic peptides based on the protein sequence originating
from the candidalysin of the fungus C. albicans as a new alternative molecule with potential
against neurodegenerative diseases and bacterial infections, and also against cancer.

2. Results

2.1. Rational Design of the Ca-MAP1 Peptide

The generation of the derivate peptide was designed based on the parental peptide
immature candidalysin (NH2-SIIGIIMGIIMGILGNIPQVIQIIMSIVKAFKGNKR-COOH), an
important cytolytic toxin from Candida albicans [15], so that it should present at least 70%
similarity to the parental peptide, preserving its physicochemical properties.

To perform the rational design of the derivates, a segment with half the number of
amino acid residues of the parental peptide candidalysin primary sequence was chosen
(Figure 1); the criteria to choose the segment were the presence of characteristics close to
the antimicrobial peptides described in the literature, such as the charge from +2 to +4,
percentage of hydrophobic residues close to 45 to 55%, and amphipathicity, thus being
subjected to only four amino acid modifications to preserve its identity [16,17].

The derivate was defined as Ca-MAP1 (Candida albicans-Multiactivity Peptide 1), gen-
erated from the final segment of the candidalysin 17IQIIMSIVKAFKGNKR32 (Table 1), un-
dergoing modifications of the amino acids at positions 2, 3, 12, and 15, replaced by residues
Lys, Gly, Leu, and Leu, giving rise to the peptide Ca-MAP1 (NH2-IKGIMSIVSKAFLGNLR-
COOH). To demonstrate the sequence development, Table 1 shows the alignment of the
paternal peptide candidalysin, and the peptide Ca-MAP1 furthermore shows the number
of amino acid residues.
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Figure 1. The strategy of rational design of the Ca-MAP1 peptide derivate from candidalysin:
(A) Three-dimensional structure of candidalysin and reduced sequence portion of candidalysin with
AMP physical-chemical characteristics with primary sequence and helical wheel projections; (B) Ca-
MAP1 three-dimensional structure with primary sequence and helical wheel projection. The black
amino acid residues in the three-dimensional structure are conserved, and the red is the changed
amino acids. Legend: Positively charged amino acid residues are blue, negatively charged are red,
hydrophobic aliphatic or aromatic are yellow/gray, and uncharged polar ones are pink/purple. The
arrows within the diagram represent the hydrophobic moment.

The percentage of structural homology of the Ca-MAP1 peptide with its respective
candidalysin portion is 75% of identity, which represents the fully conserved amino acid
residue. It has a 6.25% strong similarity, indicating the modification of amino acids with
similar physical-chemical properties; 18.75% are differences demonstrating a complete
change of amino acid residue.
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Table 1. Alignment between primary sequences of candidalysin and Ca-MAP1, showing in bold
the portion used from the parental cytolytic toxin candidalysin as a framework for the design of
Ca-MAP1, and the number of amino acid residues.

Name Alignment N◦ of Residues

Candidalysin SIIGIIMGILGNIPQVIQIIMSIVKAFKGNKR 32
Ca-MAP1 ––––––––––––––––IKGIMSIVKAFLGNLR 16

The candidalysin sequence (NH2-SIIGIIMGILGNIPQVIQIIMSIVKAFKGNKR-COOH)
has 32 amino acid residues, a net +4 charge, and hydrophobicity of 56.25%. The synthetic
Ca-MAP1 (NH2-IKGIMSIVKAFLGNLR-COOH) has only 16 amino acid residues (50% of can-
didalysin length) and a reduced charge compared to the native +3 (Net charge of +3 is the
most common net charge found in AMP deposited in APD [17]) and equal hydrophobicity
of 56.25%. The physicochemical properties of these peptides were predicted using the Antimicro-
bial Peptide Database and are on display in Table 2 (https://aps.unmc.edu/prediction, accessed
on 15 July 2022) and Heliquest (https://heliquest.ipmc.cnrs.fr/cgi-bin/ComputParams.py, ac-
cessed on 15 July 2022) [17,18].

Table 2. The in silico calculated physicochemical properties of the parental peptide candidalysin and
its derivate peptide Ca-MAP1. Legend: <Z>, net charge; <H>, hydrophobicity; <μH>, hydrophobic
moment; Da, Daltons.

Name <Z> Apolar (%) <H> <μH> Mass (Da)

Candidalysin +4 56.25 0.679 0.408 3464.05
Ca-MAP1 +3 56.25 0.607 0.631 1759.05

2.2. Hemolytic Activity

After the synthesis of Ca-MAP1, the hemolytic activity of the Ca-MAP1 peptide
was tested with murine-derived erythrocytes (Figure 2) and caused 91.09% hemolysis at a
concentration of 72.7 μM., 71.95% at a concentration of 36.3 μM, 32.25% at a concentration of
18.1 μM, 5% at a concentration of 9.1 μM, and no hemolysis at concentrations below 4.5 μM.

Figure 2. The hemolytic percentage from murine erythrocytes challenged with the Ca-MAP1 peptide
in different micromolar concentrations. All experiments were performed in triplicate. Values of
p ≤ 0.01 and p ≤ 0.0001 represent ** and ***, respectively. The p values were compared with cells
treated with control.
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2.3. Antibacterial Activity

Table 3 shows the minimum inhibitory concentration and minimum bactericidal
concentration values of the Ca-MAP1 peptide against various resistant and sensitive Gram-
negative and -positive bacteria. E. coli, A. baumannii, and S. aureus showed minimum
inhibitory concentrations (MIC) of 9.1, 18.1, and 36.3 μM, respectively, and the minimum
bactericidal concentration (MBC) resulted in the same concentration values. Ca-MAP1
did not demonstrate an inhibitory or bactericidal effect on the Gram-negative bacterium
P. aeruginosa at the addressed concentrations, while ciprofloxacin presents activity with
6 μM to the same Gram-negative bacteria.

Table 3. Results of the minimal inhibitory concentration and minimal bactericidal concentration
assays of Ca-MAP1 peptide and ciprofloxacin against Gram-negative and -positive bacteria. All
experiments were performed in triplicate.

Bacteria

Ca-MAP1
(μM)

Ciprofloxacin
(μM)

MIC MBC MIC MBC

Gram-negative
Acinetobacter baumannii 18.1 >72.7 96.5 >386.3

Escherichia coli 9.1 9.1 96.5 >386.3
Escherichia coli (KPC + 001812446) 9.1 9.1 386.3 96.5

Klebsiella pneumoniae (ATCC + 13883) 18.1 18.1 6 193.1
Pseudomonas aeruginosa >72.7 >72.7 6 6

Gram-positive
Staphylococcus aureus 36.3 36.3 6 6

The antibacterial activity of the Ca-MAP1 presents a more effective activity with
a lower concentration than the commercial antibacterial ciprofloxacin because all the
ciprofloxacin concentrations of MIC/MBC were higher than the Ca-MAP1 concentrations
in the cases of A. baumannii and E. coli ATCC and KPC.

To investigate the time of action of the Ca-MAP1 peptide, a membrane permeability
assay with the dye Sytox Green was performed with E. coli KPC bacteria treated with the
peptide at a concentration 30 times higher than the minimum inhibitory concentration [19,20].
The analyses show that in 15 min 84% of bacterial membrane permeabilization already
occurs, and in 20 min Ca-MAP1 causes 98% permeabilization, as shown in Figure 3.

Figure 3. Effect on the permeabilization of E. coli bacterial membrane by Ca-MAP1 peptide over time,
assed with Sytox Green dye assay. Three independent experiments were performed, in triplicate.
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2.4. Anti-Neuroinflammatory Activity

To analyze the activity of Ca-MAP1 peptide in preventing LPS stimulation in BV-2
microglia cells, nitrite quantification was performed by Griess reaction methodology, as
shown in Figure 4 [21].

Figure 4. Effect of Ca-MAP1 peptide on (A) cellular viability of murine microglia BV-2 cell line and
(B) NO production on BV-2 cell line stimulated with E. coli LPS. Three independent experiments
were performed, in triplicate. Values are mean ± P.D.M. of three repetitions. Values of p ≤ 0.05
and p ≤ 0.0001 represent * and ****, respectively. The p values were compared with cells treated
with control.
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The Ca-MAP1 peptide showed no significant cytotoxic effects for BV-2 cells in a
concentration equal to and below 18.1 μM. The anti-inflammatory activity by inhibiting
nitrite production in BV-2 cells that were stimulated by LPS was evaluated in non-cytotoxic
concentrations for the BV-2 cell line. The concentrations that possessed the best anti-
inflammatory activities in the proposed model were the concentrations of 9.1 and 18.1 μM,
which inhibited 68.08 and 93.8% of nitrite production, respectively.

2.5. Anticancer Activity

Figure 5 shows the inhibition results for the cell viability of Ca-MAP1 peptide against
RD, HeLa, and NCI-H292 tumor cell lines and MRC-5 fibroblast cell line after 24 h of treat-
ment. Ca-MAP1 inhibited 46.33% of cell viability in the NCI-H292 cell at a concentration
of 36.3 μM. There was also 30.04% inhibition of cell viability in the RD cell line, 9.89%
inhibition of HeLa cellular viability and 21.27% inhibition of the MRC-5 cell line at the
same concentration. The IC50 of the Ca-MAP1 peptide is 38.4 μM to the NCI-H292 cell line.

Figure 5. The cytotoxic effect of (A) Ca-MAP1 and (B) doxorubicin on the cell viability of cancer cell
lines RD, HeLa, and NCI-H292, and the normal healthy MRC-5 cell line was evaluated by the MTT
method. All experiments were performed in triplicate. Values are means ± P.D.M. of three repetitions.
p > 0.0001 compared with cells treated with the control vehicle. Legend: Red circle = MRC-5, Green
square = NCI-H292, Black triangle = RD, Blue star = HeLa.
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The commercial antineoplastic doxorubicin in the higher concentration (20 mg.mL−1

or 36.7 μM) showed inhibition of 27.61, 57.30, and 68.06% to the cellular viability of NCI-
H292, RD, and HeLa, respectively. The normal cellular line MRC-5 presented an inhibition
of 23.98% in the concentration of 36.79 μM. The values of IC50 of doxorubicin to the cellular
line NCI-H292 is 28.1 mg.mL−1 or 51.8 μM with a selectivity index of 1.44.

2.6. Circular Dichroism

The Ca-MAP1 peptide was evaluated in the presence of water, 50% trifluoroethanol
(TFE), and sodium dodecyl sulphate (SDS), which are hydrophilic, hydrophobic, and an-
ionic environments, respectively for circular dichroism analyses. The band spectrum format
(Figure 6) was characterized by the occurrence of two negative band values approximately
between 208 and 222 nm and one positive band at 190 nm, which are characteristic of
peptides with a flexible α-helix secondary structure in the presence of SDS and TFE [22,23].
In the presence of water, it is possible to observe a negative peak in the band at 199 nm,
which is close to the characteristic peak at 190 nm for random coil [24,25].

Figure 6. Circular dichroism analysis spectrum of the secondary structure of Ca-MAP1 peptide in
the presence of water, TFE (50%), and SDS (30 mM), with a spectrum ranging from 185 nm to 260 nm.

2.7. Molecular Modeling

The three-dimensional structures of the Ca-MAP1 peptide were made by the I-TASSER
server by comparison to analogous structures in the PDB database, where the server forms
several possible models that each present a C-score, RMSD, and TM-score that indicates
the reliability of the model based on the structural homology of existing sequences. The
model with the best reliability was then modeled for visualization in the PyMol application
(Figure 1). The predicted Ca-MAP1 three-dimensional structure validation scores obtain
from I-TASSER [26], Prosa-web [27], and MolProbity [28,29] are displayed in Table 4.

Table 4. Summary of all model validation scores: C-score, RMSD, TM-score, Z-score, and Rama-Z
from the predicted three-dimensional model on I-TASSER, ProSA-web, and MolProbity software
version 4.5.1 (Duke University: Durham, NC, USA).

Name C-Score RMSD TM-Score Z-Score Rama-Z

Ca-MAP1 0.05 0.6 ± 0.6Å 0.72 ± 0.11 −0.35 −1.85 ± 1.76
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2.8. Molecular Dynamics

The three-dimensional model of the candidalysin derivate peptide Ca-MAP1, gener-
ated by homology modeling on the I-TASSER server, was subjected to molecular dynamics
simulations to analyze its behavior in an aqueous environment; the trajectory and topology
of the Ca-MAP1 atoms indicate that there is a tendency to assume a random structure. The
variation of the peptide backbone indicates an increase in RMSD, which evaluates the root
mean square deviation of the position of the alpha carbons of the overlapping amino acid
residues over simulation time, with a range of 0–0.9 nm (Figure 7A).

Figure 7. Molecular dynamics simulation result of Ca-MAP1 peptide in water, highlighting (A) root
mean square deviation, (B) spin radius, (C) root mean square fluctuation, and (D) solvent accessible
surface. The colors represent the triplicate of each parameter.

During the simulation, it is possible to observe moments in which there is an increase in
the degree of decompression of the peptide. This may be due to the presence of hydrophilic
residues that interact with water molecules, corroborating the increase in the diameter of
the spin radius of the peptide as a whole, ranging from 0 to 0.95 nm; however, during
much of the simulation, its diameter remained between approximately 0.65 and 0.8 nm
(Figure 7B).

The root mean square fluctuation (RMSF) evaluates the side chain variation of each
component amino acid residue of the peptide, demonstrating greater variation in the
N-terminal and C-terminal regions, reaching a fluctuation of up to 0.6 nm for Ile1 and
0.55 nm for Arg16; terminal regions may vary more compared to amino acids within the
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sequence due to electrostatic interactions with the terminal amine and carboxyl, while more
hydrophobic residues may remain more clustered and have less fluctuation (Figure 7C).
Finally, the solvent-accessible surface area was calculated, indicating stability throughout
the simulation, remaining approximately between 15 and 20 nm2 (Figure 7D).

3. Discussion

Studies have shown that the physicochemical properties of peptides are correlated so
that modifications in the parameters can reflect significant changes to one or more of the
others. Understanding and controlling these interrelationships may be the key to designing
new peptides with greater potency and specificity [9,16].

The rational peptide design proposed comprehends the reduction of length of the
candidalysin, which is linked to similar maintenance antimicrobial activity parameters,
and decreases toxicity [30–32].

Analyzing the physical-chemical parameters of the deposited AMPs on APD demon-
strates that the main frequency of charge is +3, and there is a hydrophobicity of 45 to
55% [17]. The exchange of Gln with Lys was to keep the charge in the highest frequency
on the database [17]. The replacement of Iso with Gly was to facilitate the helix-helix
packing and increase electrostatic and van der Waals interaction [33]. The substitution of
Lys with Leu is connected to the increase of hydrophobic moment and helical structure
stabilization [34,35].

The amino acid changes caused by the definition of amphipathicity provoke the
rearrangement of the hydrophobic moment, increasing when compared to candidalysin.
The increase of hydrophobic moment tends to be correlated to higher efficacy of cell binding
and penetration [36–38].

The low percentage of hemolysis in antibacterial, antitumor, and anti-inflammatory
peptides is a remarkable point in the development of new bioactive molecules due to the
low amount or absence of undesirable side effects. The Ca-MAP1 peptide, when used at low
concentrations (1 to 20 μM) presents no hemolytic activity. In contrast, in the literature, the
cytolytic toxin candidalysin causes complete hemolysis of erythrocytes at a concentration
of 10 μM [39,40].

The Ca-MAP1 peptide inhibited the growth of K. pneumoniae ATCC bacteria at concen-
trations of 18.1 μM and acted as a bactericide at the same concentrations. The E. coli KPC
bacteria had growth inhibited at a concentration of 9.1 μM, but all bacterial cells were elim-
inated at concentrations of 36.3 μM. Ciprofloxacin inhibited growth at the concentration of
32 μg.mL−1 (96.5 μM) and was not shown to be bactericidal at the same concentration.

The antibiotic ciprofloxacin is not able to emit fluorescence caused by permeabilization
of the E. coli bacteria membrane within twenty minutes, indicating that the time to cause
its antibacterial activity is slow compared to the Ca-MAP1 peptide [41,42].

The Ca-MAP1 peptide was efficient in inhibiting Gram-negative bacterial growth at
the lowest MIC of 9.1 μM, as in the case of E. coli, and at the same concentration there was
relatively low hemolysis in blood cells. However, the release of lipopolysaccharide (LPS)
by the lysis of Gram-negative bacteria causes sepsis and induces inflammation at picomolar
concentrations [43,44].

Activated microglial cells play an important role in immune and inflammatory re-
sponses in the central nervous system and neurodegenerative diseases. Many pro-apoptotic
pathways are mediated by signaling molecules that are produced during neuroinflamma-
tion. In glial cells, NF-κB, a transcription factor, initiates and regulates the expression of
various inflammatory processes during inflammation, which is attributed to the pathology
of various neurodegenerative diseases [45].

It is already known that LPS, which is an endotoxin in the outer membrane of Gram-
negative bacteria, induces the systemic inflammatory response syndrome through toll-like
receptor (TLR) signaling [4,46]. The binding of LPS to TLR4 on the surface of microglia
activates several signal transduction pathways, including PI3K/AKT, MAPK, and mTOR,
which ultimately lead to NF-κB activation. Activation of NF-κB then mediates the produc-
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tion of pro-inflammatory cytokines, chemokines, inducible nitric oxide synthase (iNOS),
and COX-2, which together result in neuroinflammation [43,45]. Inhibition of NO pro-
duction in LPS-induced BV-2 cells can be considered an effective treatment for CNS in-
flammation [47]. The NO inhibitory activities of the Ca-MAP1 peptide were evaluated in
LPS-stimulated BV-2 cells, and the cytotoxic effects of these peptides were measured by
MTT assay. Ca-MAP1 showed no cytotoxicity and inhibited the by-product NO (nitrite).

Chemotherapy is one of the most effective and widely used conventional treatments
for cancer patients. Additionally, it is observed that 70% of cancer patients undergoing
chemotherapy may develop cognitive problems during or after treatment, which affects
their quality of life [48,49]. Chemotherapy is known to have adverse effects on brain
function, causing dysfunctions in learning, memory, attention, motor activity, and executive
function [50,51]. In addition, several studies show that tyrosine kinases, antimetabolites,
microtubule inhibitors, and alkylating agents can induce neurotoxicity [52–54].

Doxorubicin belongs to the anthracycline class and is commonly used as a chemother-
apy treatment for breast, hematologic, and lung cancer [55–57]. Doxorubicin exerts its
antitumor effects through DNA insertion and topoisomerase II inhibition [58]. In this
context, the anticancer activity of Ca-MAP1 was evaluated against tumor cell lines, RD,
HeLa, and NCI-H292, and normal cell MRC-5 and BV-2 using doxorubicin as an antineo-
plastic standard. As we observed, the NCI-H292 strain, human lung cancer of the NCI
family, the H292 type, was the one that showed the greatest capacity for resistance to
doxorubicin [59,60] compared to the results of Ca-MAP1.

When comparing the IC50 values of doxorubicin and Ca-MAP1 in NCI-H292 cells,
it showed that doxorubicin presented IC50 higher than that of Ca-MAP1. Moreover, Ca-
MAP1 showed an IC50 1.35 times less than DOX, demonstrating a higher cytotoxic activity
forward NCI-H292. In addition, the derivate caused low cytotoxicity in comparison to
doxorubicin to erythrocytes and human fibroblast lineage MRC-5 and neuronal microglia
lineage BV-2 in ~18.1 μM.

The IC50 for MRC-5 was not calculated by the software because the Ca-MAP1 peptide
did not demonstrate an effect on cellular viability close to fifty percent. In the case of the
BV-2 cell line, the concentration of Ca-MAP1 for the NO assay was not cytotoxic. Therefore,
it shows better activity than the positive control without in vitro deleterious consequences
to the BV-2 cell line, MRC5 cell line, and erythrocytes.

After the activity assay, the next step was conformational analysis in silico and in vitro.
The in silico studies on the creation of a structural homology-based model showed the
possible formation of an α-helix, which can be validated via the Ramachandran plot [29].
The validation scores of the predicted three-dimensional structure demonstrate correct
prediction based on structural homology [26,27]

Ca-MAP1 presented 92.86% of the amino acid residues in favored regions of the right-
handed α-helix quadrant, 7.14% amino acid residue in the allowed region, and none in the
disallowed region. In addition, the peptide Ca-MAP1 presents a Rama-Z of −1.85 ± 1.76,
showing appropriated backbone geometry.

In the study of proteins by circular dichroism, it was possible to observe the character-
istic spectra of peptide bonds at 190 nm, and in particular, in the bands around 208 and
222 nm, it is possible to estimate the formation of a helical structure, corroborated with the
in silico studies [24,61].

In the circular dichroism, Ca-MAP1 demonstrated the occurrence of a positive band
near 190 nm and two negative bands at approximately 208 and 222 nm. It is possible to
assume that the peptide presents a secondary α-helical or 310-helical structure that has close
bands in the above values in the presence of TFE and SDS [24,25,62]. The formation of a
helical structure is observed in the circular dichroism of the cytolytic peptide candidalysin
in the HEPES buffer [15].

The broad negative band around 199 nm, and the fact that there is no other negative
band in the analysis of circular dichroism in the presence of water, show that the peptide
Ca-MAP1 can form a random coil [24,25], a result that is corroborated with the molecular
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dynamics of the peptide RMSD, RMSF, SASA, and Rg fluctuations in the presence of
water [63]. More environments, such as SDS 30 mM and TFE 50%, need to be studied in
silico with molecular dynamics to visualize if there is a corroboration between in silico and
in vitro analysis.

Several studies have demonstrated the conformational changes in hydrophobic or
hydrophilic environments for antimicrobial peptides through circular dichroism [64–66].
The CD analyses show that, in a hydrophobic environment, the conformational preference
for Ca-MAP1 was α-helix, indicating that its structure favors the mechanism of action of the
membrane permeabilization, as demonstrated in the Sytox Green assay. This result agrees
with Migliolo et al., who demonstrated that an alanine-rich peptide presents helicoidal
conformation and membrane disruption [67].

Other peptides in the literature have displayed similar activity and conformational
behavior; antimicrobial activity, antibacterial in particular, is well described for cationic
α-helix amphipathic peptides [68–70]. Mycotoxin peptide derivates have not been widely
studied, but other peptide toxin derivates have demonstrated similar characterization
results; animal venoms peptide is more widely used for the design of new drugs [69,70].

The Brazilian yellow scorpion (Tityus serrulatus) venom peptides TsAP-1 and TsAP2
possess different activities, the first being low hemolytic and bactericide at 120 to 160 μM.
The second is more highly hemolytic and bactericidal at 5 to 10 μM. The increase of net
charge by adding lysin to TsAP peptides increases hemolytic activity but dramatically
increases the potency of antibacterial and anticancer effects, lowering the IC50 from 320 μM
to 5 μM [64].

The exchange of amino acids to leucine and lysine has been effective in the creation of
new peptide derivates in the venom peptide Hp1404 from the scorpion Heterometrus petersii;
the derivates showed less hemolytic effect and antibacterial effect on multidrug-resistant
Pseudomonas aeruginosa in the concentration of 0.78 to 25 μM, and all derivates had an
amphipathic cationic α-helix in membrane-mimicking environments [69].

The cationic synthetic peptides Hp-MAP1 and Hp-MAP2, derived from the amphibian
(Hylarana picturata) peptide toxin temporin-PTa, present antibacterial activity in concentra-
tions ranging from 2.8 to 92 μM, without a hemolytic effect on erythrocytes, and in molecu-
lar dynamics present an α-helix in the presence of hydrophobic and anionic environments
and can form interactions with saline and hydrogen bounds [70]. Molecular dynamics in the
presence of membranes mimetic with 1,2-dipalmitoylsn-glycerol-3-phosphatidylglycerol
(DPPG-anionic) and 1,2-dipalmitoyl-sn-lyco-3 phosphatidylethanolamine (DPPE-neutral)
are needed to observe the interactions with the membrane phospholipids and the Ca-
MAP1 peptide.

Other compounds from animal venom have equal biotechnological importance; the
Brazilian snake Bothrops moojeni produces an important phospholipase, A2, which can be
collected due to its anticancer effects, at a concentration of 9.2 μM, in many cancers cell
lines, including lung mucoepidermoid carcinoma NCI-H292 [65]. Another example is the
wasp and bee venom of the species Vespa velutina, which possess antibacterial activity in
Gram-negative and -positive bacteria, and anti-inflammatory activity in LPS-induced BV-2
inflammation at concentrations of 0.5 to 20 μg.mL−1 [66].

4. Conclusions

In summary, the use of a rational design approach for the creation of Ca-MAP1,
bioinspired on a fungal toxin, present here for the first time an initial characterization of
viable antibacterial, anti-neuroinflammatory, and anticancer activity. The peptide Ca-MAP1
has the potential to be used for the control of exacerbated immune responses caused by
bacterial infections that release toxins and by-products. It is also noteworthy that there is
activity against a rare metastatic human lung cancer, NCI-H292, with a more discriminatory
activity than the antineoplastic drug doxorubicin. More studies for the development of its
characterization and comprehension of the underlying mechanisms of action are needed.
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5. Materials and Methods

5.1. Rational Design

Candidalysin, a cytolytic mycotoxin peptide secreted from C. albicans, presents 32 amino
acid residues, a net charge of +4, apolar residues of 56.5%, hydrophobicity of 0.679 in the
Eisenberg scale, and hydrophobic moment of 0.408. Faced with the challenge of searching
for information regarding candidates that are multifunctional with the potential to combat
and control diseases, candidalysin presented activity on immunomodulatory and cytolytic
human epithelial cells and is thus a peptide that is little characterized in the literature.

The strategy to design the Ca-MAP1 peptide (Supplementary Material Figure S1) was
guided by two steps and considered three requisites: (1) a shorter length comprising charge
between +3 and +4; (2) apolar amino acid residue percentage between 40 and 60% with
hydrophobicity in agreement with an Eisenberg scale above 0.400; (3) hydrophobic moment
above 0.400 (Supplementary Material Table S1). The second step to construct Ca-MAP1
was to correlate the amino acid residue modification with amphipathicity organization,
guided by helix diagrams and C-terminal structure stability with a helical conformation
preference (Supplementary Material Figure S1).

In agreement with the requisites described in the methodology, two sequences were
found. One primary sequence with 14 and another with 16 amino acid residues, both
located on the C-terminal functional hot spot region of the candidalysin (Supplementary
Material Table S1). The peptide with a length of 14 was discarded due to a decrease in the
net charge below the requirements.

Based on these two regions, amino acid glycine, leucine, and lysine frequencies,
observed in the profiles of bacterial lantibiotics, plants cyclotides, and amphibian temporin
antimicrobial peptide families, were used to create the derived peptide Ca-MAP1 [71]. The
results demonstrated that the addition of amino acid preferences in positions 2, 3, 12, and
15, where the 2 and 3 positions are associated with amphipathicity and positions 12 and 15
are associated with helices stability, is in agreement with helices diagrams and theoretical
models (Figure 1).

5.2. Peptide Synthesis

The peptides were synthesized by the solid-phase method using 9-fluorenyl-methoxycarbonyl
chemistry [72], purified by reverse-phase high-performance liquid chromatography (RP-
HPLC) to >98% purity on an acetonitrile/H2O-TFA gradient, and confirmed by electrospray
ionization mass spectrometry by Aminotech Company (Sorocaba, Brazil). The Ca-MAP1
peptide was solubilized in Milli-Q ultrapure water to create a stock solution, which was
stored in a −20 ◦C freezer and used for all assays.

5.3. Hemolytic Assay

The hemolytic assay was developed according to Kim et al. (2005) [73], with modifi-
cations. Red cells were washed three times with 50 mM phosphate buffer (PBS); pH 7.4.
peptide solutions were added to the erythrocyte suspension (1% by volume) at a final con-
centration ranging from 4 to 128 μg.mL−1, which can be expressed at molar concentrations
of 2.2 to 72.7 μM, in a final volume of 100 μL. The samples were incubated at room temper-
ature for 60 min. Hemoglobin release was monitored by measuring the absorbance of the
supernatant at 415 nm. Zero hemolysis (blank) was determined with red cells suspended
in the presence of 50 mM PBS, pH 7.4, while a 1% (by volume) aqueous solution of Triton
X-100 was used as a positive control (100% red cell lysis). This experiment was approved
by CEUA under number 014/2018.

5.4. Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration
(MBC) Assays

The MIC assays were performed against strains of Acinetobacter baumannii, Pseudomonas
aeruginosa, Escherichia coli (ATCC 25922 and KPC 001812446), Klebsiella pneumoniae (ATCC
13883), and Staphylococcus aureus. The bacteria were plated on Mueller Hinton agar (MHA)
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plates and incubated at 37 ◦C overnight. After this period, three isolated colonies of each
bacterium were inoculated into 5 mL of Mueller Hinton broth (MHB) and incubated at
200 rpm at 37 ◦C overnight. Bacterial growth was monitored by a spectrophotometer
at 600 nm.

MIC tests were performed by the 96-well microplate dilution method at a final bacterial
concentration of 2–5 × 105 CFU.mL−1. The peptides were tested at concentrations ranging
from 4 to 128 μg.mL−1, which form the molar concentrations of 2.2 to 72.7 μM for Ca-MAP1.
Ciprofloxacin was used as a positive control, due to its capability to be active against all of
the clinically isolated bacteria used in this study; other tested antibiotics are displayed in
Supplementary Material Table S2. The positive control was used in the same concentrations
as the peptides, while the bacterial suspension in MHB was used as a negative control. The
microplates were incubated at 37 ◦C for 18 h, and readings were taken on a Multiskan Go
microplate reader (Thermo Scientific: Waltham, MA, USA) at 600 nm after the incubation
time. MIC was determined as the lowest peptide concentration at which there was no
significant bacterial growth.

Evaluation of the minimum bactericidal concentration (MBC) was dependent on the
MIC results. Three replicates of 10 μL were taken from the microplate wells, plated in
MHA, and incubated at 37 ◦C for 24 h. The MBC was determined as the lowest peptide
concentration at which no bacterial growth was detected. All experiments were performed
in triplicate.

5.5. E. coli Membrane Permeabilization

Membrane permeability was investigated as described by Mohanram and Bhattachar-
jya (2016) [20] and modifications proposed by Almeida et al. (2021) [19]. In the assay, a
suspension of E. coli KPC + 001812446, grown in MH broth for 18 h at 37 ◦C, was prepared
with OD600 nm at 0.5 in 10 mM sodium phosphate buffer, pH 7.0. Then, 280 μL of the
bacterial suspension was transferred to 96-well black microplates, where 10 μL of Sytox
Green at 30 μM was added and incubated for 10 min at 37 ◦C. Subsequently, 10 μL of
the peptide Ca-MAP1, at a concentration 30 times the MIC, was added to each well, and
the kinetic assay was performed for 50 min, with readings every 5 min. The assay was
performed with fluorescence readout, excitation at 485 nm, and emission at 520 nm in a
Varioskan Lux microplate reader (Thermo Scientific: Waltham, MA, USA). The negative
control of membrane damage was performed with E. coli KPC + 001812446, incubated with
10 μL of 10 mM sodium phosphate buffer, pH 7.0. Three independent experiments were
performed, in triplicate.

5.6. Cell Cultures

In this study, we used diploid human fetal lung cell lineage (MRC-5), murine mi-
croglia cells (BV-2), human rhabdomyosarcoma cells (RD), cervical cancer cells (HeLa), and
mucoepidermoid lung carcinoma (NCI-H292), of which MRC-5, RD, HeLa, and NCI-H292
cells were acquired from the Cell Culture Center of the Adolf Lutz Institute (São Paulo-SP),
and BV-2 cells were acquired from the Rio de Janeiro Cell Bank. All cell lines were stored
in liquid nitrogen cryopreservation at a temperature of approximately −196 ◦C at the
Universidade Católica Dom Bosco (UCDB: Campo Grande, MS, Brazil). MRC-5, BV-2, RD,
NCI-H292, and HeLa cells were cultured in the Immunology Laboratory (UCDB) in DMEM
high glucose medium (for MRC-5 and RD) and RPMI-1640 (for BV-2, NCI-H292, and HeLa),
respectively, supplemented with 10% fetal bovine serum (FBS), 100 U.mL−1 penicillin, and
100 μg.mL−1 streptomycin (Gibco: Waltham, MA, USA) at 37 ◦C in an incubator at 5% CO2.

5.7. Cell Viability Test Using MTT Methodology

To verify whether the peptide derivate inhibits anticancer activity, the viability of
NCI-H292, HeLa, and RD cancer cells and normal cells MRC-5 and BV-2 were evaluated
according to a method adapted from Mosmann (1983) [74], based on the enzymatic reduc-
tion of 3-(4,5-demethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT: Sigma-Aldrich;
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St Louis, MO, USA) to formazan crystals. NCI-H292, HeLa, RD, MRC-5, and BV-2 cells
were plated at 1 × 104 cells. well−1 in 96-well microplates and treated with 100 μL of
different molar concentrations of Ca-MAP1 (0.5, 1.1, 2.2, 4.5, 9.1, 18.1, 36.3 μM) for 24 h.
Culture medium was used as a negative control. After the incubation period, the super-
natant was removed and 100 μL of MTT solution (1 mg.mL−1 diluted in culture medium)
was added to the cells. After 4 h of incubation, the formazan crystals were resuspended
with 100 μL of dimethyl sulfoxide (DMSO) and read at 570 nm on a Thermo scientific
reader (MultiSkan Go Model) [74]. The commercial antineoplastic doxorubicin was used as
a positive control, with concentrations in serial dilution ranging from 0.3 to 20 mg.mL−1,
which can be converted to micromolar concentrations ranging from 0.5 to 36.7 μM. Three
independent experiments were performed in triplicate. Cell viability was calculated from
the following formula:

Cell viability (%) = (AbsSample + AbsNegativeControl)× 100

5.8. Inhibition of Microglial Activation by LPS

BV-2 microglia strains were plated at a density of 5 × 105 cells.mL−1 in 96-well plates,
followed by adhesion for 24 h at 37 ◦C in a 5% CO2 atmosphere. After adhesion, the medium
was removed and cells were stimulated with lipopolysaccharide-LPS (Final concentration
of 1 μg.mL−1), together with Ca-MAP1 peptide treated at various concentrations (0.2, 0.5,
1.1, 2.2, 4.5, 9.1, 18.1 μM) in a final volume of 100 μL.well−1 of RPMI culture medium
supplemented with 1% SFB. For the control experiment, cells were cultured with a culture
medium and medium with LPS. The cells were then incubated for another 24 h at 37 ◦C,
5% CO2, and the cell supernatant was collected for NO analysis with adhered cells, and
cell viability assay by the MTT method was performed. The production of nitric oxide
was measured by the dosage of its most stable degradation product, nitrite, using the
Griess reagent [21]. For the determination of NO production, 100 μL of cell supernatant
was subjected to the reaction with an equal volume of Griess reagent. For the preparation
of this reagent, solutions of naphthylethylenediamine chloride (0.1%) dissolved in water
and 1% sulfanilamide dissolved in H3PO4 (5%) were used. Just before use, the solutions
were added in a 1:1 ratio, forming the Griess reagent properly. After the 10-min incubation
period, the samples were read in a microplate reader at 540 nm. The calculation of nitrite
concentrations was performed based on standard curves using different concentrations of
Nitrite (3.12 up to 200 μM). Three independent experiments were performed in triplicate.

5.9. Circular Dichroism (CD)

The analyses were performed on a Jasco J-1100 spectropolarimeter (Jasco Inc.:
Hachioji-shi, TYO, Japan) using a quartz cuvette with a 1 mm optical path. The spectrum
from 260 to 185 nm was collected with steps at a resolution of 0.1 nm to 100 nm.s−1, at
25 ◦C, with an average of 5 accumulated scans for each spectrum. The Ca-MAP1 peptide
was prepared in a stock solution of 120 μM and was incubated under different conditions
at a concentration of 30 μM. The Ca-MAP1 peptide had its secondary structure analyzed in
the presence of water, 50% trifluoroethanol (TFE) to mimic a hydrophobic environment,
or 30 mM SDS, an amphipathic compound that forms micelles mimicking an anionic
environment. The data were converted to molar ellipticity (θ), according to the equation:

[θ] =
θ

10 ∗ C ∗ l ∗ nr

where θ is the ellipticity measured in milliseconds, C is the peptide concentration (M), l is
the path length of the cuvette, and nr is the number of amino acid residues. The fractional
alpha-helix content, fH, was estimated using the equation:

f H =
θ222 − θC
θH − θC
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where θC = 2220 − 53, θH = (250 T − 44,000) (1 − 3/n), where T is the temperature in
celsius and n is the number of amino acid residues in the peptide. The θC and θH values
represent, respectively, the threshold values of average ellipticity at 222 nm (θ222) for a
disordered and alpha-helix conformation.

5.10. Comparative Modeling and Validation

The theoretical three-dimensional models were built by fold recognition using tem-
plate X-ray crystallography and the nuclear magnetic resonance of a similar primary
sequence deposited in the PDB database through the I-TASSER server. Model validation
was performed based on the statistical data of C-score, Z-score, and root mean square devi-
ation or root mean square deviation of alpha-carbon position generated by the I-TASSER
server. ProSA-web was used to calculate the overall quality score for the models based on
score results within the ranges for native proteins [26,27]. The visualization of the predicted
model was visualized by the PyMOL version 2.0 program [26,75]. The possible dihedral
angles psi (Ψ) and phi (Φ) of each amino acid were calculated by MolProbity and observed
in the Ramachandran plot [29,76].

5.11. Molecular Dynamics in Water

To perform the molecular dynamics simulations, the .pdb file model was generated
from the modeling analyses of the I-TASSER server, and the calculations were performed
by the program Gromacs version 5.0.4 (Groningen, The Netherlands) [77,78]. Molecular
dynamics consists of three main stages; initially, assembly and parameterization of the
system are performed, where a cubic box is generated in a vacuum, and it is filled with the
solvent, composed of water molecules in the simple point charge (SPC) model and ions of
Na+ and Cl− to neutralize the total charge of the system. After the solvation is performed,
the energy minimization of the system promotes the lowest free energy of the molecules;
after this process, heating at a temperature of 310 Kelvin and pressurization of the system
is carried out. After the parameterization of the system, the simulation calculations of
the atomic movement and topology of the atoms of the system are performed based on
molecular interactions according to the Newtonian mechanics of classical physics. Finally,
after performing the calculations, the data analysis is carried out, which generates the values
of RMSD, RMSF, spin radius, and solvent access area. All experiments were performed
in triplicate.

5.12. Statistical Analysis

The statistical significance of the experimental results was determined by one-way
Student’s t-test or one-way analysis of variance (ANOVA), followed by the Dunnett test.
Values of p < 0.05 were considered statistically significant. GraphPad Prism version 8.0 was
used for all statistical analyses.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/toxins14100696/s1, Figure S1: Database filtering technology schematic:
(A) Candidalysin activity, (B) Determination of peptide length, (C) Amino acids frequency, (D)
Net charge, (E) Hydrophobic content, (F) Structure type (F) Functional hot spot. The designed
peptide is called Ca-MAP1. Table S1: Strategy for the selection of peptide based on physical-
chemical parameters of candidalysin. Legend: <H> = Hydrophobicity in the Eisenberg scale; <μH> =
Hydrophobic moment. Table S2: Antibiogram assay against Gram-negative and -positive bacteria.
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Abstract: Aspergillus flavus and the produced aflatoxins cause great hazards to food security and
human health across all countries. The control of A. flavus and aflatoxins in grains during storage is of
great significance to humans. In the current study, bacteria strain YM6 isolated from sea sediment was
demonstrated effective in controlling A. flavus by the production of anti-fungal volatiles. According
to morphological characteristics and phylogenetic analysis, strain YM6 was identified as Pseudomonas
stutzeri. YM6 can produce abundant volatile compounds which could inhibit mycelial growth and
conidial germination of A. flavus. Moreover, it greatly prevented fungal infection and aflatoxin
production on maize and peanuts during storage. The inhibition rate was 100%. Scanning electron
microscopy further supported that the volatiles could destroy the cell structure of A. flavus and
prevent conidia germination on the grain surface. Gas chromatography/mass spectrometry revealed
that dimethyl trisulfide (DMTS) with a relative abundance of 13% is the most abundant fraction in
the volatiles from strain YM6. The minimal inhibitory concentration of DMTS to A. flavus conidia is
200 μL/L (compound volume/airspace volume). Thus, we concluded that Pseudomonas stutzeri YM6
and the produced DMTS showed great inhibition to A. flavus, which could be considered as effective
biocontrol agents in further application.

Keywords: Aspergillus flavus; aflatoxins; Pseudomonas stutzeri; dimethyl trisulfide; post-harvest control

Key Contribution: Pseudomonas stutzeri YM6 and the produced dimethyl trisulfide showed great
inhibition to A. flavus and aflatoxins in grains, which could be considered as effective biocontrol
agents in further application.

1. Introduction

A. flavus, as a harmful phytopathogen, can infect peanuts, maize, and soybeans as well
as their products, and produce highly toxic aflatoxins in the field and storage conditions [1].
Aflatoxins are considered unavoidable contaminants of human food and animal feed by
the US Food and Drug Administration (FDA), which contaminate over 25% of the world’s
crops annually [1] and cause great hazards to food security and human health [2]. Aflatoxin
B1 (AFB1) is the most toxic member of the mycotoxin group, and its toxicity is 10 times
that of potassium cyanide and 68 times that of arsenic [3]. The AFB1 is classified as a group
I carcinogen by the International Agency for Research on Cancer (IARC) for its high degree
of toxicity, and it may cause liver and lung carcinogen, and even acute death in humans [4].

It is estimated that more than 5 billion people are exposed to the harm of aflatoxins
annually [5]. In the 1960s, hundreds of thousands of turkeys died from the aflatoxin-
contaminated grain diet, which was known as the proverbial “Turkey X disease” [6].
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Aflatoxins also caused serious economic losses and health hazards. For example, in the
USA, financial losses due to aflatoxin contamination were estimated to be hundreds of
million dollars annually, with maize and peanut being the most seriously affected food
crops [7]. Of the 550,000–600,000 de novo liver cancer cases worldwide each year, it is
estimated that 25,200–155,000 may be associated with aflatoxin exposure [8]. Countries
considered endemic for hepatitis B virus infection (such as China, India, etc.) experienced
more hepatocellular carcinoma and high death rates caused by aflatoxin [9]. For example,
China has one of the highest populations of HBV carriers in the world, i.e., nearly 10% of
the whole population. It was reported that over 370,000 people die of liver cancer every
year, which accounts for more than 50% of the world’s liver cancer deaths [9].

Because of the great risks of aflatoxins to humans, more than 100 countries have
legislatively defined the maximum levels in grains. The maximum tolerable limits for
aflatoxins in maize and groundnut in the EU, the East African Community (EAC), and the
USA are 4, 10, and 20 μg/kg, respectively [10,11]. In China, the maximum level for AFB1 is
20 ppb, with no regulations for total aflatoxins until now [5].

Legislations aimed to reduce the potential damage of aflatoxins are necessary. How-
ever, the more effective methods to avoid risks are preventing A. flavus growth and afla-
toxins production in the field and storage. The methods used in controlling A. flavus
and aflatoxins were the breeding of resistant plant varieties, chemical fungicides, and
biological control agents. However, owing to the limited resistant breeds in nature and the
lengthy breeding process, the effort to control the disease through plant breeding is less
effective. While the approach of chemical fungicides is an efficient and quick controlling
method against A. flavus and aflatoxin compared to plant breeding, it can cause pathogen
resistance and pose potential health risks with pesticide residue [12]. It is worth noting
that biological agents were considered as candidate alternatives in controlling A. flavus
and aflatoxins in the field and storage. Some research has shown that certain microbes,
such as non-aflatoxigenic A. flavus strain and bacteria, can prevent A. flavus infection and
aflatoxins production in the field [13,14]. These microbes have been gradually utilized
in controlling A. flavus and aflatoxins in practice. Additionally, the microbial metabolites
produced by microorganisms such as peptides, iturins, fengycin, and surfactants were also
effective against A. flavus [15,16]. Among the identified metabolites, low-molecular-weight
volatile compounds can quickly be evaporated and evenly distributed throughout the
grain storage space [17]. In our previous work, the microbes including Staphylococcus
saprophyticus L-38, Serratia marcescens Pt-3, Enterobacter asburiae Vt-7, and Alcaligenes faecalis
N1-4 were demonstrated useful in controlling A. flavus and aflatoxins during storage by
the production of antifungal volatiles [5,18–20]. In an effort to identify more novel strains
for biocontrol, we isolated and identified one bacterial strain of Pseudomonas stutzeri YM6
from the collected marine sediment. The abundant anti-fungal volatile dimethyl trisulfide
(DMTS) produced by YM6 showed strong anti-fungal activity against A. flavus and seven
other important fungal pathogens in face-to-face dual cultural tests. It also greatly inhibited
A. flavus growth and aflatoxins production in maize and peanut kernels during storage.
The minimal inhibitory concentration of DMTS to A. flavus was 200 μL/L. The novel agents
identified in the previous study can control A. flavus growth and aflatoxin production in
grains during storage.

2. Results

2.1. Identification of Strain YM6

The colony of strain YM6 was opaque and pale yellow with a smooth surface and entire
edge on the NA medium. YM6 was identified as a gram-negative, short-rod bacterium
under the microscope. The 16S rDNA sequence of YM6 was homologous to three species
(P. stutzeri, P. putida, and P. xanthomarina) of Pseudomonas spp. Eight strains of three species
with great similarity to YM6 were selected to construct the phylogenetic tree. Strain YM6
and P. stutzeri 28a42 (AJ312165.1) showed the highest level of homology in terms of clade-
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level. Thus, the YM6 was identified as a strain of P. stutzeri (Figure 1). Its sequence was
submitted to the NCBI database (accession number KF135442).

Figure 1. Neighbor-joining phylogenetic tree based on 16S rDNA sequence of strain YM6 and
other homologous strains retrieved from the NCBI database. The scale bar indicates the number of
substitutions per base position.

2.2. Inhibition of Pseudomonas stutzeri YM6 against A. flavus

Strain YM6 can greatly inhibit the growth of A. flavus in face-to-face dual culture
without contact. The growth diameter of A. flavus inoculated on PDA medium was 4.5 cm
at 5 dpi (days post inoculation). In the treatment group, YM6 inoculated on the NA medium
produced abundant volatiles and greatly inhibited the mycelia growth of A. flavus in the
PDA medium. The mycelia showed no signs of growth with YM6 treatment (Figure 2A).
The inhibitory rate of volatiles from YM6 on mycelia growth of A. flavus was 100% at 5 dpi.

Figure 2. The inhibitory effect of strain YM6 on the growth of A. flavus conidia and mycelia in sealed
Petri dishes. (A). The growth of A. flavus mycelia/conidia cultured on the PDA plate was completely
inhibited by volatiles produced by YM6 on NA plate in face-to-face dual culture. The two dishes were
placed face-to-face without physical contact and cultured at 28 ◦C for 5 days. (B). The germination of
A. flavus conidia on PDA plate was completely inhibited by volatiles from YM6 under microscopy in
24 h. The red arrows point to the position of A. flavus conidia under microscopy.

Similar results were also observed in the inhibitory tests of YM6 on conidia germina-
tion of A. flavus. In the control group, the A. flavus conidia inoculated on PDA medium
germinated quickly, producing germ tubes that grow to form hyphae in 12 h (Figure 2B). In
the subsequent 12 h, the hyphae branched outward, forming an extensive network that
resembles the branches of a tree, and covered the surface of the PDA medium (Figure 2B).
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In the treatment group, the volatiles from YM6 inhibited the germination of A. flavus coni-
dia with no formation of germ tubes during 24 h (Figure 2B). Thus, the inhibitory rate of
volatiles from YM6 on conidia germination of A. flavus was 100% in dual culture.

2.3. Biocontrol Activity of YM6 against A. flavus and Aflatoxins in Peanut and Maize
during Storage

In the control groups, the peanut and maize kernels were severely infected by A. flavus.
There were a large number of green mycelia of A. flavus on the surface of peanut and maize
seeds. Additionally, the number of infected kernels at a higher level of water activity (aw)
outnumbered that at a lower level of aw. At aw of 0.9, the disease incidence was 100% in
the control groups of maize and peanuts. At aw of 0.8 and 0.7, the disease incidence of
the peanuts group was 82%, and of the maize control group was 32% (Figure 3A,B). In
comparison, the infection of A. flavus was greatly inhibited in the presence of YM6. At
higher aw (0.9), peanut kernels were slightly infected by A. flavus with a disease incidence
of 32%, while no infection was observed in the maize group. At lower aw (0.7 and 0.8),
no disease symptom was observed in maize and peanut kernels (Figure 3). The results
clearly showed that the disease incidence rate in the control group was significantly higher
than that in the YM6 treatment group. Based on these observations, we conclude that the
volatiles from YM6 can greatly inhibit the infection of A. flavus conidia, and significantly
prevent the disease development in peanut and maize kernels.

The aflatoxins in peanut and maize samples were also determined through quantitative
analysis. In the control group, the total amounts of aflatoxins in peanut samples were 99.49,
330.17, and 1767.61 ppb at aw of 0.740, 0.859, and 0.923, respectively. Similar phenomenon
was also observed in maize samples that the content of aflatoxins was 27.09, 178.39, and
466.13 ppb at aw of 0.785, 0.866, and 0.934, respectively (Table 1). On the one hand, these
results showed that A. flavus produced more aflatoxins (with maximum AFB1 of over
80%) in crop seeds at higher aw in the control group. On the other hand, no aflatoxin was
detected in maize samples under three aw, and peanut samples under aw 0.740, 0.859 with
the treatment of YM6. A little amount of aflatoxin (3.74 ppb) was detected in peanuts at aw
of 0.923 (Table 1). Therefore, the volatiles from YM6 are able to inhibit the production of
aflatoxins by A. flavus in peanut and maize samples at higher aw under storage conditions.

Table 1. Quantitative analysis of aflatoxins in inoculated maize and peanut kernels.

Value of Water
Activity

Treatment
Aflatoxin Concentration/ppb

AFB1 AFB2 Total

Peanut

0.740
Control 85.41 ± 3.21 14.08 ± 0.76 99.49

YM6 — — —

0.859
Control 299.36 ± 17.55 30.81 ± 7.83 330.17

YM6 — — —

0.923
Control 1575.19 ± 67.32 192.42 ± 9.22 1767.61

YM6 3.74 ± 0.24 * — 3.74

Maize

0.785
Control 24.92 ± 2.60 2.17 ± 0.13 27.09

YM6 — — —

0.866
Control 156.62 ± 4.63 21.77 ± 1.56 178.39

YM6 — — —

0.934
Control 402.31 ± 9.32 63.82 ± 4.35 466.13

YM6 — — —

The concentration of aflatoxin was shown as average ± SE. Total means the sum of AFB1 and AFB2. — means
that the aflatoxin was not detected with the minimum detection limit of 0.2 ppb. * means significant difference at
p < 0.05 compared to control group.

44



Toxins 2022, 14, 788

Figure 3. Biocontrol efficiency of strain YM6 against A. flavus infection in peanut (A) and maize
(B) kernel. The grains of peanut and maize inoculated with A. flavus condia were placed on one side
of separated Petri dishes, challenged with (A. flavus + YM6) or without (A. flavus) the presence of
strain YM6 on the NA plate on the other side of the separated Petri dishes.

2.4. Analysis of A. flavus Cell Structure Affected by YM6

The experiment inoculated peanuts with conidia of A. flavus at aw of 0.923 and cultured
them at 28 ◦C for 5 days. The phenotype of conidia was analyzed through a scanning
electron microscope and the results indicated conidial germination and transition from
conidia to hyphae in the control group. The peanut seed coat was found to be covered by
abundant mycelia. The hyphae also formed conidiophores and produced large amounts of
conidia which induced secondary infection. The conidia were uniform in shape with fertile
spherical proliferations on the surface. In contrast, only a few severely dehydrated conidia
were found on the surface of peanuts in the YM6 group. The conidia were too deformed
to germinate into hyphae (Figure 4). The observation suggested that under non-contact
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conditions, the volatiles from YM6 can effectively prevent A. flavus infection and destroy
the cell structure of A. flavus conidia.

Figure 4. Ultra-structure of A. flavus conidia inoculated on peanut seeds affected by the volatiles from
YM6. A. flavus conidia were inoculated on peanut seed coat and cultured for 5 days with (A. flavus +
YM6) or without (A. flavus) the presence of YM6. In control group, the conidia on peanut coat could
germinate to hyphae and phialids-conidiophores (A), and produce abundant conidia (C). The conidia
on peanut surface cannot germinate to hyphae (B) and showed deformed character (D) in YM6 group.
The red arrows pointed to the position of A. flavus conidia on the surface of the peanut coat.

2.5. Chemical Identification of Volatiles Produced by the YM6 Strain

GC-MS analysis showed that the YM6 strain could produce abundant volatile sub-
stances (Figure 5). These volatiles were dimethyl trisulfide, 1-(trimethylsilyl)-1-propyne
oxalic acid, 1-methyl-2-pentyl-cyclohexane, isobutyl pentadactyl ester, undecane, and 3,5-
dimethyl-Isoxazole (Table 2). These substances with a molecular weight ranging from
97 to 356 Dalton (D) can easily volatilize. Only one type of substance was characterized
based on comparison with the library NIST 08, with a similarity higher than 90% and large
relative abundance (over 1%, peak area/sum area of all peaks), which was considered as
a candidate volatile from YM6 and the key to the anti-fungal activity. The volatile was
further identified to be DMTS based on the comparison of retention time and fragment
ions with the commercial standard.
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Figure 5. GC-MS analysis of volatiles emitted from strain YM6. Strain YM6 grown on NA plate for
48 h to produce volatile compounds. The compounds detected in YM6 spectra (YM6) omitting the
same compounds in blank NA medium (CK) were considered the authentic compound.

Table 2. Identification of volatiles emitted from strain YM6 through GC-MS system.

No. Compounds
Retention
Time/min

Peak Area
/% a

Similarity
/% b

Mass
/m·z−1

1 Dimethyl trisulfide 11.238 13.877 90 125.963
2 1-(trimethylsilyl)-1-propyne 14.797 7.451 52 112.071
3 Oxalic acid, isobutyl pentadecyl ester 16.777 0.962 72 356.293
4 1-methyl-2-pentyl- Cyclohexane 17.131 0.122 76 168.188
5 Undecane 18.785 0.200 93 156.188
6 3,5-dimethyl- Isoxazole 30.447 0.884 72 97.053
7 2,4,4,6,6,8,8-Heptamethyl-2-nonene 30.824 0.485 60 224.252
8 Butylated hydroxytoluene 37.084 0.992 97 220.183

a The peak area of the identified compound to the total area of all peaks. b the mass spectrum of identified
compound compared to the spectrum of standard substance in NIST 08 database, respectively. Mass means mass
to charge ratio.

2.6. Minimal Inhibitory Concentration of DMTS against A. flavus

DMTS purchased from Sigma was used to test the inhibitory effect against A. flavus.
The result revealed that DMTS could significantly inhibit the growth of A. flavus in confined
spaces. The mycelia of A. flavus spread quickly to the edge of the Petri dishes and produced
abundant green conidia at 5 dpi in the control group. Additionally, DMTS showed increased
antagonistic effects against A. flavus with elevated concentrations. At a lower concentration
of 50 μL/L (compound volume/airspace volume), the inhibition rate was only 7.5%. At
100 μL/L, the inhibition rate was 20.93%. DMTS completely inhibited the growth of A.
flavus at 200 μL/L. Thus, the minimal inhibitory concentration (MIC) for DMTS against A.
flavus was 200 μL/L (Figure 6).

Figure 6. The minimal inhibitory concentration analysis of DMTS against A. flavus on PDA plates.
The concentration of DMTS was 200, 100, and 50 μL/L (compound volume/airspace volume, v/v).
The A. flavus conidia inoculated to the round paper in the center of the PDA plate was used as
a control.
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3. Discussion

A. flavus is a globally distributed saprophytic fungus that infects many important
crops, such as maize, peanuts, and soybeans during storage [20]. Additionally, it produces
highly toxic and carcinogenic aflatoxins which threaten food security and human health.
Hence, identifying safe and efficient agents to control A. flavus and aflatoxins in crops
during storage is of significance and worth further study.

Microbes as important organisms are widely distributed in the natural environment.
They can produce abundant secondary metabolites which have been extensively used in
control plant pathogens such as Fusarium graminearum [21], Penicillium digitatum [22], Rhi-
zoctonia solani [23], Penicillium digitatum [24], and A. flavus [25]. It is difficult to prevent A.
flavus infection and aflatoxins production in grains during storage as A. flavus possesses
great spore production, discharge, and dispersal capacities. Many chemical fungicides, al-
though effective in controlling A. flavus and aflatoxins in storage, exhibit detrimental effects
on food security and human health due to food contamination caused by pesticide residue.
Compared to stable pesticides, compounds with smaller molecular sizes evaporate faster
and can be evenly distributed in the airspace of storage, which is crucial to the control of A.
flavus and aflatoxins. In 2015, our lab first demonstrated that volatile organic compounds
(VOCs) produced by Shewanella algae strain YM8 [26] could greatly inhibit A. flavus growth
and aflatoxin production in grains during storage. Some other microbes also have been
proved with the capacity to prevent A. flavus infection and aflatoxin production in grains
such as Streptomyces alboflavus [27], Streptomyces yanglinensis [28], Bacillus megaterium [29],
Pseudomonas protegens [29], Staphylococcus saprophyticus [18], and Serratia marcescens [19].
However, there was no report of volatiles from Pseudomonas stutzeri regarding their effects
against A. flavus and aflatoxins.

In the current study, YM6, which is a strain of Pseudomonas stutzeri, was isolated from
marine sediment. It can produce volatiles that can greatly inhibit A. flavus growth and
aflatoxins production in storage. The volatiles from strain YM6 exhibited a significant anti-
fungal effect as they could inhibit the mycelial growth and spore germination of A. flavus by
100%, and severely damage the cell structure of A. flavus. The key antimicrobial substance
produced by YM6 was identified as DMTS, with a minimal inhibitory concentration against
A. flavus being 200 μL/L.

We also found that DMTS could deform the conidia of A. flavus and prevent the
cell germination, but the inhibitory mechanism of DMTS for A. flavus remains unknown.
However, on the basis of the study by Tang et al. [30], DMTS could cause deterioration of
subcellular structures of Colletotrichum gloeosporioides, such as cell walls, plasma membranes,
Golgi bodies, and mitochondria, as well as contribute to the leakage of protoplasm and
cell death. Moreover, Zuo et al. [31] found that, in Fusarium oxysporum cells, DMTS
could affect the glycosylation and ROS accumulation, inhibit steroid biosynthesis and
glycerophospholipids metabolism, disrupt the cell membrane integrity, and finally result
in the cell death. Taken together, DMTS could enter into fungal cells, disrupt cell structures,
and inhibit cell growth. These results provided important evidence for understanding
the inhibitory mechanism of DMTS for A. flavus, whereas the molecular target as well as
interacted proteins of DMTS have not been investigated in fungal cells, which is worth
further investigation.

Many volatiles produced by microbes have been demonstrated effective in controlling
A. flavus and aflatoxins during storage, such as DMTS, dimethyl disulfide, methyl isovaler-
ate, 1-Pentanol, Phenylethyl Alcohol and 3, 3-Dimethyl-1,2-epoxybutane, et al. [5,18,20,26].
Among these, sulfide exhibits have been demonstrated as excellent biocontrol effects in
controlling soil-borne diseases by effectively inhibiting several pathogens and nematodes
in soil [32,33]. DMTS, as an active substance, is a colorless or pale yellow substance with
a strong mint odor, which exists in fresh onions, Chinese chive [34], and produced by
some microbes [26]. However, this paper is the first to report that DMTS was produced by
Pseudomonas stutzeri. DMTS is commonly used as permissible food additives in seasoning,
gravy, and soup in many countries. DMTS can be applied in the storage of grain and
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oil products for its fast evaporation and dispersal capacities, and even distribution in
confinement spaces to control plant pathogens and mycotoxins.

In conclusion, we were the first to prove that strain YM6 of Pseudomonas stutzeri
showed great inhibition on A. flavus and aflatoxins in grains during storage by producing
volatile DMTS. As a result, we deduced that the bacterial strain of YM6 and one of its VOCs
(DMTS) could be used predominantly as a bio-control agent for crop protection in post-
harvest stage. In addition, the microbe-associated volatiles showed great antifungal activity
to A. flavus in laboratory investigation, but it is still a long distance from lab to commercial
application in grains during storage. Some important questions should be answered before
commercial application. For example, different to the ventilated requirement in large-scale
granaries and small barns nowadays, the application of volatiles developed here needed
to be kept in airtight storage condition. Apart from that, some other queries should also
be solved before commercial application such as the mass production and enrichment of
volatiles, usage cost limitation, usage dosage and persistence, volatile residues, as well as
biosecurity to livestock and humans. These limits presented here provide us with further
research directions.

4. Materials and Methods

4.1. Microbes and Plants

Bacteria YM6 was isolated from sea sediment in the Yellow Sea of China. YM6 was
cultured in nutrient agar (NA) medium at 37 ◦C in the dark for 24 h. Aspergillus flavus
strain 535 isolated from diseased peanuts was stored in our lab and inoculated onto potato
dextrose agar (PDA) medium and cultured at 28 ◦C in the dark for anti-fungal tests [26].

Peanuts (cultivar Silihong) were purchased from supermarkets and used for inocula-
tion tests. Dimethyl trisulfide (DMTS, CAS: 03658-80-8) was purchased from Sigma (Sigma-
Aldrich, St. Louis, MO, USA) and used as the chemical standard for volatile identification.

The experiments were carried out in Molecular Biotechnology Laboratory of Triticeae
Crops, Huazhong Agricultural University, Wuhan, China.

4.2. DNA Extraction and Phylogenic Analysis

The strain YM6 was inoculated onto NB medium and cultured in a flask at 28 ◦C at
200 rpm in the dark for 24 h. The suspension was centrifuged at 12,000 rpm for 10 min.
The collected cells were used for genomic DNA extraction [26]. Then, 16S rDNA was
amplified by PCR and amplified fragments were sequenced by Shanghai Sangon Biological
Technology Company with the following sequencing primers: 27F (AGAGTTTGATCCTG-
GCTCAG) and 1541R (AAGGAGGTGATCCAG CCGC). The PCR was performed under
the following conditions: initial denaturation at 94 ◦C for 5 min; followed by 30 cycles of
94 ◦C for 30 s, 55 ◦C for 30 s, and 72 ◦C for 40 s; and then 72 ◦C for 10 min. The 16S rDNA
sequences of YM6 were submitted and aligned in the GenBank database. The 16S rDNA of
bacteria with similarity over 95% to the sequences of YM6 were used for the construction
of a phylogenic tree. The phylogenic tree of homologous strains was constructed by MEGA
software with the neighbor-joining method.

4.3. Inhibitory Effect of YM6 on Mycelial Growth of A. flavus

A single YM6 colony was streaked over the NA medium surface and cultured at
37 ◦C in the dark for 24 h. The sterile water was added in NA medium to wash off the
bacteria cells on the NA surface with an adjusted concentration of 108 CFU/mL for a
further anti-fungal test.

A. flavus was cultured on PDA medium for 4 days and produced abundant conidia.
The conidia were then inoculated in PDB medium and cultured at 28 ◦C at 200 rpm for
3 days to produce mycelial pellets. Fresh A. flavus conidia and mycelial pellets were used
in the face-to-face dual cultural test to analyze the antagonistic activity of YM6.

The regular size of A. flavus pellets were inoculated in the center of PDA plates,
respectively. Fresh YM6 cells (100 μL, 108 CFU·mL−1) were spread on the surface of the
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NA plate. Then, the PDA plate inoculated with A. flavus pellet was placed above the NA
plate containing YM6. The two plates were placed face-to-face and sealed with two-layer
tapes. The PDA plate inoculated with A. flavus pellet and challenged with NA medium
was used as a control. Each treatment was repeated three times. All plates were cultured at
28 ◦C in the dark for 5 days. The mycelium diameters of A. flavus and the inhibition rate of
YM6 in these treatments were calculated as follows:

Inhibition rate (%) = [(mycelium diameter in control group − mycelium diameter in
YM6 group)/mycelium diameter in control group] × 100.

4.4. Inhibitory Effect of YM6 on the Conidia Germination of A. flavus

FTF dual cultural test was used to analyze the inhibitory effect of YM6 on conidia
germination of A. flavus. A total of 100 μL of A. flavus spores (5 × 105 CFU/mL) was
evenly coated onto cellophane covering the surface of the PDA plate, and the YM6 (100 μL,
108 CFU/mL) was coated onto the surface of the NA plate. The two plates were placed FTF,
and the PDA plate was inoculated with A. flavus conidia on top. The PDA plates inoculated
with A. flavus conidia challenged with NA medium were used as controls. Each pair of
the plates was sealed with two-layer tapes and cultured at 28 ◦C in the dark for 24 h. The
character characteristics of conidia on cellophane were detected on a microscope (Hitech
Instruments Co. Ltd., Shanghai, China), and the germination rate of conidia in the control
and YM6 group was determined. The inhibition rate was calculated as follows:

Inhibition rate (%) = [(conidia germination rate in control − conidia germination rate
in YM6 treatment)/control conidia germination rate] × 100.

4.5. Biocontrol Activity of YM6 against A. flavus and Aflatoxins in Peanut and Maize

Maize and peanut kernels (100 g each) were grouped into 3 sets respectively and
transferred into six flasks (250 mL) to be sterilized at an environment of 121 ◦C and
1.01 MPa for 20 min. The kernels were then cooled to room temperature. Fresh A. flavus
conidia (1 mL, 5 × 105 CFU·mL−1) was added into each flask and mixed for 10 min.
Three flasks containing peanut kernels were filled with sterilized water; the water activity
was determined at 0.785, 0.866, and 0.934 through an electronic dewpoint water activity
meter, Aqualab Series 3 model TE (Decagon Devices, Pullman, Washington, DC, USA),
respectively [26]. The values of water activity in flasks containing maize were measured
at 0.740, 0.859, and 0.923, respectively. The maize and peanut kernels were used to test
the biocontrol activity of YM6. The kernels in each flask were equally grouped into two
sets, with one set placed in one compartment of the Petri dish (two in total). The other
compartment containing NA medium was spread with YM6 strain (50 μL, 109 CFU/mL).
The kernels in one compartment challenged with NA medium (in the other compartment)
were used as controls. All Petri dishes were sealed and cultured at 28 ◦C in darkness. The
disease incidence of peanut and maize was calculated at 7 dpi.

Aflatoxins in maize and peanuts were extracted with acetonitrile/water and analyzed
through ultra-performance liquid chromatography and mass spectrometry (UPLC-MS,
Thermo Scientific, New York, NY, USA) [26].

4.6. Structural analysis of A. flavus Treated by Volatile from YM6

A. flavus spores were inoculated to the peanut surface with a water activity of 0.934
and challenged with YM6 through FTF dual culture for 5 days. The A. flavus inoculated
on peanuts surface without the presence of YM6 was used as a control. The peanut seeds
were fumigated with osmic acid (0.1%, v/v) for 1 h, and then placed at room temperature
for 3 h [35]. A small piece of the peanut coat (0.5 cm × 0.5 cm) was removed with a
dissecting knife, clamped with stubs, and coated with a layer of gold for examination
of SEM (JSM-6390, Hitachi Corporation, Tokyo, Japan) to observe the ultra-structure of
A. flavus.
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4.7. Identification of Volatiles from the Strain YM6

The strain YM6 was inoculated onto the surface of the NA medium in a 100 mL flask.
The flask containing NA medium without YM6 inoculation was used as a control. All flasks
were sealed with double-layer plastic film and cultured at 28 ◦C in the dark for 48 h. All the
experiments were repeated twice. Then, the flasks were incubated in a water bath of 40 ◦C
for 30 min. The volatile substance was extracted by solid phase micro-extraction (SPME,
divinylbenzene/carboxy/polydimethylsiloxane) and analyzed by gas chromatography-
mass spectrometry (GC-MS) (Agilent Technologies, Santa Clara, CA, USA). For volatile
enrichment, the metal head of SPME was inserted through the plastic film into the flask.
The coated fiber in the metal head was pushed out and placed in the center position above
the NA medium to absorb the volatiles for 50 min. The coated fiber was retracted and
transferred into the GC-MS system for volatile analysis. The detection parameter was used
as below [26].

The splitless injection of GC was used in the GC-MS analysis. The carrier gas was
helium; the inlet temperature was 250 ◦C. The oven was set for procedures as follows:
started at 40 ◦C for 3 min; heated up to 160 ◦C at the rate of 3 ◦C/min for 2 min; and
then raised to 220 ◦C at the rate of 8 ◦C/min for 3 min. The MS analysis was performed
with an EI source under a temperature of 230 ◦C. The quadrupole temperature was set
at 150 ◦C. The collision energy was 70 eV. The mass range was set from 50 to 500 amu.
The detected volatiles were verified by aligning in the National Institution of Standards
and Technology (NIST 08) database, and the retention time was compared with authentic
compound purchased from the company.

4.8. Inhibition Effect of DMTS on A. flavus

The volatile substance produced by YM6 showed a significant antagonistic effect on
A. flavus growth. DMTS (liquid state, purity ≥ 98%), the major component emitted by
YM6, was purchased from Sigma and tested as the anti-fungal agent against A. flavus.
The anti-fungal analysis was conducted through the FTF dual cultural test. A piece of
circular filter paper (5 cm diameter), moistened by DTMS, was placed in a Petri dish. The
final concentration of DMTS in each treatment was adjusted to 200 μL/L, 100 μL/L, and
50 μL/L, respectively. The other Petri dish containing PDA medium was inoculated with
A. flavus mycelia. The dish containing A. flavus was placed FTF above the dish containing
DMTS and sealed with two layers of tape. The dish of A. flavus co-cultured with the same
volume of water was used as a control. All plates were cultured at 28 ◦C in darkness
for 5 days. The mycelium diameter of A. flavus was measured and the inhibition rate
was calculated.

4.9. Data Analysis

All experiments were conducted in duplicate. The amount of aflatoxin was evalu-
ated and shown as mean ± SE. The significant differences between mean values were
determined using Duncan’s multiple range test (p < 0.05) following one-way analysis of
variance (ANOVA). The statistical analysis was performed using SPSS 16.0 software (SPSS
Inc., Chicago, IL, USA).
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Abstract: The current study was performed to investigate the toxic effects of aflatoxin B1 (AFB1)
through the evaluation of kidney function tests and histopathological examination of renal tissues,
targeting the therapeutic role of Marjoram (Origanum vulgare essential oil-OEO) in improving health
status. Forty-eight New Zealand Whites growing rabbits (four weeks old) weighing on average
660.5 ± 2.33 g were randomly and equally distributed into four groups, each of which had four
replicas of three animals as the following: Control group (only basal diet), AFB1 group (0.3 mg
AFB1/kg diet), OEO group (1 g OEO/kg diet) and co-exposed group (1 g OEO/kg + 0.3 mg AF/kg
diet). Our study lasted eight weeks and was completed at 12 weeks of age. The results revealed
that OEO decreased the toxic effects of AFB1 in rabbit kidneys by substantially reducing the cystatin
C levels in the AFB1 group. Additionally, OEO decreased oxidative stress and lipid peroxidation
levels in the co-exposed group. Moreover, OEO reduced DNA damage and inflammatory response
in addition to the down-regulation of stress and inflammatory cytokines-encoding genes. Besides,
OEO preserved the cytoarchitecture of rabbits’ kidneys treated with AFB1. In conclusion, O. vulgare
essential oil supplementation ameliorated the deleterious effects of AFB1 on the rabbits’ kidneys by
raising antioxidant levels, decreasing inflammation, and reversing oxidative DNA damage.

Keywords: Marjoram essential oil; AFB1; rabbits; kidney; oxidative damage

Key Contribution: AFB1 can cause DNA damage and downregulation of stress and inflammatory-
related genes. However; OEO can significantly reduce oxidative stress and inflammation.

1. Introduction

Mycotoxins are fungi’s corrosive and cytotoxic metabolites and are considered widespread
pollutants in the feed materials [1,2]. According to statistics, one-fourth of the feed compo-
nents produced globally contain mycotoxins [3]. Mycotoxin contamination of forage and
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feed components is a serious issue that requires more attention. Mycotoxins are produced
mainly by Aspergillus flavus, Aspergillus parasiticus, and Aspergillus fumigatus and Aflatoxins
are thought to be the most harmful ones [4–6].

In developing counties like Egypt, there is a significant potential for the production of
rabbits. The rabbit requires little area and little capital investment, and it grows quickly
and has a high capacity for reproduction. Since rabbits have a functional caecum, they
can naturally use the plentiful fibrous agricultural byproducts and herbaceous plants as
food [7]. The presence of aflatoxins in feeds is a hazard to rabbit performance.

Despite the infrequent outbreaks of acute aflatoxins toxicity, animals are the most
susceptible population, exposed to high accumulations of aflatoxins through the intake of
contaminated feedstuffs [8].

Due to its broad toxicity, aflatoxin B1 (AFB1) has attained great attention. AFB1 was
graded as a Group A carcinogen by the WHO in 1993, and its consumption in rabbits is
related to a high hazard for liver and kidney cancer [9]. Additionally, AFB1 can potentially
cause growth impairment, malnutrition, and immunosuppression, particularly in young
animals [10].

Essential oils (EOs) are aromatic compounds derived from plant sources and are
known for their high volatility and complicated structure. They are heavily used in phar-
maceutical, agricultural, nutritional, and cosmetic industries because of their well-known
antibacterial, antifungal, and antioxidant properties [11–13]. Concerning antifungal proper-
ties, various types of research have shown that essential oils can prevent the spread of a
variety of fungi in foodstuffs, including Aspergillus [14]. Due to its antifungal characteristics,
oregano essential oil is one of the most researched essential oils [15,16].

Due to its flavor-adding capacity, Origanum vulgare L. (Lamiaceae) is one of the most
popular condiments used in food and pet food preparation [16–19]. Additionally, it is
widely used in the production of essential oils due to its antimicrobial characteristics,
which include the presence of carvacrol and thymol, which are effective against different
types of fungi [20]. Moreover, Origanum can be used as a detoxifying substance against
aflatoxins, and this point should be investigated [21]. The current study’s objective is
to ascertain if O. vulgare essential oil (OEO) may have any protective benefits against
aflatoxins by investigating the harmful effects of aflatoxins on renal function, oxidative
stress, inflammatory responses, and the histological structure of rabbits’ kidneys.

2. Results

2.1. Effects on Kidney Function Markers

Urea and creatinine levels in the serum of the AFB1-exposed group were considerably
higher than those in the control group, as indicated in Table 1. Urea and creatinine levels
did not significantly differ from the control after using OEO supplements. Additionally,
the urea levels were still higher than the control values in the AFB1 + OEO group, while
the creatinine levels were stable.

Table 1. Effect of supplementation of OEO (1 g/kg diet) on kidney function markers of rabbits
exposed to AFB1 (0.3 mg/kg diet) for eight weeks.

Items

Kidney Function Markers

Urea
(mg/dL)

Creatinine
(mg/dL)

Total Bilirubin
(mg/dL)

Direct Bilirubin
(mg/dL)

B2 Microglobulin
(ng/mL)

Cystatin C
(ng/mL)

Control 31.47 ± 0.93 c 1.20 ± 0.01 b 1.01 ± 0.00 c 0.61 ± 0.01 b 0.14 ± 0.00 a 0.11 ± 0.00 b

OEO 31.18 ± 0.63 c 1.20 ± 0.01 b 1.01 ± 0.01 c 0.54 ± 0.03 b 0.14 ± 0.00 a 0.10 ± 0.00 b

AFB1 64.26 ± 1.63 a 1.84 ± 0.02 a 1.82 ± 0.03 a 0.87 ± 0.1 a 0.14 ± 0.00 a 0.39 ± 0.01 a

AFB1 + OEO 43.59 ± 1.85 b 1.20 ± 0.01 b 1.34 ± 0.06 b 0.64 ± 0.09 b 0.14 ± 0.00 a 0.12 ± 0.00 b

p-value <0.001 <0.001 <0.001 <0.001 0.859 <0.001
a–c Different superscripts within each column are significantly different (p < 0.05).
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The total and direct bilirubin concentrations in the AFB1-supplemented group were
significantly greater than in control. In the OEO group, total and direct bilirubin levels
did not alter significantly. In the AFB1 + OEO group, total bilirubin was higher than the
control, but direct bilirubin remained steady.

Regarding glomerular filtration rate (GFR), Beta-2 microglobulin levels were not
significantly altered in any treatment group. The findings of cystatin C indicated that
aflatoxins increase their level compared to the control. At the same time, it remains
constant in the OEO and AFB1 + OEO groups compared to the control (Table 1).

2.2. Effects on Oxidative Stress Biomarkers in Kidney

Table 2 lists the values of several antioxidant enzymes and oxidative stress indicators
in the kidney of rabbits. Superoxide-dismutase (SOD) activity levels did not significantly
alter in any treatment group relative to the control group.

Table 2. Effect of supplementation of OEO (1 g/kg diet) on antioxidants and oxidative stress
biomarkers in the kidney of rabbits exposed to AFB1 (0.3 mg/kg diet) for eight weeks.

Items

Antioxidant and Oxidative Stress Parameters

SOD
(μg/g tissue)

CAT
(μg/g tissue)

GSH
(μg/g tissue)

MDA
(nmol/g tissue)

PC
(nmol/g tissue)

8-OHdG
(ng/mL)

Control 0.20 ± 0.01 0.54 ± 1.90 b 0.21 ± 0.00 a 0.17 ± 0.00 b 5.58 ± 0.08 b 0.23 ± 0.01 b

OEO 0.20 ± 0.01 0.80 ± 1.01 a 0.20 ± 0.00 a 0.11 ± 0.00 c 5.35 ± 0.07 b 0.19 ± 0.01 b

AFB1 0.20 ± 0.03 0.30 ± 0.01 c 0.15 ± 0.00 b 0.46 ± 0.00 a 8.92 ± 0.15 a 0.35 ± 0.00 a

AFB1 + OEO 0.20 ± 0.01 0.28 ± 0.01 c 0.07 ± 0.01 c 0.17 ± 0.01 b 5.57 ± 0.04 b 0.24 ± 0.01 b

p-value 0.992 <0.001 <0.001 <0.001 <0.001 <0.001
a–c Different superscripts within each column are significantly different (p < 0.05). SOD: superoxide dismutase,
CAT: catalase, GSH: reduced glutathione, MDA: malondialdehyde, PC: protein carbonyl, 8-OHdG: 8-hydroxy-2-
deoxyguanosine.

Catalase activity was considerably higher in the OEO group but lower in the AFB1 and
AFB1 + OEO-exposed groups compared to the control. GSH levels in the AFB1 and AFB1 + OEO
groups significantly decreased, remaining constant in the OEO groups compared to the control.

Concerning oxidative stress biomarkers, lipid peroxidation, as demonstrated by the forma-
tion of MDA, was significantly elevated in the AFB1 group relative to the control. At the same
time, there were no significant changes in MDA levels among the OEO and AFB1 + OEO groups.

Compared to the control, the AF-treated group showed a substantially (*** p < 0.001) higher
level of protein carbonyl (PC) production, a marker of oxidative protein damage. However,
there were no significant differences between the control, OEO, or AFB1 + OEO groups.

Regarding DNA oxidation biomarkers, our findings showed no observable differences
in the serum level of 8-OHdG between control, OEO, or AFB1 + OEO groups. The 8-OHdG
content was significantly higher in the AFB1 group than in the control and experimental groups.

2.3. Effects on Inflammatory Biomarkers

Table 3 illustrates the effect of AFB1 and OEO supplementation on inflammatory
biomarkers. TNF-α levels increased dramatically in response to AFB1 administration
alone compared to the control group. Co-supplementation of OEO with AF significantly
decreased TNF-α levels to the control value. Nitric oxide (NO) levels did not significantly
alter in none of the treatment groups compared to the control. The levels of TGF- β1
and VEGF were significantly (*** p < 0.001) increased in the AFB1 group. In contrast,
co-treatment of OEO with AFB1 significantly decreased the TGF-β1 and VEGF levels more
than AFB1 alone; however, it did not reach the control values.
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Table 3. Effect of supplementation of OEO (1 g/kg diet) on inflammatory biomarkers in rabbits
exposed to AFB1 (0.3 mg/kg diet) for eight weeks.

Items.
Inflammatory Biomarkers

TNFα (pg/mL) NO (nmol/μL) VEGF (pg/mL) TGF-β1 (pg/mL)

Control 174.29 ± 0.69 b 87.11 ± 0.62 a 4.42 ± 0.02 c 12.29 ± 0.13 c

OEO 169.50 ± 0.89 b 87.19 ± 0.53 a 4.03 ± 0.09 c 9.64 ± 0.22 d

AFB1 237.87 ± 2.46 a 87.51 ± 0.17 a 15.85 ± 0.27 a 27.82 ± 1.09 a

AFB1 + OEO 173.19 ± 0.29 b 87.54 ± 0.48 a 5.58 ± 0.36 b 19.84 ± 0.83 b

p-value <0.001 0.891 <0.001 <0.001
a–d Different superscripts within each column are significantly different (p < 0.05). TNFα: tumor necrosis factor α,
NO: nitric oxide, VEGF: vascular endothelial growth factor, TGF-β1: transforming growth factor beta 1.

2.4. Effects on Stress and Inflammatory Cytokines-Encoding Genes

As depicted in Figure 1, our findings demonstrated that most investigated genes had
their expression levels significantly rise due to exposure to AFB1-contaminated feed.

Figure 1. Effect of supplementation of OEO on the expression pattern of stress-related genes (A) and
pro-inflammatory cytokines (B): TNFα; (C): IL-1β, and (D): IFN-γ) in the kidney of rabbits exposed
to AFB1. Values are mean ± SE; bars that are not sharing a common superscript letter (a,b,c,d) differ
significantly at p < 0.05.

Inflammatory markers expression significantly increased as a result of AFB1 exposure.
There is an upregulation in the TNF-α gene expression in the AFB1 group, while there is
downregulation in the OEO group. In the AFB1 + OEO group, a significant increase in
TNF-α gene expression was observed.

Expression levels of IL-1β and HSP70 genes were significantly increased in the AFB1
group compared to the control. OEO alone did not affect these markers but caused a
decrease in the expression of IL-1β and HSP70 genes compared to the AFB1 group.

Regarding IFN-γ gene expression, there is a significant increase in the AFB1 and AFB1
+ OEO groups, while there is no change in the OEO group compared to the control.

2.5. Bioaccumulation of AFB1 Residues in Kidney Tissue

Analysis of AFB1 residues in the kidney tissue of control and treated rabbits are
represented in Figure 2.

The highest concentration of aflatoxin residues was detected in the kidney of AFB1-
exposed rabbits. OEO caused a significant decrease in the residual accumulation of AFB1 in
the co-exposed group. However, the OEO group showed the lowest level of AFB1 residues
among all the groups.
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Figure 2. Effect of supplementation of OEO on the bioaccumulation of AFB1 residues in the kidney
of rabbits. Values are mean ± SE; bars that are not sharing a common superscript letter (a,b,c,d) differ
significantly at p < 0.05.

2.6. Histopathological Findings

The kidney from the control and OEO rabbits showed normal histological structure. The
rabbit’s kidney in the AFB1 group showed the disappearance of Bowman’s spaces in glomeruli,
degeneration of renal tubules epithelium renal blood vessels fibrosis with vacuolated media.
The kidneys in the combination group showed shrunken glomeruli (Figure 3).

Figure 3. (A) Photomicrograph of the rabbit’s kidney (Control) and (B) (OEO) showing normal
glomerular tufts and cellularity (arrow) besides normal proximal renal tubules (stars). (C) Pho-
tomicrograph of the rabbit’s kidney (Aflatoxin) showing disorder of glomeruli (arrows) character-
ized by the disappearance of Bowman’s spaces beside degenerated renal tubule epithelium (star).
(D) Photomicrograph of the rabbit’s kidney (Aflatoxin + OEO) showing shrunken glomeruli (arrow).
Scale bar is 100 μm. H&E stain.

3. Discussion

As a result of the ongoing growth in the incidence of aflatoxicosis in developing
nations, it is currently a global public health issue [5,22].

The laboratory findings usually examine urea and creatinine levels to determine the
integrity and functionality of the nephrons. We observed that the AFB1 group had higher
urea and creatinine levels than the control group, demonstrating the adverse effects of

58



Toxins 2023, 15, 69

aflatoxin on the kidneys. These observations concur with prior studies [23]. However,
co-supplementation with OEO restored kidney functional biomarker activities and levels,
indicating that OEO acted as a safeguard against aflatoxicosis in the rabbits’ kidneys. The
abovementioned results are consistent with those of Zowail et al. [24].

We assessed the glomerular filtration rate, a valuable marker for evaluating renal func-
tioning. It is crucial to determine the levels of several freely filtered low molecular weight
proteins, which are more pertinent than assessing the concentration of creatinine alone, to
determine the impairments in GFR. These proteins include beta-2 microglobulin and cystatin
C [25]. In our study, The AF-treated rabbits had considerably higher blood levels of urea, crea-
tinine, and cystatin C than the control. This suggested the presence of kidney and glomerular
filtration dysfunction. This result was in accordance with Orsi et al. [26] and Abdou et al. [27].

Several studies have demonstrated that oxidative stress plays a critical pathogenic
role in the tissue damage caused by AFB1 that results in inflammatory damage [28]. AFB1
generated free radicals that can cause oxidative damage to cells after being bio-transformed
into the electrophilic, intermediate metabolite AFB1 8,9-epoxide [29]. The results of the
current investigation show that exposure to AFB1 causes oxidative stress to be induced
in the kidney of rabbits. This was demonstrated by the dramatically decreased activities
of the antioxidant molecules CAT and GSH and the significantly elevated levels of MDA
and PC activities. In prior findings, it was revealed that the administration of AFB1 to
rats and mouse models lowered the activity of antioxidant enzymes [30]. Catalase and
GSH levels were markedly elevated when OEO was concurrently administered to rabbits.
Additionally, MDA and PC levels in the serum have significantly decreased. These findings
imply that OEO is increasing the levels and activity of antioxidant molecules. Additionally,
recent research has demonstrated that OEO is beneficial in delaying lipid oxidation [31,32]
and acts as a good antioxidant [33].

Following exposure to mycotoxins, oxidative stress and inflammation are closely
related [34]. AFB1 exposure has been associated with the release of pro-inflammatory
cytokines (including TNF-α, IL-1, and IL-6) and inflammation-related tissue damage [35].
In our study, there is upregulation in the expression of TNF-α in the kidney tissue of
rabbits in addition to increased expression levels of IL-1β, INF, and HSP70 genes. The
first and most significant inflammatory mediator is TNF-α, which controls the metabolic
reactions of another tissue and encourages the production of different cytokines during the
inflammation process [36].

The alterations in the inflammatory cytokine expression levels in the rabbits’ kidneys
showed that the AFB1 exposure caused inflammatory damage. OEO supplementation
dramatically reduced TNF-α, TGF, and TGF-β1, suggesting that OEO has anti-inflammatory
potential. For instance, Arranz et al. showed that OEO decreased the production of IL-1,
TNF-α, and IL-6 in LPS-activated THP-1 macrophage cells of humans [37]. Furthermore,
Han and Parker demonstrated that, on activated-primary human newborn fibroblasts,
OEO dramatically reduced the levels of different inflammatory biomarkers such as MCP-
1, ICAM-1, and VCAM-1 [38]. These observations indicated that the OEO might have
anti-inflammatory potential.

The activation of programmed cell death by oxidative DNA damage is another crucial
mechanism of AFB1-induced kidney injury [39–41]. DNA damage inside a tissue or an organ
is linked to the production of 8-OHdG, which may cause the activation of p53 and apoptosis.

In the current study, DNA oxidation biomarker 8-OHdG was significantly elevated
in the AFB1 group compared to the control, and co-supplementation with OEO has an
anti-genotoxic effect. Previous studies in mice exposed to cyclophosphamide [42] and
people exposed to radioiodine [43] found that using Origanum vulgare extract in the diet
reduces genotoxicity.

The results of the histological analysis of the kidney tissue in the AFB1 group had
deteriorated renal tubule epithelium as well as glomeruli abnormalities characterized by
the loss of Bowman’s spaces, demonstrating fibrosis of the major renal blood arteries,
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provided additional validation for the development of inflammation and apoptosis by
AFB1.

4. Conclusions

The present study’s findings established that AFB1 negatively affected kidney tissue
structure and function and induced its accumulation in renal tissues, while the use of
natural feed additives such as OEO ameliorated physiological functions and health aspects
by reducing oxidative stress, increasing the levels of antioxidants, resolving inflammation,
and reversing DNA damage.

Moreover, OEO could reduce the AFB1 residues suggesting that besides its powerful
antioxidant activity, it could also act as a chelator and this dual beneficial action makes
OEO a powerful candidate for protecting rabbits from environmental contaminants.

5. Materials and Methods

5.1. Chemicals

O. vulgare essential oil (OEO) was obtained from Elhawag Company for Natural
Oils, Nasr City, and Cairo, Egypt (LOT#: 150/2/159). The bioactive components of OEO
were identified by gas chromatography-mass spectroscopy (GC–MS) analysis [44] and are
represented in Table 4.

Table 4. Retention time and peak area (%) of the different compounds found in O. vulgare analyzed
by GC-MS.

No. Bioactive Chemical Constituents RT (min) Peak Area, %

1 19-Octanol 9.61 0.27
2 ci10s-trans Sabinene hydrate 10.33 3.47
3 Cycl11ohexanol 10.33 3.47
4 Terpinen-4-ol 12.03 1.24
5 Estragole 12.36 2.61
6 Thymol methyl ether 12.37 2.3
7 Carvacrol methyl ether 12.41 5.6
8 2,4-Decadienal 14.32 3.70
9 2-Pentene 15.72 1.77

10 Methyleugenol 16.45 0.06
11 Epiglobulol 18.48 0.48
12 Junipene 18.48 0.48
13 Naphthalene 18.62 0.37
14 Nerolidyl acetate 18.76 0.12
15 l-(+)-Ascorbic acid 29.11 16.11
16 5-Amino-2-methyl-2-phenyl-2 29.66 6.20
17 cis-13-Octadecenoic acid 32.63 32.63
18 Oleic Acid 32.63 48.57
19 Oleic acid, eicosyl ester 32.85 1.15

AFB1 preparation and selection of the used concentration were based on the previous
observations [6]. To obtain AFB1, Aspergillus flavus MD 341 was retrieved from the Central
Lab. of Residues of Agricultural Products, Dokki, Egypt and incubated for 8 days in liquid
media with 2% of yeast extract and 20% of sucrose. A reversed-phase column was utilized
for the extraction, filtration, and quantitative HPLC analysis of aflatoxins. 45% methanol
served as the mobile phase and was inoculated into the apparatus at a flow rate of 1 mL
per minute. The analyses were performed using a fluorescence detector, and the column
temperature was set to 40 ◦C. Aflatoxin standard was bought from Sigma-Aldrich (St. Louis,
MO, USA). The media was found to contain only AFB1.
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5.2. Animals and Experimental Design

Forty-eight male New Zealand Whites growing rabbits (4 weeks old) weighing on
average 660.5 ± 2.33 g were obtained from the laboratory animal farm, Faculty of Veterinary
Medicine, University, Zagazig, Egypt. Rabbits were randomly and equally distributed into
four groups, each of which had four replicas of 3 animals. The duration of this study was
eight weeks, so it was completed at 12 weeks of age. The investigated groups were as the
following: control group (only basal diet), AFB1 group (0.3 mg AFB1/kg diet), OEO group
(1 g OEO/kg diet), and Combination group (1 g OEO/kg + 0.3 mg AF/kg diet). Rabbits
were housed in proper cages (50 cm × 40 cm × 30 cm). Every rabbit was raised under the
same management and sanitary settings, and the nutritional requirements were fulfilled by
the feed they were given (Table 5).

Table 5. Ingredients and composition of commercial growing rabbit diet (% of the as-fed diet).

Items Basal Diet

Ingredient
Soybean meal 15
Wheat bran 25
Berseem hay 30
Barely grain 28
Limestone 1

NaCl 0.5
Premix * 0.5

Total 100
Calculated composition, %
Digestible energy, MJ/kg 10.85

Crude protein 17.29
Calcium 0.87

Phosphorus 0.54
* Each one kg of premix (minerals and vitamins mixture) contains vit. A, 20,000 IU; vit. D3, 15,000 IU; vit. E, 8.33
g; vit. K, 0.33 g; vit. B1, 0.33 g; vit. B2, 1.0 g; vit. B6, 0.33 g; vit. B5, 8.33 g; vit. B12, 1.7 mg; pantothenic acid, 3.33 g;
biotin, 33 mg; folic acid, 0.83 g; choline chloride, 200 g.

The animal study was reviewed and approved by the institutional Ethics Committee
of Zagazig University, Zagazig, Egypt (ZU-IACUC/2/F/387/2022).

5.3. Sampling and Analysis

After the last treatment, rabbits (6 per group) were euthanized, and blood samples
were taken in sterile tubes, allowed to be clotted, and after that, centrifuged at 4000 rpm for
10 min. The collected serum was kept at −20 ◦C until they were tested. We collect serum to
detect kidney function markers. Other blood samples were collected on heparinized tubes
for plasma collection for measuring inflammatory markers. Specimens from the kidney
tissue were excised, washed with normal saline (0.9% NaCl), and preserved in formalin
for histological analysis. For further biochemical analysis, another kidney sample set was
frozen at −20 ◦C. After being instantly frozen in liquid nitrogen, the third group of kidney
specimens was kept at −80 ◦C until the RNA extraction.

5.4. Antioxidant Biomarkers

Kidney tissues were homogenized (10% w/v) in potassium phosphate buffer solution
(pH 7.4) for antioxidant analyses, followed by 15 min centrifugation at 3000 rpm. Following
the manufacturer’s guidelines, the obtained supernatant was used to test the activity of
superoxide dismutase (SOD), catalase (CAT), and the level of reduced glutathione (GSH)
using commercial bio diagnostic kits from BioMérieux, Marcy-l’Etoile, France.

5.5. Oxidative Stress Biomarkers

Malondialdehyde (MDA), a biomarker of lipid peroxidation, and Protein Carbonyls
(PC), a marker of oxidative protein damage, were assessed in renal tissues, while 8-hydroxy-
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2-deoxyguanosine (8-OHdG), a biomarker of DNA oxidative damage was measured in
serum, using ELISA kits from MyBiosource.com, San Diego, CA, USA (Cat No., MBS040484,
MBS1601647, and MBS726394, respectively) following the manufacturer’s instructions.

5.6. Glomerular Filtration and Kidney Function Markers

Beta-2 microglobulin (B2M) and cystatin C were determined by ELISA kits (Rabbit
ELISA kits; MBS2602011 and MBS285072, respectively) from MyBioSource, San Diego,
California. While kits for measuring urea, creatinine, and total and direct bilirubin were
purchased from (Bio Med Diagnostic, Giza, Egypt).

5.7. Inflammatory Biomarkers

Using ELISA kits from MyBioSource, San Diego, California, Nitric oxide (NO), trans-
forming growth factor-1 (TGF-1), and vascular endothelial growth factor (VEGF) were
measured in plasma while tumor necrosis factor (TNF-α) was assessed in serum (Cat No.
MBS8243214, MBS704933, MBS751261, and MBS2500169, respectively).

5.8. Vicam AflaTest Fluorometer Technique

Using the mycotoxin calibration standards, AflaTest was calibrated. The purified
water (2 mL) and the plain reagent (1 mL methanol and 1 mL developer) should both read
0 ppb on the calibrated fluorometer to assure accuracy. Each sample (25 g) was blended at
high speed for 1 min with 125 mL of methanol: water (60:40) and 5 g of sodium chloride.
The fluted filter paper was used to filter the mixture, and the extract (20 mL) was diluted
with purified water (20 mL). A 1.5 mL glass microfiber filter was used to filter the diluted
extract into a clean container. Filtered extract (10 mL, represents 1 g sample) at a flow
rate of nearly two drops/s was passed through the affinity column, followed by water
(10 mL, 2 drops/s). The AFB1 was eluted with HPLC methanol (1 mL, 1 drop/s) and then
collected in a glass cuvette (VICAM part # 34000). The eluate and developer (1 mL) were
well combined before being added to the calibrated fluorometer.

5.9. Gene’s Transcriptional Analysis (qRT-PCR Study)

Total RNA was extracted from frozen kidney samples using the TRIzol reagent
(easyREDTM, iNtRON Biotechnology, Gyeonggi-do, South Korea). The first-strand cDNA
was produced from the isolated RNA using the Quantitect® Reverse Transcription kit from
Qiagen, Hilden, Germany. Following the instructions provided by the kit’s manufacturer,
RNA extraction and cDNA synthesis were carried out. The forward and reverse sequences
of the primers for the investigated genes, including the housekeeping gene β-actin, the heat
shock protein-70 (HSP-70), interleukin-1β (IL-1β), interferon-(IFN-γ), and tumor necrosis
factor (TNF-α), are listed in Table 6.

Table 6. Primers sequences (forward and reverse) used for Real-Time qPCR studies.

Accession No. Genes Sequence

NM_001101683.1 F: 5′-CTGGAACGGTGAAGGTGACA-3′
R: 5′-CGGCCACATTGCAGAACTTT-3′ β-actin

XM_002719559.3 F: 5′-CGTGGAGTCCTACACCTACAAC-3′
R: 5′-ACTCGTCTTTCTCGGCCATC-3′ HSP70

NM_001082263 F: 5′-CTGCACTTCAGGGTGATCG-3′
R: 5′-CTACGTGGGCTAGAGGCTTG-3′ TNF-α

NM_001082201 F: 5′-TTGAAGAAGAACCCGTCCTCTG-3′
R: 5′-CTCATACGTGCCAGACAACACC-3′ IL-1β

NM_001081991 F: 5′-TGCCAGGACACACTAACCAGAG-3′
R: 5′-TGTCACTCTCCTCTTTCCAATTCC-3′ IFN-γ
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The qPCR analysis was carried out using the Rotor-Gene Q instrument and a QuantiTect®

SYBR® Green PCR kit (Qiagen, Hilden, Germany) under the following thermocycler con-
ditions: 10 min at 95 ◦C, then 40 cycles at 95 ◦C for 15 s, 60 ◦C for 30 s, and 72 ◦C for 30 s.
To confirm the specificity of the PCR, melt-curve analysis was carried out. The comparative
2−ΔΔCt methodology recommended by Livak and Schmittgen was used to determine the
relative mRNA expression pattern for each gene [45].

5.10. Histopathological Examination

Specimens of the kidney were obtained and fixed in buffered formalin 20% for two
days. The samples were embedded in paraffin following gradual dehydration in 70% to
100% ethanol. Subsequently cut into sections (5 μm), stained by hematoxylin and eosin
(H&E), and the histopathological analysis was conducted with the aid of the Olympus
BX51 light microscope, Tokyo, Japan [46].

5.11. Statistical Analysis

The general linear models’ approach, modified by SPSS for the user’s handbook using
one-way ANOVA, was used to evaluate the data statistically. The post-hoc Newman-Keuls test
(* p < 0.05) was used to assess whether or not there were differences between the treatments.
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Abstract: In this study, a simple and efficient magnetic solid-phase extraction (MSPE) strategy was de-
veloped to simultaneously purify and enrich nine mycotoxins in fruits, with the magnetic covalent or-
ganic framework nanomaterial Fe3O4@COF(TAPT–DHTA) as an adsorbent. The Fe3O4@COF(TAPT–
DHTA) was prepared by a simple template precipitation polymerization method, using Fe3O4 as
magnetic core, and 1,3,5-tris-(4-aminophenyl) triazine (TAPT) and 2,5-dihydroxy terephthalaldehyde
(DHTA) as two building units. Fe3O4@COF(TAPT–DHTA) could effectively capture the targeted
mycotoxins by virtue of its abundant hydroxyl groups and aromatic rings. Several key parameters
affecting the performance of the MSPE method were studied, including the adsorption solution,
adsorption time, elution solvent, volume and time, and the amount of Fe3O4@COF(TAPT–DHTA)
nanomaterial. Under optimized MSPE conditions, followed by analysis with UHPLC–MS/MS, a
wide linear range (0.05–200 μg kg−1), low limits of detection (0.01–0.5 μg kg−1) and satisfactory
recovery (74.25–111.75%) were achieved for the nine targeted mycotoxins. The established method
was further successfully validated in different kinds of fruit samples.

Keywords: covalent organic framework; magnetic solid-phase extraction; mycotoxins; UHPLC–
MS/MS; fruits

Key Contribution: In this paper; Fe3O4@COF(TAPT–DHTA) was used for the first time as an
adsorbent for the simultaneous enrichment of nine mycotoxins. Under optimized MSPE conditions,
followed by analysis with UHPLC–MS/MS, good linearity, sensitivity and recovery were achieved.
The established method can be used to monitor the contamination of fruit by the nine mycotoxins.

1. Introduction

Mycotoxins are toxic secondary metabolites produced by toxigenic fungi under suit-
able environmental conditions. Fruits increasingly favored by consumers, owing to their
high moisture content, rich nutrition and improper harvest or storage conditions, are highly
susceptible to various fungi such as Alternaria, Aspergillus, Fusarium, etc. [1,2]. Among these
metabolites, aflatoxin B1(AFB1), ochratoxin A (OTA), zearalenone (ZEN) and Alternaria
toxins, mainly including tentoxin (TEN), altenuene (ALT), altenusin (ALS), alternariol
monomethyl ether (AME), alternariol (AOH) and tenuazonic acid (TeA), are the most
frequently found in various fruits [3,4]. Those mycotoxins can cause acute and chronic
toxic effects (teratogenicity, cytotoxicity, reproductive and developmental toxicity, etc) on
animals and human [5,6]. Owing to mycotoxins’ high toxicity and widespread contamina-
tion of food, the European Food Safety Authority (EFSA) has established a threshold of
toxicological concern (TTC) values of 2.5 ng/kg bw/day for AOH and AME, and 1.5 μg/kg
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bw/day for TeA [7]. Maximum levels of AFB1, OTA and ZEN in different types of food
have been set in the European Union, USA, Canada, China and other countries [8,9]. Given
the widely occurring co-contamination of mycotoxins in various fruits, it is imperative to
establish an efficient analytical method to simultaneously determine multiple mycotoxins
in different kinds of fruits, such as watermelon, hawthorn, melon, tomato, strawberry,
etc. [10,11].

Conventional methods for the analysis of mycotoxins in foodstuffs commonly rely on
high-performance liquid chromatography (HPLC) coupled with ultraviolet, fluorescence
or mass spectrum detectors [12,13]. Nevertheless, the matrix of fruit samples contains
large amounts of pigments, cellulose and minerals, which could dramatically impede the
detection of trace mycotoxins in food. Therefore, efficient enrichment and purification of
multiple mycotoxins in fruit samples is crucial before instrumental analysis. Recently, the
most commonly used sample pretreatment methods have included liquid-liquid extraction
(LLE) [14], solid-phase extraction (SPE) [15] and QuEChERS methods [16]. Among these
methods, immunoaffinity SPE approach has high specificity, but it is also expensive, time
consuming and, in particular, not applicable to the simultaneous purification of multiple
mycotoxins. Magnetic solid phase extraction (MSPE), as a new kind of SPE, has attracted
great attention by virtue of its easy separation, convenient operation and time-saving
qualities [17]. In the MSPE process, the magnetic sorbents are directly dispersed in the
sample solution for rapid and efficient extraction of analytes, and then quickly separated
by an external magnetic field. Many kinds of magnetic nanomaterials have already been
developed to enrich targeted analytes and eliminate matrix interferences [18–20].

Covalent organic frameworks (COFs) are a new class of crystalline material, which
can be constructed with organic building units by covalent bonds of elements (C, O, N, H,
etc.) [21]. COFs, which have been shown to exhibit many unique characteristics such as
large specific surface areas, permanent porosity, rich functional groups, and good thermal
and chemical stability, have received increasing attention in the field of sample pretreat-
ment [22,23]. Given that the structure and surface properties of COFs has been mainly
dependent on covalent linkage topology schemes and organic monomers, considerable
attention has been focused on the exploration of various synthetic strategies in recent
years [24,25]. For instance, Xu et al. demonstrated the superiority of triazine-based COF
for the extraction of phenoxy carboxylic acid pesticide residue [26]. Li and co-workers
synthesized Fe3O4@COF(TpDA) material to enrich plant growth regulators from fruits and
vegetables through π-π and hydrogen bonding interactions [27]. Nevertheless, owing to
the low concentrations, different functional groups and polarity of various mycotoxins, it is
still challenging to achieve the simultaneous and efficient extraction of multiple mycotoxins
from complex matrices. To date, the COF-based MSPE methods for the determinations of
mycotoxins have rarely been studied [28].

In this study, using Fe3O4 as magnetic core, and 1,3,5-tris-(4-aminophenyl) triazine (TAPT)
and 2,5-dihydroxy terephthalaldehyde (DHTA) as two building units, Fe3O4@COF(TAPT–
DHTA) was firstly designed and applied as an MSPE adsorbent to extract nine mycotoxins
(Table S1) from fruits. The targeted mycotoxins were then analyzed by UHPLC–MS/MS
(Table S2). The prepared Fe3O4@COF(TAPT–DHTA) adsorbents were expected to effec-
tively enrich mycotoxins by virtue of their abundant hydroxyl groups and aromatic rings.
The features of Fe3O4@COF(TAPT–DHTA) were characterized and several key factors
affecting MSPE were optimized. In addition, the possible adsorption mechanism was also
discussed. The proposed method was further validated and applied to the analysis of
mycotoxins in fruits including watermelon, hawthorn, melon, tomato and strawberry. The
schematic of the fabrication and application of Fe3O4@COF(TAPT–DHTA) is shown in
Figure 1.
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Figure 1. Schematic illustration of the fabrication of Fe3O4@COF(TAPT–DHTA) and the established
MSPE procedure.

2. Results and Discussion

2.1. Characterization of Fe3O4@COF(TAPT–DHTA)

The morphology of the prepared nanomaterial was characterized by SEM (Figure 2A,B).
It can be seen that Fe3O4 has a regular spherical structure with a diameter of approximately
200 nm. However, Fe3O4@COF(TAPT–DHTA) exhibited a dense surface with a significantly
larger particle size of nearly 850 nm, proving that COFs were successfully grafted onto
Fe3O4 nanoparticles.

The formation of Fe3O4@COF(TAPT–DHTA) was verified by FT-IR spectroscopy
(Figure 2C). For Fe3O4, the characteristics peak of the Fe–O–Fe vibration was observed
at 588 cm−1. For Fe3O4@COF(TAPT–DHTA), the peaks at 1670 cm−1 and 3329 cm−1

were assigned to the C=O stretching vibration of DHTA and N–H stretching of TAPT,
respectively [26]. The additional typical peaks appeared at 1367 cm−1 and 1501 cm−1 owing
to the presence of the triazine ring [29]. Meanwhile, the stretching bands at 1620 cm−1

might be ascribed to the formation of imine bonds, proving the successful condensation of
formyl linker and amine node [26,29].

Figure 2D shows the UV–VIS absorption spectra of Fe3O4 and Fe3O4@COF(TAPT–
DHTA), respectively. Compared with Fe3O4, Fe3O4@COF(TAPT–DHTA) showed an absorp-
tion peak at 345 nm, which was attributed to the existence of the conjugated double bond in
COF. The strong conjugated double bond made Fe3O4@COF(TAPT–DHTA) nanocompos-
ites ideal adsorbents for the extraction of benzene ring-containing mycotoxins. In fact, after
capturing nine mycotoxins (Figure S1), the absorption peak of Fe3O4@COF(TAPT–DHTA)
at 345 nm was red-shifted to 351–358 nm, indicating the strong π-π-stacking interaction
between the nanocomposites and targeted mycotoxins [30].

Furthermore, the energy dispersive X-ray spectroscopy (EDAX) line-scanning method
was conducted to analyze the elements contained in Fe3O4@COF(TAPT–DHTA) (Figure 2E).
The results demonstrated that the prepared nanomaterial contains four elements, Fe, O, C
and N, which also proved the successful synthesis of the nanomaterial.
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The magnetic properties of Fe3O4 and Fe3O4@COF(TAPT–DHTA) were also investi-
gated, and the magnetization curves are shown in Figure 2F. The saturation magnetization
values of Fe3O4 and Fe3O4@COF(TAPT–DHTA) were 46.542 and 18.457 emu g−1, re-
spectively. Although the magnetization values of Fe3O4@COF(TAPT–DHTA) decreased
compared with pure particles, it could still provide sufficient magnetism for MSPE. As
shown in the inset of Figure 2F, Fe3O4@COF(TAPT–DHTA) was well-dispersed in the
solvent, and could be collected within 30 s by an external magnetic field.

Figure 2. SEM images of Fe3O4 (A) and Fe3O4@COF(TAPT–DHTA) (B); FT-IR (C) and UV–VIS
(D) spectra of the Fe3O4 and Fe3O4@COF(TAPT–DHTA); EDAX spectra of Fe3O4@COF(TAPT–DHTA)
(E); and hysteresis loops of the Fe3O4 and Fe3O4@COF(TAPT–DHTA) (F).

2.2. Optimization of MSPE Conditions

Fe3O4@COF(TAPT–DHTA) nanomaterial, with rich hydroxyl groups and aromatic
rings, was utilized as competent adsorbent in MSPE for the selective enrichment of mul-
tiple mycotoxins. To achieve excellent MSPE procedure, several important parameters
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were studied by using spiked tomato samples (20 μg kg−1), including adsorption solu-
tion, pH, ionic strength, adsorption time, elution solvent, elution volume and time, and
Fe3O4@COF(TAPT–DHTA) amount.

2.2.1. MSPE Adsorption Solution

The contents of organic solvent in the adsorption solution played a crucial role in the
adsorption process. Therefore, the effect of different contents of acetonitrile (0%, 1%, 2%,
3%, 4% and 5%, v/v) were examined. As shown in Figure 3A, when 1% acetonitrile in
water was applied, the highest recoveries of targeted mycotoxins except for AFB1 were
obtained (83–104%). For AFB1, there was no significant difference in recovery between
1% acetonitrile (79%) and 2% acetonitrile (81%) (p > 0.05, Table S3). To ensure adsorption
efficiency of the Fe3O4@COF(TAPT–DHTA) composite for all the targeted analytes, 1%
acetonitrile in water was used as the adsorption solution.

Figure 3. Effects of the key parameters on the performance of Fe3O4@COF(TAPT–DHTA) MSPE
procedure, including (A) percentage of acetonitrile in adsorption solution, (B) the pH of adsorption
solution, (C) the concentration of NaCl in adsorption solution, (D) adsorption time, (E) the amount of
adsorbent and (F) desorption time. The concentrations of mycotoxins tested were 20 μg kg−1 (n = 3).

The pH value of the sample solution had a great influence on the charge property of the
surface of the Fe3O4@COF(TAPT–DHTA), as well as on the stability and existing forms of
the targeted mycotoxins. Figure 3B shows the recoveries of the nine mycotoxins in different
pH values. The recoveries first increased and then decreased when the pH varied from
acidic to basic. When pH was set as 4.0, satisfactory recoveries (76–104%) were achieved
for all nine mycotoxins. Although the recoveries for ALS and TEN obtained at pH 5.0 were
a little higher than those at pH 4.0, no significant difference was found for them (p > 0.05,
Table S4). This result might be due to the characteristics of analytes and nanomaterial [26].
As can be seen in Table S1, the mycotoxins had polar hydroxyl groups and carboxyl groups
with pKa values between 3.08 and 7.58, which were not conducive to the formation of
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hydrogen bonds with Fe3O4@COF (TAPT–DHTA) under alkaline conditions. Therefore,
the optimal pH was set to 4.0.

To explore the effect of ionic strength on the extraction efficiency of mycotoxins,
different sample solutions with various amounts of sodium chloride (0, 2, 4, 6, 8, and
10 mg mL−1) were evaluated (Figure 3C). It was observed that the recoveries of the targeted
mycotoxins significantly decreased with the increased salt concentration. Only in the case
of no salt addition were the highest recoveries (76–103%) obtained for all nine mycotoxins.
In particular, the recoveries for six mycotoxins (TeA, TEN, ALT, AFB1, OTA and ZEN)
were much higher than those obtained when the adsorption solution contained sodium
chloride (p < 0.05, Table S5). This phenomenon might be explained by the fact that the
intermolecular aggregation of mycotoxins was enhanced owing to the addition of salt
ions, which inhibited the further adsorption of isolated mycotoxin molecules onto the
Fe3O4@COF(TAPT–DHTA) [28]. Hence, NaCl was not used for subsequent experiments.

The adsorption time could also affect the extraction efficiency. A series of experiments
was conducted to optimize the adsorption times (2, 4, 6, 8 and 10 min). It was observed
that the recoveries of the nine mycotoxins gradually increased in the range of 2–8 min
(Figure 3D). When 8 min was used, satisfactory recoveries (78–96%) were obtained for all
mycotoxins. When the time was further prolonged, no significant improvement could be ob-
served (p > 0.05, Table S6). Therefore, 8 min was finally determined for further experiments.

2.2.2. The Amount of Fe3O4@COF(TAPT–DHTA)

The amount of adsorbent is a critical factor in the MSPE process. The effects of various
amounts (10, 15, 20, 25, 30 mg) of Fe3O4@COF(TAPT–DHTA) nanomaterial on the recover-
ies of the nine mycotoxins were compared (Figure 3E). When 20 mg Fe3O4@COF(TAPT–
DHTA) was used, the adsorption and desorption of the nine mycotoxins achieved equi-
librium, and the highest recoveries were achieved within the acceptable range (75–97%)
except for AFB1. Although the recovery of AFB1 was a little lower than that in the case
of 30 mg, there was no significant difference between them (p > 0.05, Table S7). When
the amounts were 10 and 15 mg, Fe3O4@COF(TAPT–DHTA) could not provide adequate
adsorption sites for these mycotoxins. Conversely, when the amounts of adsorbent were
excessive, such as 25 and 30 mg, it might not have been easy to elute these mycotoxins
from Fe3O4@COF(TAPT–DHTA). Thus, 20 mg of Fe3O4@COF(TAPT–DHTA) was selected
for study.

2.2.3. Elution Solvent and Time

Depending on the effect of the adsorption mechanism of the targeted mycotoxins on
the Fe3O4@COF(TAPT–DHTA) nanomaterial, the π-π, hydrogen bonding and hydrophobic
interactions between adsorbent and analytes could be destroyed by organic solvents.
Therefore, elution solvent with different polarities was optimized. As indicated in Figure S2,
when methanol/acetonitrile/formic acid (80/19/1) was used, the recoveries of seven
mycotoxins (TeA, AOH, AME, TEN, ALT, ALS and OTA) were acceptable in the range
of 83–107%. However, the recoveries of AFB1 and ZEN were much lower compared to
methanol (p < 0.05, Table S8). Only pure methanol used as elution solvent could achieve
satisfactory recoveries for all nine of the mycotoxins (81–99%). The best elution performance
of methanol is attributed to the strong polarity, which could compete for the hydrogen
binding sites with mycotoxins and lead to the destruction of the formed hydrogen bonding
between adsorbent and mycotoxins.

The volume of the elution solvent is crucial in the MSPE procedure. Different volumes
(3, 9, 15 mL) of elution solvent were investigated (Figure S3). The results demonstrated
that 3 mL elution solvent was enough to achieve satisfactory recoveries (78–99%). With
the increase of the elution volume (9 and 15 mL), the recoveries of the targeted mycotoxins
were not obviously improved (p > 0.05, Table S9). In addition, different elution time (1, 2,
3, 4 and 5 min) was studied, as shown in Figure 3F. The recoveries of these mycotoxins
increased with an increase of elution time ranging from 1 to 4 min, and then remained
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stable (p > 0.05, Table S10), suggesting the complete elution of the targeted mycotoxins
from Fe3O4@COF(TAPT–DHTA) nanomaterial. Consequently, 3.0 mL of pure methanol for
4 min were the optimal elution conditions.

Therefore, based on the optimization of these key parameters, the optimal MSPE
conditions were determined as follows: 20 mg Fe3O4@COF(TAPT–DHTA) as magnetic ad-
sorbent, extraction time of 8 min using 3 mL water containing 1% acetonitrile as adsorption
solution (pH 4.0), and 3 mL methanol as elution solvent with desorption time of 4 min.

2.3. Method Validation

For further characterization of the MSPE performance of Fe3O4@COF(TAPT–DHTA),
the purification efficiency of the synthesized nanomaterials was investigated in five kinds
of fruits including watermelon, hawthorn, melon, tomato and strawberry. The sample
solutions treated with Fe3O4@COF(TAPT–DHTA) were almost colorless and transparent
(Figure 4A) in comparison with the untreated solutions, indicating that Fe3O4@COF(TAPT–
DHTA) could eliminate the interferences. The matrix effects of the targeted mycotoxins in
the five kinds of fruits were in the range of 80.04–106.87% except for TeA (127.19–144.88%),
ALS (46.31–102.74%) and ZEN (55.01–83.33%), as shown in Figure 4B. To achieve accurate
quantification, matrix-matched calibration curves were applied to compensate for the
matrix effects in this study.

(A) (B) 

Figure 4. Visual appearance (A) and matrix effects (B) of 9 mycotoxins in hawthorn, melon, water-
melon, strawberry and tomato matrices treated with Fe3O4@COF(TAPT–DHTA), a without treatment
by Fe3O4@COF(TAPT–DHTA) and b treated with Fe3O4@COF (TAPT–DHTA).

The current analytical method demonstrated an optimal selectivity, because there
were no apparent interfering peaks presenting near the retention time of all the targeted
mycotoxins in the tomato matrix (Figure S4). Excellent linearity was obtained for all
the analytes, with correlation coefficients (R2) > 0.99 over the concentration range of
0.05–200 μg kg−1 in the matrices for all five kinds of fruits (Table 1). The LODs of the nine
mycotoxins ranged from 0.01 to 0.5 μg kg−1, and the LOQs ranged from 0.05 to 1.0 μg kg−1.
Acceptable recoveries in the range of 74.25–111.75% were also obtained. The intra- and
inter-day precisions were in the range of 2.08–9.01% and 2.22–12.92%, respectively (Table 2).
All the above results indicated that the established UHPLC–MS/MS method had high
sensitivity, accuracy and precision, and could be applied for the simultaneous quantitative
analysis of multiple mycotoxins in different fruits. Compared with previously reported
methods, the proposed method possesses equal or even greater sensitivities and recoveries
(Table S11).

72



Toxins 2023, 15, 117

Table 1. Linear range, detection limit and quantification limit of MSPE combined with UHPLC–
MS/MS in different matrices.

Matrix Mycotoxin Formula
Linear Range (μg

kg−1)
LOD a

(μg kg−1)
LOQ b

(μg kg−1)
R2

Neat solution

TeA y = 2477.96x + 3394.45 0.5–200 0.9973
AOH y = 1411.49x + 941.08 0.5–200 0.9959
AME y = 1817.16x + 322.29 0.5–200 0.9989
TEN y = 5284.07x−58.31 0.05–200 0.9969
ALT y = 524.42x + 638.12 1–200 0.9928
ALS y = 143.63x + 11.17 0.5–200 0.9982
AFB1 y = 13387.40x + 2131.25 0.05–200 0.9978
OTA y = 12142.70x + 1612.83 0.1–200 0.9998
ZEN y = 2592.33x − 45.41 0.2–200 0.9956

Tomato

TeA y = 3151.74x + 2661.33 0.5–200 0.20 0.50 0.9975
AOH y = 1381.90x + 88.99 0.5–200 0.20 0.50 0.9961
AME y = 1802.95x + 139.73 0.5–200 0.10 0.50 0.9968
TEN y = 5037.77x − 1339.19 0.05–200 0.01 0.05 0.9975
ALT y = 495.76x + 2523.89 1–200 0.30 1.00 0.9973
ALS y = 99.21x − 44.54 1–200 0.50 1.00 0.9933
AFB1 y = 13910.30x − 3759.31 0.5–200 0.20 0.50 0.9957
OTA y = 11913.80x − 3011.72 0.1–200 0.05 0.10 0.9969
ZEN y = 1836.13x − 408.39 0.5–200 0.20 0.50 0.9966

Watermelon

TeA y = 3147.83x + 3812.73 0.5–200 0.20 0.50 0.9988
AOH y = 1439.20x + 166.73 0.5–200 0.20 0.50 0.9998
AME y = 1942.00x + 660.55 0.5–200 0.10 0.50 0.9995
TEN y = 5411.94x−86.24 0.1–200 0.05 0.10 0.9995
ALT y = 463.38x + 2883.52 1–200 0.30 1.00 0.9952
ALS y = 147.57x − 105.27 1–200 0.50 1.00 0.9985
AFB1 y = 14048.90x − 407.44 0.05–200 0.01 0.05 0.9998
OTA y = 12596.50x − 1507.82 0.5–200 0.20 0.50 0.9991
ZEN y = 2064.16x − 407.63 0.5–200 0.10 0.50 0.9923

Melon

TeA y = 3590.11x + 3091.17 0.5–200 0.20 0.50 0.9981
AOH y = 1447.78x + 35.81 0.5–200 0.20 0.50 0.9973
AME y = 1832.77x + 632.65 0.5–200 0.10 0.50 0.9993
TEN y = 5228.12x−492.67 0.1–200 0.05 0.10 0.9993
ALT y = 446.22x + 6640.54 1–200 0.30 1.00 0.9976
ALS y = 110.85x − 74.61 1–200 0.50 1.00 0.9968
AFB1 y = 13980.80x − 1061.58 0.1–200 0.02 0.10 0.9998
OTA y = 12393.30x − 462.63 0.5–200 0.10 0.50 0.9994
ZEN y = 2160.20x − 575.37 0.5–200 0.10 0.50 0.9931

Strawberry

TeA y = 3323.10x + 3464.16 0.5–200 0.20 0.50 0.9972
AOH y = 1406.51x − 68.41 0.5–200 0.20 0.50 0.9983
AME y = 1869.42x + 594.67 0.5–200 0.10 0.50 0.9992
TEN y = 5245.70x − 460.86 0.1–200 0.05 0.10 0.9996
ALT y = 450.92x + 2765.14 1–200 0.30 1.00 0.9922
ALS y = 93.84x + 58.02 1–200 0.50 1.00 0.9940
AFB1 y = 13843.00x − 1246.62 0.1–200 0.02 0.10 0.9996
OTA y = 11841.30x − 470.11 0.5–200 0.10 0.50 0.9993
ZEN y = 1792.03x − 54.64 0.5–200 0.10 0.50 0.9983

Hawthorn

TeA y = 3292.18x + 5601.93 0.5–200 0.20 0.50 0.9958
AOH y = 1423.11x + 12363.80 0.5–200 0.20 0.50 0.9943
AME y = 1799.34x + 365.52 0.5–200 0.20 0.50 0.9996
TEN y = 5082.12x + 1587.85 0.05–200 0.02 0.05 0.9996
ALT y = 419.79x + 9686.70 1–200 0.30 1.00 0.9910
ALS y = 66.53x + 34.26 1–200 0.50 1.00 0.9918
AFB1 y = 13483.20x − 304.85 0.1–200 0.02 0.10 0.9992
OTA y = 12097.60x − 1068.53 0.5–200 0.10 0.50 0.9993
ZEN y = 1426.21x − 169.96 0.5–200 0.10 0.50 0.9972

a Limit of detection (S/N = 3). b Limit of quantification (S/N = 10).
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2.4. Method Application

A validated approach was employed to investigate mycotoxin contamination of a
total of 100 samples of the five kinds of fruits, i.e., tomato, strawberry, watermelon, melon
and hawthorn. As shown in Table S12, ALT was the most frequently detected mycotoxin
with incidences (concentration ranges) of 40% (2.2–44.5 μg kg−1), 55% (3.4–54.8 μg kg−1),
25% (29.5–56.3 μg kg−1), 50% (43.4–123.7 μg kg−1) and 45% (38.8–190.4 μg kg−1) in the
tomato, strawberry, watermelon, melon and hawthorn samples, respectively. TeA was
detected in the tomato and strawberry samples, with incidences (concentration ranges)
of 50% (3.8–6.5 μg kg−1) and 45% (1.9–5.6 μg kg−1), respectively. The incidence (con-
centration ranges) of AOH in the tomato, strawberry and hawthorn samples was 10%
(3.05–4.0 μg kg−1), 15% (4.9–20.0 μg kg−1) and 25% (3.7–14.2 μg kg−1), respectively. These
results are similar to previous reports, with pollution levels at the same level as other
regions [31,32]. In addition, concentrations of AME, TEN and ALS were detected in the
range of 1.4–16.8 μg kg−1, 0.6–18.2 μg kg−1 and 1.3–8.1 μg kg−1, respectively. OTA, AFB1
and ZEN were not detected in the five kinds of fruit samples. Therefore, the survey re-
sults demonstrated that the fruits were mainly susceptible to contamination by Alternaria
mycotoxins, which might impose health risks to the consumer.

To demonstrate the accuracy of the method, a comparison between the current estab-
lished approach and the reference method [33] was performed on typical tomato samples
(nos. 7, 14 and 20). There was no significant difference between the results obtained by the
two methods, with the RSDs lower than 10% (p > 0.05, Table S13), verifying the accuracy
and applicability of the developed UHPLC–MS/MS method.

3. Conclusions

In summary, Fe3O4@COF(TAPT–DHTA) was synthesized and utilized as an MSPE
adsorbent for the first time to enrich and determine trace levels of nine mycotoxins in
fruits by coupling with UHPLC–MS/MS. Owing to the presence of abundant aromatic
rings and the carbonyl group in the structure of the adsorbent, the effective enrichment of
the targeted mycotoxins was achieved by virtue of a strong π-π interaction and hydrogen
bonding between the mycotoxins and Fe3O4@COF(TAPT–DHTA). The established method
showed a wide linear range, high sensitivity, satisfactory recoveries and good precision,
and was successfully employed for the analysis of mycotoxins in real fruit samples. The
fruits were found to be easily contaminated with different mycotoxins, i.e., TeA, AOH, ALT,
etc. Therefore, continuous monitoring of the occurrence of multiple mycotoxins is essential
to ensure of the safe consumption of fruits.

4. Materials and Methods

4.1. Chemicals and Materials

All the organic solvents, acids, alkalis and salts were HPLC or analytical grade. Ace-
tonitrile and methanol were purchased from Merck (Darmstadt, Germany). Ammonium
acetate, formic acid, aqueous ammonia, FeCl3·6H2O (≥99.5%) and FeCl2·4H2O (≥99%)
were provided by Sinopharm Chemical Reagent Co. (Shanghai, China).1,2-dichlorobenzene,
1-Butanol and 1,4-Dioxane were supplied by Macklin Co. (Shanghai, China). DHTA and
TAPT were obtained from Yuanye Bio-Technology Co. (Shanghai, China). Nylon filters
(0.22 μm) were obtained from Navigator Lab Instrument Co. Ltd. (New York, NY, USA).
Deionized water was prepared by a Milli-Q water purification system (Millipore, Bedford,
MA, USA).

High purity (≥98%) standards of TeA, AOH, AME, TEN, ALT, ALS, AFB1, OTA and
ZEN were obtained from Sigma-Aldrich (St. Louis, MO, USA). Standard stock solutions of
the nine mycotoxins (10 μg mL−1) were prepared in acetonitrile and stored at −20 ◦C in
the dark. Their chemical structures and physicochemical parameters are shown in Table S1.

A total of 100 random fruit samples were provided by local markets and supermarkets
in Shanghai. The samples were ground into powder or pulp and stored at −20 ◦C.
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4.2. Apparatus and Characterization

Scanning electron microscopy (SEM) images were achieved on a ZEISS Gemini SEM
300 electron microscope (Oberkochen, Baden-Warburg, Germany) operated at 3.0 kV.
Fourier transform infrared (FTIR) spectroscopy with a recording range of 500–4000 cm−1

was performed with an FTIR spectrometer (FTIR, Thermo Scientific Nicolet iS20, Waltham,
MA, USA). Ultraviolet-visible (UV–VIS) absorption spectra were obtained using a JENA2010
spectrophotometer (JENA, Turingia, Germany). A Super-X Spectrometer (Waltham, MA,
USA) used for elemental analysis and energy spectrum analysis. The magnetic property
was studied with a LakeShore7404 vibrating sample magnetometer (MI, USA).

4.3. Preparation of Fe3O4@COF(TAPT–DHTA)

The preparation procedures of Fe3O4@COF(TAPT–DHTA) are shown in Figure 1.
Firstly, Fe3O4 magnetic nanoparticles (MNPs) were fabricated according to the previously
reported Massart method with minor changes [34,35]. Briefly, 2.6 g FeCl3·6H2O and 1.59 g
FeCl2 4H2O were dissolved in 12.5 mL water containing 0.43 mL of 30% HCl under nitrogen
atmosphere. Afterwards, the obtained mixture was added dropwise into 125 mL 1.5 M
NaOH aqueous solution under vigorous stirring for 40 min. The synthesized Fe3O4 product
was collected using a strong magnet and washed several times with water, then dried at
65 ◦C for further use. Secondly, Fe3O4@COF(TAPT–DHTA) was fabricated using a simple
synthesis method [36]. The prepared Fe3O4 MNPs (200 mg), DHTA (105 mg) and TAPT
(85 mg) were mixed in the 40 mL 1,4-dioxane/butanol (1/1, v/v) solvent system, and
then sonicated for 5 min. This was followed by adding 0.5 mL of 36% acetic acid, and the
mixture was then stirred for 2 h at 25 ◦C. Then, 4.5 mL acetic acid/deionized water (2/1,
v/v) was dropped into the mixture and refluxed at 75 ◦C for 48 h. Finally, the obtained
Fe3O4@COF(TAPT–DHTA) was separated by magnet, washed several times with methanol
and dried for further use.

4.4. Sample Preparation

A fruit sample of 2.0 g was vortexed in 10 mL acetonitrile/formic acid (99/1, v/v) for
1 min, and then ultrasonicated for 60 min at room temperature (25 ◦C). After centrifugation
at 8000 rpm for 5 min, a 3 mL aliquot of the supernatant was evaporated to dryness under
nitrogen flow and dissolved to 3 mL with an aqueous solution containing 1% acetonitrile
(pH 4.0). This was followed by the addition of 20 mg of Fe3O4@COF(TAPT–DHTA), the
mixture was vortexed for 8 min to fully adsorb the mycotoxins onto the nanocomposites.
Afterwards, the supernatant was discarded by a magnet and 3 mL methanol was added
to elute the targeted mycotoxins for 4 min under ultrasonic conditions. The elution was
collected and dried with nitrogen at 50 ◦C. Finally, the residues were re-dissolved with
1 mL acetonitrile/water containing 5 mmol L−1 ammonium acetate (20/80, v/v), passed
through a 0.22 μm nylon filter before analysis. The schematic illustration of MSPE is
shown in Figure 1. To avoid introducing other impurities, Fe3O4@COF(TAPT–DHTA)
nanocomposites were used as disposable purification adsorbents.

4.5. UHPLC–MS/MS Analysis

Chromatographic analysis of the nine mycotoxins was accomplished by an Acquity
UHPLC (Waters, Milford, MA, USA) with an analytical column EC-C18 (100 mm × 3.0 mm,
i.d. 2.7 μm) (Agilent, Santa Clara, CA, USA) maintained at 40 ◦C. The binary gradient
mixture consisted of (A) methanol and (B) water containing 5 mmol L−1 ammonium acetate
used as a mobile phase, with a flow rate of 0.4 mL min−1. The gradient elution program
was set as follows: 0–5 min, 70% B; 5–7 min, 10% B; 7.5–8.5 min, 70% B. The injection
volume was 3.0 μL.

Waters XEVO TQ-S mass spectrometer system (Waters, Milford, MA, USA) was
performed to detect separated mycotoxins both in positive (ESI+) and negative (ESI−)
mode. The capillary voltages were set at 2.5 kV (ESI+) and 1.5 kV (ESI−). The source and
desolvation temperatures were 150 ◦C and 500 ◦C, respectively. The desolvation gas flow
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and cone gas flow were 800 L h−1 and 150 L h−1, respectively. Multiple reaction monitoring
(MRM) mode was established and is shown in Table S2, and data analysis was performed
using MassLynx v4.1 and Targetlynx (Waters).

4.6. Method Validation

The performance of the established method was carefully validated according to the
recommendations of European Commission Decision 2002/657/EC by determination of
linearity, matrix effect, sensitivity, accuracy (recovery), and precision (%RSD) [37]. Different
concentrations (0.5, 1, 2, 5, 10, 20, 50, 100 and 200 ng mL−1) of mixed standard solutions
of the nine mycotoxins were freshly prepared both in blank matrix solution and standard
solutions (acetonitrile/water containing 5 mmol L−1 ammonium acetate, 20/80, v/v),
respectively. The calibration curves were obtained by plotting the responses (y) versus
analyte concentrations (x). The limit of detection (LOD) and limit of quantification (LOQ)
were applied to evaluate the sensitivity of the method, which were defined by the signal-
to-noise ratio (S/N) of 3 and 10, respectively. The recoveries and intra- and inter-day
precision were measured using blank samples spiked with three different concentrations of
mycotoxins (2, 50, and 100 μg kg−1). The relative standard deviations (RSDs) in a single
day and five consecutive days were devoted to estimation of the intra-day precision and
inter-day precision, respectively. The matrix effect (ME) (%) was calculated according to
the following equation:

ME (%) = (Slope matrix spiked-Slope standard solution)/Slope standard solution × 100%

where Slope matrix spiked and Slope standard solution represented the slope of the cali-
bration curve in the matrix and reagent solution, respectively.

4.7. Statistical Analysis

Data were analyzed using SPSS Statistics 18 (SPSS, Inc., Chicago, IL, USA) and pre-
sented as mean ± SD. Significant tests were conducted by the analysis of variance (ANOVA)
followed by Duncan’s least significant test. The Shapiro–Wilk test was used to check the
normality of the data before using ANOVA.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/toxins15020117/s1. References [16,38–43] are cited in the supple-
mentary materials. Table S1. Structure and physicochemical parameters of 9 mycotoxins; Table S2.
Mass spectrometry parameters of 9 mycotoxins; Table S3. Significance analysis of adsorbed solution;
Table S4. Significance analysis of pH value of adsorbed solution; Table S5. Significance analysis
of NaCl concentration in adsorbed solution; Table S6. Significance analysis of adsorption time;
Table S7. Significance analysis of adsorbent amount; Table S8. Significance analysis of elution kinds;
Table S9. Significance analysis of elution volume; Table S10. Significance analysis of elution time;
Table S11. Comparison of the Fe3O4@COF(TAPT–DHTA)-based MSPE method developed in this
study with the sample pretreatment approaches reported in previous studies; Table S12. Contam-
ination levels of 9 mycotoxins in five fruits (tomato, strawberry, watermelon, melon, hawthorn);
Table S13. Comparison between the developed UHPLC–MS/MS method and the reference methods
by using tomato samples nos. 7, 14 and 20; Figure S1. UV–VIS spectra of targeted mycotoxins,
Fe3O4@COF(TAPT–DHTA) before and after extraction of target mycotoxins; Figure S2. Comparison
of the purification efficiency of 9 mycotoxins in the spiked tomato sample by 8 candidate elution solu-
tions; Figure S3. Effects of eluent volume on Fe3O4@COF (TAPT–DHTA) MSPE process; Figure S4.
MRM chromatography of 9 mycotoxins in (A) solvent standard solution and (B) matrix standard
solution (100 μg kg−1).
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Abstract: In this work, we proposed an acid hydrolysis-based analytical method for the detection of
Alternaria toxins (ATs) in solanaceous vegetables and their products with solid-phase extraction (SPE)
and ultrahigh-performance liquid chromatography–tandem mass spectrometry (UPLC–MS/MS).
This study was the first to reveal that some compounds in the eggplant matrix bind to altenusin
(ALS). Validation under optimal sample preparation conditions showed that the method met the
EU criteria, exhibiting good linearity (R2 > 0.99), matrix effects (−66.6–−20.5%), satisfying recovery
(72.0–107.4%), acceptable precision (1.5–15.5%), and satisfactory sensitivity (0.05–2 μg/kg for limit
of detection, 2–5 μg/kg for limit of quantification). Out of 393 marketed samples, only 47 samples
were detected, ranging from 0.54–806 μg/kg. Though the occurrence ratio (2.72%) in solanaceous
vegetables could be negligible, the pollution status in solanaceous vegetable products was much
more serious, and the incidences were 41.1%. In the 47 contaminated samples, the incidences were
4.26% for alternariol monomethyl ether (AME), 6.38% for alternariol (AOH) and altenuene (ALT),
42.6% for tentoxin (TEN), and 55.3% for tenuazonic acid (TeA).

Keywords: Alternaria toxins; modified analytical method; solanaceous vegetables; solanaceous
vegetable products; UPLC–MS/MS

Key Contribution: An acid hydrolysis-based analytical method had been development for the
analysis of six Alternaria toxins and this proposed method was applied for their occurrence in
solanaceous vegetables and solanaceous vegetable products in Shanghai, China.

1. Introduction

As secondary metabolites of Alternaria strains, Alternaria toxins (ATs) are readily pro-
duced during unfavorable climatic conditions, insect attacks, and the transport, processing,
and storage of agricultural products, and are widely found in various foods, posing great
potential risks to human and animal health due to their carcinogenic, teratogenic, and
cytotoxic properties [1–4]. Although more than 70 ATs had been confirmed to be poisonous,
contamination and dietary safety assessments had focused on only some ATs, including
alternariol (AOH), alternariol monomethyl ether (AME), altenuene (ALT), altenusin (ALS),
tentoxin (TEN), and tenuazonic acid (TeA) [5–7]. Previous studies had revealed that AT
contamination in vegetables [8], fruits [8–10], tomato products [11], wine [12,13], cereal
grains [14,15], dried fruits [16], and juices [12] was widespread, and a high incidence had
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been observed in processed products, ranging from 62–100% [11,12,17–19]. Among these,
vegetables and their products were also considered to be some of the most highly AT-
contaminated foods [20]. Therefore, due to the considerable consumption of these products
and their high susceptibility to Alternaria infection, the occurrence of ATs on vegetables
and their products in China had been studied, revealing the contamination status and
providing data regarding dietary safety risks, which have rarely been reported in China
compared to other countries.

As described in these reports, many analytical methods have been proposed for the
detection of ATs or ATs and other mycotoxins in various food matrixes. Compared with
gas chromatography-mass spectrometry (GC-MS) and liquid chromatography–diode array
detection (LC–DAD), liquid chromatography–tandem mass spectrometry (LC–MS/MS)
was the best choice for detecting ATs due to its excellent sensitivity and high efficiency [2,6,8,
9,21–23]. However, for sample pretreatment, acetonitrile or formic acid-acetonitrile were the
most common extraction solvents following solid-phase extraction (SPE), the QuEChERS
(quick, easy, inexpensive, effective, rugged, and safe) method, or direct injection with the
isotope internal standard method [4,19,24,25]. Given the availability of different matrixes,
SPE cartridges (HLB) and adsorption materials (GCB and C18) had been optimized and
utilized to clean up the samples [1,5,10,22]. However, among these studies, only a few had
achieved the simultaneous detection of six ATs (AOH, AME, ALT, ALS, TEN, and TeA)
in wine [12], herbs [6], and juices [12] via the QuEChERS method or direct analysis. It is
well known that the adjustment and optimization of the sample pretreatment are necessary
for accuracy when the analytes and matrixes have been changed. As shown in this work,
the existing analytical methods would not be applicable because of the binding residue
of ALS. Therefore, a new method needed to be established to ensure the accuracy of the
monitoring results.

Among the various vegetable species, including cucumber, tomato, eggplant, and pep-
per, solanaceous vegetables undoubtedly play an important role in vegetable production,
household consumption, and processed products [26]. Solanaceous vegetables are well
known to be susceptible to Alternaria infection, which occurs more widely in processed
products [11]. Therefore, tomato and its products are the main vegetables used for AT
contamination monitoring and safety evaluation. However, in China, relevant reports have
tended to focus more on the development of methods than on the investigation of contami-
nation status, and due to differences in consumption habits, it has been more realistic and
in line with the requirements for food safety assessment to carry out pollution monitoring
of ATs in the main foods consumed in China, such as chili paste and cherry tomato. In this
work, using solanaceous vegetables and their products as the subject, an AT occurrence
assessment was first carried out to determine the contamination level in Shanghai, which is
often overlooked and has become a monitoring gap in food safety evaluations in China.

Based on validation via the reported analytical methods, a new and reliable analytical
method was developed and validated for the detection of six ATs (AOH, AME, ALT, ALS,
TEN, and TeA) in solanaceous vegetables and their products using acid hydrolysis, SPE,
and ultrahigh-performance liquid chromatography–tandem mass spectrometry (UPLC–
MS/MS). To ensure the reliability and credibility of the research results, 939 commercial
samples were collected, including chili paste, eggplant, ketchup, pepper, and tomato sam-
ples. Finally, a survey of AT contamination in solanaceous vegetables and their production
in the Shanghai area was proposed, representing the first time that the regional contam-
ination levels of six ATs in solanaceous vegetables and their products had been studied
in China.

2. Results and Discussion

2.1. Optimization of Extraction
2.1.1. Validation via Reported Methods

By using previously reported methods [10,16], validation was carried out via extraction
with acetonitrile, but the matrix was replaced with chili paste, eggplant, and tomato. As
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shown in Figure 1A, although the results showed that most recoveries were acceptable
(74.3–104.7%), the value for ALS in eggplant was only 16.2% when the spiked level was 1000
μg/kg. Then, regardless of whether the volume of the extraction solution was expanded,
or whether the extraction solvent (such as acetone and methanol) was adjusted and some
substances (such as formic acid and ammonium acetate) were added, there was no obvious
improvement in the recovery of ALS in eggplant.

Figure 1. Optimization of the extraction conditions (1000 μg/kg, n = 5). (A) Recoveries of Alternaria
toxins from chili paste, eggplant, and tomato by extraction with acetonitrile. (B) Optimization of the
hydrochloric acid concentration at 80 ◦C for 15 min in eggplant. (C) Optimization of the heating time
with 0.1 mol/L hydrochloric acid at 80 ◦C in eggplant. (D) Optimization of the heating time with
0.5 mol/L hydrochloric acid at 80 ◦C in eggplant. (E) Optimization of the heating time with 1 mol/L
hydrochloric acid at 80 ◦C in eggplant. (F) Optimization of the heating temperatures with 0.5 mol/L
hydrochloric acid for 30 min in eggplant.

In line with the structural formula of ALS, there were two hydroxyl groups and one
carboxyl group, and the bound residues may have formed because of the presence of
alkaline compounds in eggplant; in comparison, good results were obtained in tomato due
to its acidity. Additionally, this result was confirmed by spiking 2 mL of ALS standard
solution in acetonitrile (1000 μg/L) into 2 g of eggplant. After vortexing for 15 min, the
concentration of ALS in acetonitrile was only 380 μg/L, showing the existence of a binding
residue. Therefore, as the first step, it was necessary to eliminate the binding residue
between ALS and the eggplant matrix to improve the recovery of ALS.

2.1.2. Optimization of Extraction Conditions

According to the relevant literature, hydrochloric acid and calefaction were selected to
remove the binding residue, which was a conventional and effective approach used in some
analytical methods [23,27–30]. Focusing on the concentration of hydrochloric acid, heating
time, and heating temperature, the optimization of extraction conditions was carried out
using the recovery test in 2.0 g of eggplant (1000 μg/kg) and direct analysis after extraction
in 8 mL of acetonitrile.

After exposure to 80 ◦C for 15 min, the effect of the different concentrations of hy-
drochloric acid (2 mL) on AT recovery was first estimated. The volume of hydrochloric acid
solvent was 2 mL, and the concentrations of hydrochloric acid selected were 0, 0.01, 0.05,
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0.1, 0.5, 1, 2, and 5 mol/L. Figure 1B showed that the recovery of ALS was closely related to
the concentration of hydrochloric acid, but for other ATs, the values were not significantly
changed, ranging from 81.1–113.4%. When the concentration of hydrochloric acid was 0.1,
0.5, or 1 mol/L, the recoveries (56.1–68.9%) of ALS were distinctly higher than the values
(38.9–55.1%) under other conditions reported for the analytical method, which was a signif-
icant improvement over the reported analytical methods. Therefore, at three hydrochloric
acid concentrations (0.1, 0.5 and 1 mol/L) and 80 ◦C, the recoveries were determined while
varying the heating time. Figure 1C–E showed the results at the three different hydrochloric
acid concentrations. At heating times ranging from 0–60 min, the recoveries of ALT, AME,
AOH, and TEN were stable and acceptable, with values of 74.1–111.7%. Although the
range (77.8–113.3%) for TeA was satisfactory, the values decreased when increasing the
hydrochloric acid concentration or heating time, especially when the heating time was
45 min or 60 min. However, for ALS, the heating time had a significant effect on the
results, and all the recoveries increased as the heating time was extended under the three
hydrochloric acid concentrations. At hydrochloric acid concentrations of 0.5 mol/L and
1 mol/L and heating times of 30–60 min, the recoveries of ALS were fairly good, ranging
from 77.4–94.6%. Therefore, 0.5 mol/L and 30 min were selected as the best hydrochloric
acid concentration and heating time, respectively.

Finally, based on the above tests, the heating temperature was also investigated, and
five heating temperatures (25, 40, 60, 80, and 90 ◦C) were included in the experiment. The
results (Figure 1F) showed that the recoveries (75.8–115.5%) of ALT, AME, AOH, and TEN
were all acceptable and were consistent with the results of previous experiments. For TeA,
when the heating temperature was 90 ◦C, the recovery was only 49.0%, but in the lower
temperature conditions, the values were much more stable and acceptable (77.0–108.9%).
The recoveries of ALS increased when increasing the heating temperature (25–80 ◦C),
ranging from 12.4% to 87.8%. However, when the heating temperature was 90 ◦C, similar
to TeA, the value decreased to 48.4%, revealing that both ALS and TeA were degraded at
higher temperatures or longer heating times.

Therefore, the following sample pretreatment conditions were established: 2 mL of
0.5 mol/L hydrochloric acid, 30 min of heating time, and a heating temperature of 80 ◦C.

2.2. Optimization of Clean-Up Conditions

To ensure the accuracy of the method and based on other papers, acetonitrile was used
to extract the target compounds from the hydrochloric acid mixture, and the extraction
solvent volume was optimized. With the volume of acetonitrile set to 2, 4, 6, 8, 12, 16, or
20 mL, the recoveries of ATs in eggplant were determined. As shown in Figure 2A, when
the volume of acetonitrile was in the range of 4–20 mL, the recoveries of ALS, ALT, AME,
AOH, and TEN were 72.2–91.0%, but for TeA, the volume of acetonitrile needed to be at
least 8 mL, attaining recoveries of 81.7–87.3%. Therefore, 8 mL was selected as the volume
of acetonitrile for the extraction solvent.

As shown in the literature and for the standards, SPE is a powerful clean-up tool in
analytical methods [9,13,16,22]. Although some papers have described the application
of SPE for the detection of ATs, to date, simultaneous analysis of all six major toxins via
SPE has not been reported. Therefore, in this work, we attempted to select a suitable SPE
column due to the change in the target object. Eleven kinds of commercial SPE columns
were tested. As shown in Figure 2B, after clean-up using the SPE columns and elution
with 2 mL of acetonitrile, except for the C8 columns, none of the 10 columns could achieve
the simultaneous purification of six target compounds, attaining recoveries of 0.2–123.1%,
which did not meet the requirements of the EU guidelines (70–120%). However, with
the C8 columns, the recoveries (77.7–112.7%) of the six ATs were much better and met
the requirements of analytical methods. Therefore, the C8 columns were selected as the
clean-up tool.
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Figure 2. Optimization of the extraction and SPE columns in eggplant (1000 μg/kg, n = 3). (A) Opti-
mization of the extraction volume. (B) Selection of the SPE column.

2.3. Validation Method

For validation, five typical solanaceous vegetables and vegetable products, namely
chili paste, eggplant, ketchup, pepper, and tomato, were selected as the evaluation matrixes.
Moreover, six ATs were isolated through chromatographic separation (Figure 3). As shown
in Table 1, in different concentration ranges and matrixes, the target compounds exhibited
a good linear relationship, with correlation coefficients exceeding 0.998. Then, for the MEs,
as shown in Figure 4, the values in these matrixes indicated obvious matrix inhibition
effects, and the recoveries in unpurified samples and purified samples were −94.7–−47.1%
and −66.6–−20.5%, respectively. All the absolute values for the ME were significantly
lower than those of the unpurified samples, proving that the proposed method had an
obvious impurity removal effect. However, because the values exceeded ±20%, the matrix
standard solution was indispensable for accurate quantitative analysis. The accuracy and
precision were determined via the spiked recovery test. Table 1 showed that in the five
matrixes, all the recoveries and RSDs were acceptable, reaching 72.0–107.4% and below
15.5%, respectively. Calculated according to three signal/noise ratios, the LODs of the
six ATs ranged from 0.05–2 μg/kg in the five matrixes. The LOQ of AME was 5 μg/kg,
and for other ATs, the LOQ was 2 μg/kg. Therefore, the validation results demonstrated
that the proposed analytical method was acceptable and satisfactory, complying with EU
criteria [31].
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Figure 3. Chromatograms of Alternaria toxins in the mixed standard solution. The concentration is
100 μg/L.

Table 1. Method validation for Alternaria toxins in solanaceous vegetables and their products.

Compound Matrix
Linear Range

(μg/L)
Calibration

Curve
Correlation

Coefficient (R2)
LOD

(μg/kg)

Average Recovery Rate (%) (RSD (%)) (n = 6)

2 μg/kg 10 μg/kg 1000 μg/kg

ALS Chili paste 1–1000 y = 4802x + 14064 1.000 0.5 77.2 (5.7) 76.0 (2.6) 82.8 (2.8)
Eggplant 1–1000 y = 4548x + 39771 0.999 0.5 75.2 (3.4) 81.0 (8.2) 75.6 (3.0)
Ketchup 1–1000 y = 5456x + 26143 1.000 0.5 75.6 (3.6) 72.0 (2.8) 80.0 (6.4)
Pepper 1–1000 y = 3766x + 21551 1.000 0.5 72.4 (2.3) 76.0 (4.5) 81.6 (4.6)
Tomato 1–1000 y = 5304x + 47966 0.999 0.5 76.8 (3.4) 76.6 (3.5) 82.8 (3.4)

ALT Chili paste 1–1000 y = 1400x + 5590 1.000 0.5 100.4 (15.5) 96.2 (7.5) 91.2 (3.5)
Eggplant 1–1000 y = 1963x − 1128 0.999 0.5 85.4 (6.7) 85.8 (5.5) 91.2 (4.9)
Ketchup 1–1000 y = 1780x + 1184 1.000 0.5 97.4 (13.0) 82.6 (5.4) 98.0 (12.5)
Pepper 1–1000 y = 1219x + 6487 1.000 0.5 96.4 (13.0) 91.0 (4.2) 92.6 (6.6)
Tomato 1–1000 y = 1329x + 9554 1.000 0.5 103.6 (11.6) 89.0 (4.3) 90.8 (5.9)

AME Chili paste 5–1000 y = 290x + 2029 0.999 2 93.0 (3.1) a 87.8 (12.8) 92.6 (8.0)
Eggplant 5–1000 y = 541x + 5632 0.999 2 105.2 (13.7) a 91.0 (1.3) 89.8 (4.1)
Ketchup 5–1000 y = 627x + 6041 0.999 2 85.4 (10.1) a 86.2 (3.3) 92.8 (10.8)
Pepper 5–1000 y = 484x + 1091 1.000 2 103.2 (12.2) a 93.2 (6.3) 89.2 (2.9)
Tomato 5–1000 y = 607x + 13240 0.998 2 87.6 (14.2) a 96.6 (3.2) 96.0 (2.4)

AOH Chili paste 5–1000 y = 840x + 6452 1.000 2 86.0 (14.1) 93.8 (7.2) 92.2 (3.5)
Eggplant 1–1000 y = 1291x + 9660 1.000 0.5 86.8 (5.3) 101.4 (2.6) 95.2 (3.6)
Ketchup 1–1000 y = 1559x + 11605 0.998 0.5 107.4 (4.7) 89.2 (6.6) 95.8 (10.8)
Pepper 1–1000 y = 875x + 8618 1.000 0.5 85.4 (14.8) 92.6 (5.3) 92.4 (4.2)
Tomato 1–1000 y = 1056x + 12184 0.999 0.5 84.2 (15.1) 89.8 (7.1) 93.0 (3.8)

TeA Chili paste 0.5–1000 y = 9007x + 59591 1.000 0.2 73.2 (3.5) 75.4 (4.8) 78.6 (3.6)
Eggplant 0.1–1000 y = 12988x + 70681 1.000 0.05 74.8 (2.4) 77.2 (2.8) 76.8 (6.4)
Ketchup 0.1–1000 y = 13465x + 36066 1.000 0.05 75.4 (4.5) 76.2 (3.3) 82.0 (4.6)
Pepper 0.5–1000 y = 10670x + 22379 1.000 0.2 72.6 (3.3) 75.2 (1.5) 77.8 (3.7)
Tomato 0.5–1000 y = 10876x + 70959 1.000 0.2 75.8 (2.9) 75.8 (3.4) 81.8 (7.7)

TEN Chili paste 0.1–1000 y = 12846x + 23279 1.000 0.05 87.6 (8.2) 80.6 (5.5) 96.0 (2.4)
Eggplant 0.1–1000 y = 14980x + 31438 1.000 0.05 86.8 (1.5) 84.0 (2.4) 93.6 (3.8)
Ketchup 0.1–1000 y = 15575x + 12590 1.000 0.05 94.0 (11.2) 78.2 (4.2) 96.0 (10.7)
Pepper 0.1–1000 y = 12366x + 25385 1.000 0.05 90.2 (2.1) 94.6 (4.1) 93.4 (3.5)
Tomato 0.1–1000 y = 14814x + 26054 1.000 0.05 94.4 (10.6) 92.2 (5.9) 92.4 (3.9)
a: The lowest spiked level of AME was 5 μg/kg.
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Figure 4. Matrix effects of solanaceous vegetables and their products.

2.4. Method Application

In 2019, a total of 939 commercialized samples were randomly collected from super-
markets, online vendors and farmer’s markets in Shanghai, China. The collected samples
comprised 33 chili paste, 244 eggplant, 23 ketchup, 450 pepper, and 189 tomato (including
cherry tomato) samples. As shown in Table 2, overall, the results showed that only 5.00%
were (47/939) positive samples among the collected samples, and except for ALS, the other
five target compounds were detected, with levels ranging from 0.54–806 μg/kg. Although
the AT contamination range in the solanaceous vegetables was low (only 2.72%; 24/883),
the rate in the solanaceous vegetable products was much higher, reaching 41.1% (23/56).
Among the samples, the rates of positive samples, from high to low, were as follows: 65.2%
(15/23) for ketchup, 24.2% (8/33) for chili paste, 3.70% (7/189) for tomato, 2.46% (6/244) for
eggplant, and 2.44% (11/450) for pepper. In general, the contamination rates (2.44–3.70%)
in solanaceous vegetables were not significantly different among eggplant, pepper, and
tomato, but the values in ketchup and chili paste reached up to 65.2% and 24.2%, respec-
tively, proving that AT contamination in solanaceous vegetable products was greater than
that in solanaceous vegetables. Although there had been reports on AT contamination
in vegetables, some studies had focused on other foods [5,10,12–14]. Among them, some
studies in several countries revealed the AT contamination in ketchup, and the positive
rates of the ketchup samples were much higher (40–92%), and the pollution level of ATs
ranged from 42–814 μg/kg, which was similar to the results of our study [11,18,19,32,33].

In contrast, AOH, AME, ALT, TEN, and TeA were detected in solanaceous vegetables
and solanaceous vegetable products, but the degree of contamination varied with the matrix
and AT. Among them, TeA and TEN were the two toxins with the highest contamination
frequencies, accounting for 55.3% (26/47) and 42.6% (20/47) of the positive samples,
respectively. TeA and TEN were recognized as the most widespread of these toxins, present
in materials such as ketchup [11,32], wolfberry [5], grain [17], food commodities [34], and
grain-based products [14]. As the most frequently detected toxin, the concentrations of TeA
in the five matrixes were in the range not detected (ND) to 19.3 μg/kg in chili paste, ND–214
μg/kg in eggplant, ND–337 μg/kg in ketchup, ND-806 μg/kg in pepper, and ND in tomato.
The concentrations of TEN in the five matrixes were in the range of ND–0.56 μg/kg in chili
paste, ND–6.44 μg/kg in eggplant, ND–2.81 μg/kg in ketchup, ND–13.1 μg/kg in pepper,
and ND–6.43 μg/kg in tomato. The TeA-positive samples were solanaceous vegetable
products (four chili paste and fourteen ketchup) and related solanaceous vegetables (two
eggplant and six pepper samples). This was very different from the result for TEN, as the
numbers of TEN-positive samples of solanaceous vegetables and solanaceous vegetable
products were fifteen (four eggplant, five pepper, and six tomato samples) and five (two
chili paste and three ketchup samples), respectively.
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Table 2. Contamination by Alternaria toxins in solanaceous vegetables and their products in Shang-
hai, China.

Matrix Npos/N Nqual Nquant Avgquan (μg/kg) Minquan (μg/kg) Maxquan (μg/kg)

Chili paste (N = 33)
ALS 0/33 0 0 - - -
ALT 0/33 0 0 - - -
AME 0/33 0 0 - - -
AOH 0/33 0 0 - - -
TeA 4/33 0 4 12.1 3.44 19.3
TEN 2/33 2 0 - -

Eggplant (N = 244)
ALS 0/244 0 0 - - -
ALT 0/244 0 0 - - -
AME 0/244 0 0 - - -
AOH 0/244 0 0 - - -
TeA 2/244 0 2 128 41.8 214
TEN 4/244 2 2 4.27 2.10 6.44

Ketchup (N = 23)
ALS 0/23 0 0 - - -
ALT 0/23 0 0 - - -
AME 2/23 0 2 12.3 11.9 12.6
AOH 3/23 0 3 8.06 5.75 10.3
TeA 14/23 0 14 85.1 5.61 337
TEN 3/23 2 1 2.81 2.81 2.81

Pepper (N = 450)
ALS 0/450 0 0 - - -
ALT 2/450 0 2 18.2 16.3 20.0
AME 0/450 0 0 - - -
AOH 0/450 0 0 - - -
TeA 6/450 0 6 157 7.29 806
TEN 5/450 2 3 8.07 2.28 13.1

Tomato (N = 189)
ALS 0/189 0 0 - - -
ALT 1/189 0 1 5.29 5.29 5.29
AME 0/189 0 0 - - -
AOH 0/189 0 0 - - -
TeA 0/189 0 0 - - -
TEN 6/189 4 2 4.58 2.72 6.43

Npos/N: Number of positive samples/number of samples analyzed, Nqual: number of samples above LOD
but below LOQ, Nquant: number of quantified samples, Avgquan: mean concentrations of Alternaria toxins in
quantified samples, Minquan: minimum concentrations of Alternaria toxins in quantified samples, Maxquan:
maximum concentrations of Alternaria toxins in quantified samples.

However, for AOH, AME, and ALT, there were very few positive samples, with propor-
tions of 6.38% (3/47), 4.26% (2/47), and 6.38% (3/47), respectively. Additionally, the concen-
trations were also much lower than those of TeA or TEN, with values of 5.29–20 μg/kg for
AOH, 11.9–12.6 μg/kg for AME, and 5.75–10.3 μg/kg for ALT. All the samples positive for
AOH and AME were ketchup samples; in contrast, ALT was detected only in solanaceous
vegetables (one tomato and one pepper).

Therefore, from the above survey results, AT contamination in solanaceous vegetable
products is higher and more widespread than that in solanaceous vegetables. Compared
with the reported papers, the rates of positive samples or the pollution level in ketchup
were prominent, which was similar to the results of our study [32,33]. The low occurrence
rate of Alternaria infection may be due to the shorter preservation and transportation time
of the commercialized solanaceous vegetables. The other reason may be the concentration
factors in the processing of the vegetable products. For example, the dry matter of tomatoes
is 5–6%, while in ketchup it is 28–30%; this difference may cause the higher detection rates
of ATs in the vegetable products. Anyways, the current situation of severe contamination
in solanaceous vegetable products led to concerns regarding food safety, and it prompted
us to study the contamination in processed foods.
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3. Conclusions

In light of the ALS binding residue present in the alkaline matrix, the strategy involving
the addition of acid and heating at an optimal temperature and time was proposed. The
development method was first established for detecting six ATs in eggplant and was also
validated in other solanaceous vegetables and their products for monitoring the six ATs in
accordance with the EU criteria [31].

Furthermore, a survey of AT contamination was carried out in Shanghai, China. The
experimental results for a total of 939 commercialized samples indicated that the AT levels in
solanaceous vegetables were negligible with (2.72%, 24/883), but the incidence in solanaceous
vegetable products was much higher (41.1%, 23/56). Among the six toxins detected (AOH,
AME, ALT, TEN, and TeA), as the most frequently detected ATs, TEN and TeA were present
at similar levels, with a detection rate of 42.6–55.3% in the positive samples, which was much
higher than the values for AOH, AME, and ALT (4.26–6.38%). This study was the first to
describe the issue of mycotoxin-bound residues in a plant origin matrix, and the proposed
analytical method also led to the creation of a new preprocessing approach. Additionally,
this study revealed AT contamination in solanaceous vegetables and their products in China,
which revealed the high detection rate in the solanaceous vegetable products.

4. Materials and Methods

4.1. Chemicals, Reagents, and Materials

The AOH standard (95% purity) was purchased from Cayman Chemical (Ann Arbor, MI,
USA) and the ALT standard (98% purity) was purchased from Toronto Research Chemicals
(North York, ON, Canada). The AME (99.5% purity), TeA (99.5% purity), and ALS (99.4%
purity) standards were purchased from AdipoGen Life Sciences (San Diego, CA, USA), and
the TEN standard was purchased from LKT Laboratories (Sao Paulo, Brazil). HPLC-grade
solvents (acetonitrile and methanol) were purchased from Merck (Darmstadt, Germany).
Octylsilane (C8) (100 mg, 1 mL), ethylsilane (C2) (100 mg, 1 mL), phenyl (PH) (100 mg, 1 mL),
primary secondary amine (PSA) (100 mg, 1 mL), graphitized carbon black (GCB) (100 mg,
1 mL), and alumina (Al2O3) (100 mg, 1 mL) columns were obtained from Shimadzu Corp.
(Kyoto, Japan). Aminopropyl (HN2) (500 mg, 6 mL) and florisil (500 mg, 3 mL) columns
were obtained from Agilent Technologies Inc. (Wilmington, DE, USA). Octadecylsilane (C18)
(200 mg, 3 mL), hydrophilic–lipophilic balance (HLB) (60 mg, 3 mL), and silica (Si) (1 g, 6 mL)
columns were obtained from ANPEL Laboratory Technologies Inc. (Shanghai, China).

4.2. Sample Preparation

Approximately 2.0 g of homogenized sample were weighed into 50 mL polytetraflu-
oroethylene (PTFE) centrifuge tubes. After adding 2 mL of 0.5 mol/L hydrochloric acid
solvent, the tube was heated in an 80 ◦C water bath for 30 min. Then 8 mL of acetonitrile
were added to the tube at room temperature. After shaking vigorously for 3 min, 2 g of
NaCl were added to the tube, and the tube was shaken for 30 s and centrifuged at 4500
rpm for 5 min in preparation for cleanup.

The supernatant was transferred into the SPE cartridge for the cleanup. In the SPE
cleanup procedure, the C8 cartridge was pre-eluted with 1 mL of acetonitrile, then 4 mL of
the extraction solution were loaded into the C8 cartridges, and 2 mL of acetonitrile were
loaded onto the cartridge for elution. The collected eluate was dried in a 60 ◦C water bath
under nitrogen. The sample was redissolved in 1 mL of acetonitrile and passed through a
0.22 μm PTFE filter for analysis.

4.3. Apparatus and UPLC–MS/MS Conditions

Detection was performed with a UPLC-MS/MS instrument (triple–quadrupole mass
spectrometer) from Shimadzu (Kyoto, Japan) equipped with an electrospray ionization
source. Separation of the ATs was achieved using a Waters ACQUITY UPLC BEH C18
(2.1 mm × 50 mm, 1.7 μm) column (Waters, Milford, MA, USA). The injection volume,
column temperature, and flow rate were set at 5 μL, 40 ◦C, and 0.4 mL/min, respectively.
The mobile phase included acetonitrile (A) and 0.1% formic acid water, with the follow-
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ing elution gradient: 0–0.5 min (10% A), 0.5–1.5 min (10–90% A), 1.5–3.0 min (90% A),
3.0–3.5 min (90–10% A), and 3.5–5.0 min (10% A).

The low-energy collision dissociation tandem–mass spectrometric analysis (CID–
MS/MS) conditions were set using the following parameters: 1.5 mL/min nebulizing
gas flow (99.9%, N2), 400 ◦C heat block temperature, 15 mL/min drying gas flow (99.9%,
N2), 3.5 kV interface voltage, and 230 kPa collision-induced dissociation gas pressure
(99.999%, Ar). After automatic optimization, the MS parameters of the ATs were deter-
mined and are shown in Table 3. Quantification was performed using multiple reaction
monitoring (MRM) of selected precursor ion → product ions transitions.

Table 3. MS/MS parameters for analyzing Alternaria toxins.

Compound Structure
Retention

Time (min)
Precursor
Ion (m/z)

Product Ion
(m/z)

Q1 Pre Bias (v)
CE
(v)

Q3 Pre Bias (v)

ALS 1.77 288.80 230.10 *
245.10

21.0
21.0

21
15

15.0
11.0

ALT 1.73 293.00 257.10 *
275.10

−15.0
−15.0

−16.0
−9.0

−30.0
−19.0

AME 1.95 273.00 128.10 *
258.00

−15.0
−15.0

−46.0
−27.0

−25.0
−18.0

AOH 1.80 259.00 185.10 *
213.10

−14.0
−14.0

−32.0
−26.0

−12.0
−22.0

TeA 1.80 198.10 125.00 *
153.10

−11.0
−11.0

−17.0
−14.0

−24.0
−16.0

TEN 2.12 415.20 199.20 *
312.20

−13.0
−12.0

−15.0
−23.0

−12.0
−12.0

*: Quantitative ion.
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4.4. Method Validation

As an essential step, validation of the analytical method was carried out by determin-
ing a series of parameters, including the linear curve, matrix effect (ME), accuracy, precision
(relative standard deviations, RSDs), limit of detection (LOD), and limit of quantitation
(LOQ). A series of standard solutions with five concentrations were prepared, and the
linear curve was described using the concentrations and the instrument response. The
ME was obtained via the following formula: ME = (the slope of calibration curves in the
matrix—the slope of calibration curves in solvent)/the slope of calibration curves in solvent
× 100%. If the ME was within ±20%, it could be ignored; otherwise, there was an obvious
ME, and a matrix standard solution was necessary to ensure the accuracy of the analytical
methods [35]. After spiking with three different levels and five repetitions in five matrixes
(chili paste, eggplant, ketchup, pepper, and tomato), the accuracy and precision of the
proposed method were determined. The LOD was the concentration corresponding to three
times the signal/noise ratio [7], and the LOQ was considered the lowest spiked level [36].
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Abstract: Fusarium fujikuroi species complex (FFSC) strains are a major concern for food quantity and
quality due to their strong ability to synthesize mycotoxins. The effects of interacting conditions of
water activity, temperature, and incubation time on the growth rate, toxin production, and expression
level of biosynthetic genes were examined. High temperature and water availability increased fungal
growth. Higher water activity was in favor of toxin accumulation. The maximum amounts of fusaric
acid (FA) and fumonisin B1 (FB1) were usually observed at 20–25 ◦C. F. andiyazi could produce a
higher content of moniliformin (MON) in the cool environment than F. fujikuroi. The expression profile
of biosynthetic genes under environmental conditions varied wildly; it was suggested that these
genes might be expressed in a strain-dependent manner. FB1 concentration was positively related to
the expression of FUM1, while a similar correlation of FUB8 and FUB12 with FA production could be
observed in F. andiyazi, F. fujikuroi, and F. subglutinans. This study provides useful information in the
monitoring and prevention of such toxins entering the maize production chain.

Keywords: Fusarium fujikuroi species complex; water activity; temperature; mycotoxin; gene expression

Key Contribution: Water activity (aw), temperature, incubation time, and their interactions influenced
the growth, toxin concentration, and expression level of biosynthetic genes within Fusarium fujikuroi
species complex strains.

1. Introduction

Maize is one of the most important cereal crops in the world; in addition to supplying
necessary nutrients for humans and animals, it is also an important industrial raw material
for the synthesis of oil, starch, bioenergy, and even medicine [1]. According to the National
Bureau of Statistics in China, maize has been the largest cereal food crop in China since
2013 [2]. The national maize planting area has reached 43 million hectares, and the yield
was approximately 280 million tons at the end of 2022, which accounted for more than 40%
of the cereal yield in China [3].

In the process of cultivation, maize is always susceptible to fungal diseases, among
which ear rot is the most important in all maize-growing regions worldwide due to its
effect on production. Moreover, diseased maize grains are often contaminated with various
mycotoxins produced by pathogens, resulting in a reduction in quality, which precludes
them from being used as food or feed [4]. The amount and type of fungi in the kernels
depend on the climatic conditions, presence of insects, and variety. The Fusarium fujikuroi
species complex (FFSC) has been proven to be associated with maize in recent studies [5–8].
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This complex includes more than 60 phylogenetically distinct species that comprise three
biogeographically structured clades according to phylogenetic studies [9]. F. proliferatum
and F. verticillioides have traditionally been recognized as ear rot pathogens, and recent
combined studies on the etiology of the disease and phylogenetic analyses of the fungi
have revealed that F. andiyazi [10], F. fujikuroi [11], F. temperatum [12], and F. subglutinans [13]
are also very pathogenic to maize kernels and can cause typical symptoms.

FFSC members can produce a series of secondary metabolites in the process of infecting
the host, such as fusaric acid (FA), moniliformin (MON), beauvericin (BEA), fusarin C (FUS
C), fusaproliferin (FUS), and fumonisins (FBs) [14]. FBs are the notorious contaminants in
maize due to their high occurrence and potential carcinogenicity [15], and they have been
the focus of many research studies. Many countries have set up strict limits for FBs due to
the health risk associated with the consumption of contaminated cereals. MON, a sodium
or potassium salt of 1-hydroxy-cyclobut-1-ene-3,4-dione, is a highly toxic metabolite with
acute toxicity to plants and extreme toxicity to various animal species. It inhibits oxidation
of the tricarboxylic acid intermediate α-ketoglutarate and pyruvate dehydrogenase by
interrupting pyruvate incorporation into the tricarboxylic acid cycle [16]. MON is known
to be a natural contaminant in cereals worldwide [17]. In addition, the cooccurrence of
mycotoxins in food and feed represents a natural trend, and the effects of mixtures of
mycotoxins in feed on farm animals are yet to be fully understood. Several studies on
the combined effects of MON and FB1 concluded additive or less than additive toxicity,
focusing on the relative weight of specific organs, mortality, or kidney lesions [18,19].
Fusaric acid is also widely distributed in nature, as it can be produced by many Fusarium
species. It is well recognized that FA can distort the mitochondrial membrane and inhibit
adenosine triphosphate synthesis [20], yet it seems to be mildly toxic to some animals [21].
The main concern is the synergistic interactions of FA with other cooccurring mycotoxins,
such as FB1 [22]. In order to protect public health and avoid trade barriers, more and more
countries have set maximum levels for the most often regulated mycotoxins, including
aflatoxins, trichothecenes, ochratoxin A, zearalenone, and fumonisins [23]. However,
there is no related legislation on fumonisins in China at present, due to the complicated
distribution of FBs [24,25].

Mycotoxin biosynthesis is a complex process with various external environmental
factors forming a regulatory network, including pathway-specific and global regulators
that are often responsive to carbon and nitrogen sources, pH, ambient light, and oxidative
stress [26]. Water stress and temperature are the most relevant environmental factors
that influence fungal growth and mycotoxin production; therefore, they are essential to
understand the overall process and to predict and prevent plant diseases and mycotoxin
production. The type of mycotoxin is genetically determined, highlighting the presence or
absence of necessary biosynthetic genes. With the development of genomic and transcrip-
tomic approaches, an increasing number of secondary metabolite biosynthesis pathways
have been deciphered. Mycotoxin biosynthetic genes are usually clustered together. Fu-
monisins and fusaric acid are the products of the FUM (consisting of at least 17 genes)
and FUB (consisting of at least 12 genes) clusters, respectively [27,28]. Gene expression
is also influenced by abiotic factors, and FUM gene expression has been used to evaluate
these effects. However, contradictory relationships between FUM transcript levels and FBs
concentrations have been reported [29–31]. Medina et al. [32] suggested that only some
elements in the pathway could be directly correlated with toxin synthesis. Information
about the dynamic expression of the FUB cluster under various conditions is rare, and it is
meaningful to determine the consistency of FUM and FUB expression profiles under the
same stress.

In a situation of changing climatic conditions, information about the behavior of
different fungal species related to growth patterns and toxin production in environmental
stress conditions might become critical to improve the prediction and control of mycotoxin
risk. Previous results were usually based on one or two species in the complex; systematic
research on the common species could provide an explanation for the population char-
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acteristics of maize pathogens. The objective of this study was to compare the impact of
strain, temperature, water activity, and incubation time on the fungal growth, mycotoxin
production, and gene expression of FFSC strains isolated from maize samples in China.

2. Results

2.1. Effect of Environmental Conditions on Growth

The effect of water activity and temperature on the growth rate and biomass pro-
duction of FFSC strains on potato dextrose agar (PDA) is shown in Figure 1. All strains
exhibited similar behavior under all studied factors. Both water activity and temperature
parameters significantly affected the growth rate and dry weight of mycelium of all species.
The optimal conditions for growth rate and biomass accumulation for all strains were
0.99 aw and 30 ◦C, which were the highest conditions evaluated. Both variables of all
strains significantly decreased with the water activity and temperature, and all strains
were able to grow at the lowest aw or temperature. A multifactorial analysis of variance
(ANOVA) showed significant effects on the growth and biomass accumulation for water
and temperature, as well as their interaction, in all species. (Tables 1 and 2).

Figure 1. Effect of aW and temperature on growth rate (line) and biomass production (column) of
Fusarium andiyazi (A1: C19239; A2: C20180), F. fujikuroi (F1: C19232; F2: C20076), F. proliferatum
(P1: C19215; P2: C20281), F. subglutinans (S1: C19068; S2: C20215), F. temperatum (T1: C20277;
T2: C20278), and F. verticillioides (V1: C19216; V2: C20334) strains. The first, middle, and last three
points and columns represent the results at 20 ◦C, 25 ◦C, and 30 ◦C, respectively. The columns filled
with grids, oblique lines, and squares represent the results under 0.95, 0.98, and 0.99 aw, respectively.
Error bars represent the standard error measured between independent replicates.
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2.2. Effect of Environmental Conditions on Mycotoxin Production

Fusaric acid was the main metabolite within FFSC evaluated strains, and it was only
absent in F. verticillioides. All these strains generally responded to water activity similarly,
and higher water stress significantly decreased the FA concentration compared to aw at
0.98 or 0.99. The FA peak value of F. andiyazi appeared just after 1 week, which was
earlier than that of the other producers. The optimal conditions were 0.98 aw/25 ◦C and
0.99 aw/30 ◦C, respectively (Figure 2). Both F. fujikuroi strains showed dramatic differences
under variable abiotic factors. FA synthesis was induced by water stress, and the maximal
concentration was reached at 20 ◦C/0.95 aw, while the other produced the largest amounts
of FA at 25 ◦C/0.99 aw (Figure 3). Temperature had a comparable effect on FA accumulation
in F. proliferatum (Figure 4), F. subglutinans (Figure 5), and F. temperatum (Figure 6). The
maximum FA levels of the three species were produced at 20 ◦C after 14 days of incubation
when the water activity was 0.98 or 0.99. ANOVA showed statistically significant effects for
all factors considered, except when considering the strain and interactions between strain
and other factors (Table 3).

 

Figure 2. Fusaric acid (grid) and moniliformin (oblique line) levels produced by Fusarium andiyazi
strain A1 (A–C) and A2 (D–F) growing on PDA adjusted to different water activity, temperature, and
incubation time: 7 days (A,D), 14 days (B,E), and 21 days (C,F). Error bars represent the standard
error measured between independent replicates.
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Figure 3. Fusaric acid (grid), fumonisin B1 (black dot) and moniliformin (oblique line) levels produced
by Fusarium fujikuroi strain F1 (A–C) and F2 (D–F) growing on PDA adjusted to different water activity,
temperature, and incubation time: 7 days (A,D), 14 days (B,E), and 21 days (C,F). Error bars represent
the standard error measured between independent replicates.
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Figure 4. Fusaric acid (grid) and fumonisin B1 (black dot) levels produced by Fusarium proliferatum
strain P1 (A–C) and P2 (D–F) growing on PDA adjusted to different water activity, temperature, and
incubation time: 7 days (A,D), 14 days (B,E), and 21 days (C,F). Error bars represent the standard
error measured between independent replicates.
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Figure 5. Fusaric acid levels produced by Fusarium subglutinans strain S1 (A–C) and S2 (D–F)
growing on PDA adjusted to different water activity, temperature, and incubation time: 7 days
(A,D), 14 days (B,E), and 21 days (C,F). Error bars represent the standard error measured between
independent replicates.
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Figure 6. Fusaric acid levels produced by Fusarium temperatum strain T1 (A–C) and T2 (D–F) grow-
ing on PDA adjusted to different water activity, temperature, and incubation time: 7 days (A,D),
14 days (B,E), and 21 days (C,F). Error bars represent the standard error measured between
independent replicates.
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Fumonisin was detected in F. fujikuroi, F. proliferatum, and F. verticillioides strains,
and higher levels of FB1 were present at 0.98/0.99 aw. With regard to F. fujikuroi, FB1
contents increased with increasing incubation time, and the highest values were reached
at 21 days at 20 ◦C, depending on the water activity (Figure 3). Regarding F. proliferatum,
30 ◦C reduced FB1 production at each water activity. The temporal variation feature was
identical to that of F. verticillioides, and the most advantageous conditions for FB1 synthesis
were 25 ◦C/0.99 aw, with 14 and 21 days of incubation (Figure 4). At the early stage,
the variable temperature had the same effect on F. verticillioides. When the inoculation
time was extended to 14 and 21 days, FB1 increased gradually until it tended to be stable.
Low temperature favored FB1 accumulation, and maximum production was obtained at
20 ◦C/0.99 aw after 14 days of incubation for the two F. verticillioides strains (Figure 7).
Individual environmental factors, i.e., water activity, temperature, and incubation time, and
their interactions had a significant effect on FB1 levels in fumonisin producers according
to ANOVA, and both F. verticillioides strains showed similar patterns of responses to the
treatments (Table 4).

Figure 7. Fumonisin B1 levels produced by Fusarium verticillioides strain V1 (A–C) and V2 (D–F)
growing on PDA adjusted to different water activity, temperature, and incubation time: 7 days (A,D),
14 days (B,E), and 21 days (C,F). Error bars represent the standard error measured between indepen-
dent replicates.
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Table 4. Analysis of variance on the effects of strain (S), water activity (aw), temperature (T), incuba-
tion time (I), and their interactions on fumonisin production by Fusarium fujikuroi, F. proliferatum, and
F. verticillioides strains on PDA plate.

Source of
Variation

F. fujikuroi F. proliferatum F. verticillioides

df F MS df F MS df F MS

S 1 8.009 * 1.609 × 107 1 114.647 * 2.952 × 108 1 0.232 1.700 × 106

aw 2 126.308 * 2.537 × 108 2 294.806 * 7.592 × 108 2 193.393 * 1.417 × 107

T 2 48.340 * 9.709 × 107 2 197.072 * 5.075 × 108 2 325.243 * 2.383 × 107

I 2 146.829 * 2.949 × 108 2 161.533 * 4.160 × 108 2 481.660 * 3.529 × 107

S × aw 2 13.125 * 2.636 × 107 2 25.346 * 6.527 × 107 2 5.666 * 4.151 × 107

S × T 2 0.001 7.669 × 102 2 24.966 * 6.429 × 107 2 24.826 1.819 × 108

S × I 2 1.754 3.523 × 106 2 19.119 * 4.923 × 107 2 0.519 3.800 × 106

aw × T 4 15.294 * 3.072 × 107 4 56.099 * 1.445 × 108 4 57.532 * 4.215 × 108

aw × I 4 31.036 * 6.234 × 107 4 37.923 * 9.766 × 107 4 51.646 * 3.784 × 108

T × I 4 30.765 * 6.179 × 107 4 30.665 * 7.896 × 107 4 96.912 * 7.100 × 108

S × aw × T 4 6.606 * 1.327 × 107 4 15.778 * 4.063 × 107 4 6.327 * 4.635 × 107

S × aw × I 4 11.726 * 2.355 × 107 4 4.182 * 1.077 × 107 4 4.257 * 3.118 × 107

S × T × I 4 4.315 * 8.666 × 106 4 8.442 * 2.174 × 107 4 10.196 * 7.470 × 107

aw × T × I 8 9.219 * 1.852 × 107 8 8.389 * 2.160 × 107 8 19.139 * 1.402 × 108

S × aw × T × I 8 5.032 * 1.011 × 107 8 5.470 * 1.408 × 107 8 2.347 * 1.719 × 107

* Significant p < 0.01; df: degrees of freedom; F: Snedecor-F; MS: mean square.

F. andiyazi and F. fujikuroi strains produced MON. F. andiyazi strains produced larger
amounts of MON in cooler conditions compared with F. fujikuroi, and maximum production
always occurred after 21 incubation days at 0.98 aw/20 ◦C, although there were great
variations in the yield between the two evaluated strains (Figure 2). The concentrations
were extremely low in the first week and continued to increase rapidly at higher water
activity levels. The highest MON contents were observed at 0.99 aw after 21 days of
incubation by the two F. fujikuroi strains at 25 ◦C or 30 ◦C, respectively (Figure 3). ANOVA
showed that the MON concentration was significantly influenced by all individual factors
and their interactions (Table 5).

Table 5. Analysis of variance on the effects of strain (S), water activity (aw), temperature (T), incuba-
tion time (I), and their interactions on moniliformin production by Fusarium andiyazi and F. fujikuroi
on PDA plate.

Source of
Variation

F. andiyazi F. fujikuroi

df F MS df F MS

S 1 165.819 * 3.793 × 108 1 201.331 * 7.644 × 107

aw 2 53.713 * 1.229 × 108 2 74.975 * 2.847 × 107

T 2 62.539 * 1.431 × 108 2 86.057 * 3.267 × 107

I 2 112.895 * 2.583 × 108 2 155.341 * 5.898 × 107

S × aw 2 20.811 * 4.761 × 107 2 34.034 * 1.292 × 107

S × T 2 52.985 * 1.212 × 108 2 23.524 * 8.932 × 106

S × I 2 57.470 * 1.315 × 108 2 81.936 * 3.111 × 107

aw × T 4 10.817 * 2.474 × 107 4 9.711 * 3.687 × 106

aw × I 4 14.864 * 3.400 × 107 4 35.043 * 1.331 × 107

T × I 4 23.853 * 5.457 × 107 4 29.757 * 1.130 × 107

S × aw × T 4 5.738 * 1.313 × 107 4 16.148 * 6.131 × 106

S × aw × I 4 5.619 * 1.286 × 107 4 20.626 * 7.832 × 106

S × T × I 4 15.636 * 3.577 × 107 4 16.677 * 6.332 × 106

aw × T × I 8 6.476 * 1.481 × 107 8 8.784 * 3.335 × 106

S × aw × T × I 8 3.991 * 9.129 × 106 8 10.463 * 3.973 × 106

* Significant p < 0.01; df: degrees of freedom; F: Snedecor-F; MS: mean square.
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In general, F. andiyazi and F. subglutinans strains were strong producers of FA, whereas
F. verticillioides and F. proliferatum strains exhibited more enhanced FB1 synthetic ability
than F. fujikuroi. The effect of water activity and temperature on FA and FB1 production
was similar as there is a significant positive relationship between the two toxin levels in
F. fujikuroi and F. proliferatum (Figure 8).

 

Figure 8. The heatmap of the pairwise Pearson’s correlation between variables of Fusarium strains
incubated for 7 days on PDA plate. The strains included Fusarium andiyazi (A1: C19239; A2: C20180),
F. fujikuroi (F1: C19232; F2: C20076), F. proliferatum (P1: C19215; P2: C20281), F. subglutinans (S1: C19068;
S2: C20215), F. temperatum (T1: C20277; T2: C20278), and F. verticillioides (V1: C19216; V2: C20334).
FUM1 and FUM21 coded the polyketide synthase and Zn(II)2Cys6DNA-binding transcription fac-
tor in fumonisin synthetic cluster, respectively. FUB8 and FUB12 code the non-ribosmal peptide
synthetase-like carboxylic acid reductase and Zn(II)2Cys6DNA-binding transcription factor in the
fusaric acid synthetic cluster, respectively. FB1 and FA denote fumonisin B1 and fusaric acid, respec-
tively. * p < 0.05.
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2.3. Effect of Environmental Conditions on Gene Expression

Figure 9 shows the expression of FUM1 and FUM21 in fumonisin producers on PDA
for 7 days in response to temperature and water activity, reflecting the difference between
species. Compared with the values resolved at 25 ◦C and 1 aw, the expression of both
genes of F. fujikuroi seemed to be slightly repressed under most conditions, and FUM1
expression reached the highest value was at 25 ◦C. For F. proliferatum, two targets displayed
distinct rules. FUM21 was intensively induced at the lowest water activity, which was in
agreement with FB1 accumulation, while the decrease in aw resulted in a gradual reduction
in the expression of FUM1, especially at 20 and 25 ◦C. FUM1 and FUM21 were more highly
expressed in F. verticillioides strain C19216, and they were induced at 25 ◦C. However, there
was no obvious variation in all environment factors for the other strain (C20334). The
nonparametric test showed that all factors had a significant influence on the expression of
FUM21 in F. proliferatum and FUM21 in F. verticillioides (Table 6).

Figure 9. Relative expression of FUM1 (line) and FUM21 (column) of Fusarium fujikuroi (F1: C19232;
F2: C20076), F. proliferatum (P1: C19215; P2: C20281), and F. verticillioides (V1: C19216; V2: C20334)
strains incubated for 7 days under various conditions. The measured quantity of cDNA was normal-
ized using the Cq values obtained for Act cDNA amplifications. The values represent the expression
level of the target gene in the different culture conditions relative to the control culture (25 ◦C, aW = 1).
The data represent the means of three independent repetitions. Error bars represent the standard
error measured between independent replicates. The first, middle, and last three points and columns
represent the results at 20 ◦C, 25 ◦C, and 30 ◦C, respectively. The columns filled with grids, oblique
lines, and squares represent the results under 0.95, 0.98, and 0.99 aw, respectively. Error bars represent
the standard error measured between independent replicates.

107



Toxins 2023, 15, 260

Table 6. The result of nonparametric analysis of FUM1 and FUM21 expression under different condi-
tions.

FUM1 N Mean ± SD
aw Temperature Strain

H P H P Z P

F. fujikuroi 54 2.43 ± 3.03 5.836 0.054 3.125 0.210 −2.829 0.005
F. proliferatum 54 247.78 ± 427.05 4.728 0.296 25.129 0.000 −2.638 0.008
F. verticillioides 54 16.53 ± 31.12 15.569 0.000 13.151 0.001 −3.555 0.000

FUM21 N Mean ± SD
aw Temperature Strain

H P H P Z P

F. fujikuroi 54 2.91 ± 2.96 14.875 0.001 8.255 0.016 −1.055 0.291
F. proliferatum 54 118.17 ± 204.60 9.078 0.002 6.735 0.034 −3.694 0.000
F. verticillioides 54 17.86 ± 25.57 2.056 0.358 0.842 0.656 −6.306 0.000

SD: standard deviation; H: Kruskal–Wallis test; Z: Mann–Whitney test.

FUB8 and FUB12 were selected to evaluate the effect of abiotic factors on FFSC strains,
and the results are presented in Figure 10. F. fujikuroi, F. proliferatum, and F. temperatum
strains had similar behavior regarding FUB expression under different conditions, in-
dicating that FUB8 and FUB12 transcript levels were mainly influenced by strain and
temperature, respectively. The suppression of FUB12 expression was obvious at lower
temperatures by the two F. fujikuroi strains, while FUB8 expression showed the opposite
trend. The expression of FUB8 in F. proliferatum strain C19215 improved upon decreasing
the aw from 0.99 to 0.95, but the effect of the conditions in the other strain was irregu-
lar. Both target genes were more highly expressed in F. temperatum strain C20278, and
two strains had the highest expression levels of FUB8 and FUB12 at 20 ◦C/0.99 aw and
25 ◦C/0.98 aw, respectively. Temperature was the main influencing factor for F. andiyazi
and F. subglutinans. FUB8 and FUB12 was upregulated at 30 ◦C in C19239, while the
highest expression of the target genes in the other F. andiyazi strain occurred at 25 ◦C. Low
temperature contributed to the enhanced FUB12 mRNA synthesis in both F. subglutinans
strains. Despite the trace amounts of FA in F. verticillioides, the highest temperature and
water activity strongly induced FUB8 expression in strain C19216, and the response of
C20334 to the factors was different, but no rules were followed. The nonparametric test
indicated that individual factors had no remarkable effect on FUB8 and FUB12 expression
in F. andiyazi and F. verticillioides, whereas strain significantly influenced both genes in the
other species (Table 7).

The significant correlation between expression levels of both FUM genes appeared
only in the F. verticillioides strain C19216, while FUB8 expression was significantly related
to FUB12 expression in F. proliferatum strain C20281, F. fujikuroi strain C19232, and both
F. andiyazi strains. In addition, a significant positive correlation was observed between
FUM1 expression and FB1 amounts in four out of six FB1-producing strains, but FUM21
expression was negatively correlated with this toxin. The FA concentration in F. andiyazi
exhibited an extremely significant and positive correlation with two FUB genes. A similar
relationship of FUB8 and FUB12 with FA content occurred in F. subglutinans and F. fujikuroi
(Figure 8).

In summary, increased expression of mycotoxin synthetic genes could be found in
most treatments with various factors that indicated the induction of water stress compared
with the control (aw = 1). Considering the influence of temperature and species, expression
of biosynthetic genes might be strain-dependent.
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Figure 10. Relative expression of FUB8 (line) and FUB12 (column) of Fusarium andiyazi (A1: C19239;
A2: C20180), F. fujikuroi (F1: C19232; F2: C20076), F. proliferatum (P1: C19215; P2: C20281), F. subgluti-
nans (S1: C19068; S2: C20215), F. temperatum (T1: C20277; T2: C20278), and F. verticillioides (V1: C19216;
V2: C20334) strains incubated for 7 days under various conditions. The measured quantity of cDNA
was normalized using the Cq values obtained for Act cDNA amplifications. The values represent the
expression level of the target gene in the different culture conditions relative to the control culture
(25 ◦C, aW = 1). The data represent the means of three independent repetitions. Error bars represent
the standard error measured between independent replicates. The first, middle, and last three points
and columns represent the result at 20 ◦C, 25 ◦C, and 30 ◦C, respectively. The columns filled with
grids, oblique lines, and squares represent the results under 0.95, 0.98, and 0.99 aw, respectively.

Table 7. The result of nonparametric analysis of FUB8 and FUB12 expression under different conditions.

FUB8 N Mean ± SD
aw Temperature Strain

H P H P Z P

F. andiyazi 54 189.99 ± 389.46 1.37 0.504 2.737 0.254 −1.047 0.295
F. fujikuroi 54 2.02 ± 2.97 5.347 0.069 6.528 0.038 −5.216 0.000

F. proliferatum 54 6.80 ± 9.77 1.009 0.411 0.269 0.874 −2.673 0.008
F. subglutinans 54 353.82 ± 1109.92 1.448 0.485 35.219 0.000 −3.99 0.001
F. temperatum 54 65.16 ± 84.90 6.034 0.049 3.658 0.161 −5.821 0.000

F. verticillioides 54 9.74 ± 9.90 2.667 0.264 4.376 0.112 −1.791 0.073

FUB12 N Mean ± SD
aw Temperature Strain

H P H P Z P

F. andiyazi 54 80.76 ± 229.14 2.376 0.305 4.224 0.121 −0.268 0.789
F. fujikuroi 54 0.78 ± 0.86 16.753 0.000 3.723 0.155 −4.593 0.000

F. proliferatum 54 3.50 ± 4.25 0.374 1.000 4.987 0.083 −3.746 0.000
F. subglutinans 54 16.17 ± 31.82 2.67 0.263 14.821 0.001 −4.922 0.000
F. temperatum 54 8.87 ± 7.99 4.079 0.130 0.429 0.807 −6.116 0.000

F. verticillioides 54 2.55 ± 2.58 4.712 0.095 4.01 0.135 −1.237 0.216

SD: standard deviation; H: Kruskal–Wallis test; Z: Mann–Whitney test.
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3. Discussion

In this study, the impact of water activity and temperature in different culture pe-
riods on growth and mycotoxin production by various FFSC strains was systematically
investigated. The detailed results generated for all strains exhibited similar patterns. All
species could adapt to a wide range of conditions, particularly at higher temperatures and
water potentials, and mycelial growth and biomass accumulation decreased as the water
availability of the media and incubation temperature were reduced. These phenomena
support previous studies [31–37]. At present, research on the response of F. fujikuroi to
variable conditions is lacking. It can be speculated that more species in this complex should
have similar characteristics according to the published literature. Moreover, F. verticillioides
did not show significantly better performance in favorable or unfavorable environments
compared with other species. This may indicate that the dominance of F. verticillioides in
the pathogens causing maize ear rot does not stem directly from its superior ecological
adaptability. The ecosystem, even in an entire plant, is a highly complex entity comprising
the crop and various biotic and abiotic factors. The dominant species niche should be the
result of competition with other microorganisms in the plant-associated microbiota and
long-term adaptation to the host and environmental conditions.

There has been extensive work on the combined effect of water activity and tempera-
ture on mycotoxin production, and the research described here provides the first detailed
study on toxic secondary metabolite accumulation on PDA medium. Fumonisins are the
most important contaminants in maize due to their strong carcinogenicity and high inci-
dence, and we found that the optimal conditions for FB1 are lower temperatures (20–25 ◦C)
and higher water activity (0.98–0.99 aw). This pattern is consistent with previous studies of
mycotoxin production profiles of F. proliferatum [38] and F. verticillioides [32]. Two emerging
toxins, fusaric acid and moniliformin, are often ignored in current food safety monitoring
due to the lack of limit standards, as well as their low occurrence and ambiguous toxic
effects. It is still meaningful and valuable to examine toxin characteristics under distinct
environmental factors. Although their toxicity to humans can be mild or unknown, they
could enhance the effects of the other mycotoxins and induce combined toxicity once the
cereal grains are contaminated with multiple mycotoxins [22,39]; furthermore, they are
usually synthesized by nondominant maize pathogens, such as F. andiyazi and F. temper-
ature, but more species could be pandemic as the field population is always in dynamic
status. The dynamic change in FA accumulation was similar to that of FB1, while MON
production was favored by wet and hot conditions. Our results are in agreement with
the few papers published by Pena et al. [37] and Fumero et al. [36,40], who observed the
maximum FA/MON production at the highest water activity and temperature.

The results generated from different studies are sometimes nonuniform or even con-
tradictory because of diversities in the culture conditions, such as shaking or stationary
cultivation, nutrients from natural cereal grains or synthetic medium, and the origin of the
strain evaluated, e.g., the soil or crop, a hot or cold region. Otherwise, with the same strain,
the production of different types of fumonisin could be favored by different temperatures,
despite sharing the same biosynthetic pathway [32]. We cannot give a definitive conclusion
about the optimal conditions for growth and/or mycotoxin production, but it is suggested
that the effect of environmental factors on the phenotypic parameters could be similar
or at least overlap. It is possible to restrict the pathogen itself and its metabolites at the
same time.

Fumonisins are synthesized by a polyketide pathway and involve at least 16 clustered
genes that encode biosynthetic enzymes and regulatory and transport proteins in Fusar-
ium [28]. In the current work, we focused on the expression profile of FUM genes in response
to temperature and moisture stress. The expression pattern of the fumonisins-producing
strains studied showed strain-dependent variation. The transcriptional regulation was
reported by Jurado et al. [33] and Marín et al. [34], who revealed the significant inductive
effect of water and temperature stress on FB-related gene transcripts in F. verticillioides and
F. proliferatum, respectively. However, unlike the previous results, the great expression
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of FUM1 was usually detected at 25 ◦C, and the FUM21 transcript was induced at the
lowest aw. Contradictory results were also found in similar studies [30,35]. The differences
may have stemmed from the target evaluated, because only some key genes have a direct
connection with toxin biosynthesis. The location of FUM1, the key enzyme of fumonisin
biosynthesis, can be sensed, and it is more susceptible to changes in water activity, while
the other elements in the cluster remain stable. The functional diversity of FUM genes
may lead to various intrinsic expression patterns and responses to the changing environ-
ment. Medina et al. [32] developed a predictive model of nine FUM genes in relation to
environmental factors with a microarray analysis and showed that the relative expression
of FUM1, FUM11, FUM13, FUM14, and FUM19 is influenced by external environments.
Lazzaro et al. [41] also hypothesized that FUM21, encoding a transcription factor, primarily
plays its activation role before the other FUM cluster genes, while FUM2 remains highly
active for longer. In Aspergillus flavus, the transcript levels of the regulatory genes did
not change significantly under varying conditions, and the structural genes appeared to
be highly expressed only in correspondence with the greatest AFB1 production [42,43].
Therefore, it is important to determine the appropriate test time and genes to examine,
allowing some preferable results to be obtained. As a reaction to abiotic stress, the acti-
vation of Fusarium mycotoxin biosynthetic genes has been described in several studies
and is considered part of a more general phenomenon [44–46]. Gene clusters of some
secondary metabolites, such as fujikurins, beauvericin, and trichosetin, have been proven
to be silent under all conditions and can be activated only after the application of molecular
techniques [47–49]. In the present work, there was no significant variation of FUM or FUB
expression levels in F. fujikuroi, which could indicate that the ecological conditions used
here are less important, or that the other metabolites contribute more to adaption to stress.

Fusaric acid is the product of the FUB cluster containing 12 necessary genes that have
been deciphered in Fusarium [27,50]. To our knowledge, this is the first attempt to unveil
the relationship between FA accumulation and FUB gene expression in FFSC strains under
various abiotic factors. The similar effects of temperature and water activity on FUB and
FUM gene expression indicate the shared regulatory pathways controlling the production
of these two metabolites. It has been stated that the expression of secondary metabolite
synthetic clusters in response to multiple environmental signals is modulated by a compli-
cated network of global regulators, including components of the VELVET complex, GATA
transcription factor Csm1 [51,52]. For example, under inducing or repressing conditions,
transcript levels of gibberellin, fusarins, fumonisin, fusarubin, and even the silent genes
significantly increased in the lae1-overexpressing mutant [53]. Although the expression
of the FUM and FUB clusters show some correlations, strain-specific differences in the
production of the corresponding toxins are apparent, possibly due to the different genetic
backgrounds and other regulatory elements. In F. fujikuroi, the transcription factor AreB
is necessary for the expression of most mycotoxin synthetic clusters, including FUB and
FUM, in high or low environments, while another transcription factor AreA was reported
to be effective only in fumonisin and gibberellin synthesis [54,55]. Moreover, water stress
achieved by the addition of glycerol to the medium is a form of osmotic pressure, and fungi
have evolved a high-osmolarity glycerol mitogen-activated protein kinase pathway (HOG)
to recognize various environmental stresses. The regulatory effect of HOG kinase on gene
expression and toxin production needs to be taken into account.

It is also notable that there was some inconsistency between the effect of abiotic condi-
tions on gene expression and mycotoxin production, which means that these results did not
show significant correlation. Although López-Errasquín et al. [29] and Lazzaro et al. [41]
identified a correlation between FB concentration and FUM gene transcripts, the correlation
was usually found under a certain factor or specific parameters of the factor. Gene expres-
sion could mirror toxin production profiles under all conditions except temperature [35],
which implied the different effects of varied conditions. In addition, Medina et al. [31]
showed that the synthesis of fumonisins increased at higher transcript levels of FUM19,
while higher expression of FUM14 was correlated with decreased concentration of FBs.
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FUM11 positively or negatively regulated the production of FB1 and FB2, respectively. The
correlation of gene expression and production of the toxin seems to be highly variable
because the expression of only a few genes is usually directly correlated with the toxin
biosynthesis. The lack of correlation could be explained by a post-transcriptional regulatory
mechanism. While transcriptional to translational correlations are often not very strong,
it is essential to determine the relationship of gene expression to protein translation in
fumonisin production to better understand the mechanism of biosynthesis.

In conclusion, fungal growth and mycotoxin accumulation are influenced by envi-
ronmental factors. Mycotoxin contamination is the result of multiple factors in the field,
including fungicide, pH, and light, and a better understanding of the optimal conditions is
useful in the design of prevention and control strategies.

4. Materials and Methods

4.1. Fungal Strains

Two strains each of six species in the Fusarium fujikuroi species complex were isolated
from maize samples in various regions of China between 2019 and 2020. These strains
were identified by morphological characteristics, toxin profile, and phylogenetic analysis
of partial elongation factor 1α. Single-spore cultures were stored as spore suspensions in
20% glycerol at −80 ◦C. Detailed information on the strains used in this study is listed in
Table 8.

Table 8. Origin of the Fusarium fujikuroi species complex strains used in this study.

Strain Code Name Species Host Location Year

C19239 A1 Fusarium andiyazi Maize Guizhou Province, southwestern China 2019
C20180 A2 Fusarium andiyazi Maize Heliongjiang Province, northeastern China 2020
C19232 F1 Fusarium fujikuroi Maize Guizhou Province, southwestern China 2019
C20076 F2 Fusarium fujikuroi Maize Hubei Province, central China 2020
C19215 P1 Fusarium proliferatum Maize Guizhou Province, southwestern China 2019
C20281 P2 Fusarium proliferatum Maize Heliongjiang Province, northeastern China 2020
C19068 S1 Fusarium subglutinans Maize Heliongjiang Province, northeastern China 2019
C20215 S2 Fusarium subglutinans Maize Shaanxi Province, northwestern China 2020
C20277 T1 Fusarium temperatum Maize Yunnan Province, southwestern China 2020
C20278 T2 Fusarium temperatum Maize Yunnan Province, southwestern China 2020
C19216 V1 Fusarium verticillioides Maize Henan Province, central China 2019
C20334 V2 Fusarium verticillioides Maize Jiangsu Province, eastern China 2020

4.2. Inoculation, Incubation, and Growth Assessment

Subsequent studies were carried out with potato dextrose agar medium. Water activity
was modified to 0.95, 0.98, and 0.99 by the addition of 245, 198, and 108 mL of glycerol per
litre of culture medium. The accuracy of water activity was confirmed with an AquaLab
Series 4TE (Decagon Devices, Inc., Pullman, WA, USA).

A 5 mm diameter agar disc from the margin of a fresh colony was transferred and
inoculated onto the center of each plate. Inoculated plates were incubated at 20, 25,
and 30 ◦C for 7, 14, and 21 days. Three biological replicates were conducted for each
experimental condition. Two diameters of the colonies were measured at right angles every
day until the colony reached the edge of the plate. The radii of the colonies were plotted
against time, and linear regression was used to obtain the growth rate (mm/day). After
7 days of incubation, the whole mycelium was removed, frozen at −80 ◦C, lyophilized,
and weighed as the biomass.

4.3. Mycotoxin Analysis

After 7, 14, and 21 days, agar plates were weighed, ground, and shaken in 20 mL of
acetonitrile/water (4:1) at 180 rpm for 2 h. Then, the extract was filtered through Whatman
No. 4 filter paper, and an aliquot (4 mL) of the supernatant was transferred to a glass tube
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until evaporation to dryness under N2 flow. The dried samples were resuspended in 1 mL
of acetonitrile, filtered through a 0.22 μm Millipore membrane, and analyzed using an
LC-20ADXR liquid chromatograph (Shimadzu, Kyoto, Japan) coupled to an AB SCIEX
Triple-Quad mass spectrometer (Applied Biosystems, Foster City, CA, USA).

The analytical column was a Kinetex 100A C18 column (100 × 2.3 mm, 2.6 μm) from
Phenomenex (Torrance, CA, USA), and the column temperature was maintained at 40 ◦C.
The flow rate was 0.5 mL/min, and the injection volume was 2 μL. The mass spectrometric
analyses were performed with the following operation parameters: gas temperature, 500 ◦C;
gas flow rate, 10 L/min; nebulizer gas pressure, 50 psi; capillary voltage, 5500 V. Nitrogen
was used as the ion source and in the collision cell. Mycotoxins were analyzed via multiple
reaction monitoring (MRM).

The mobile phase consisted of 5 mM ammonium acetate/acetic acid (99.9/0.1, v/v) (A)
and methanol (B). The stepwise high-performance liquid chromatography conditions were
as follows: 0–0.01 min, solvent A linearly increased to 10%; 1.6–2 min, solvent A linearly
increased from 10% to 35%; 2–4.44 min, solvent A linearly increased to 55%; 4.44–6.5 min,
solvent A linearly increased from 55% to 90%; 6.5–12 min, solvent A remained constant at
90%; 12–15 min, solvent A remained constant at 10%. The values of the limit of quantitation
and limit of detection were 10 and 5 μg/kg, respectively.

4.4. Gene Expression Analysis

Total RNA was extracted from 7 day old mycelia of Fusarium strains grown on PDA
with or without glycerol using an Axyprep multisource total RNA miniprep kit (Axygen
Scientific, Inc., Union City, CA, USA). The amount and quality of RNA were estimated by
Nanodrop (Thermo Fisher Scientific, Waltham, MA, USA). First-strand cDNA was obtained
by the Prime ScriptTM RT Master Mix Kit (Takara Co., Ltd., Dalian, China) according to
the manufacturer’s instructions and stored at −80 ◦C until use in PCR.

Universal primers were designed with Primer Premier 5 software (PREMIER Biosoft In-
ternational, Palo Alto, California, USA) on exon–exon junctions in the target mRNA to avoid
the amplification of genomic DNA. Primers QFFFUB8F (5′–CTSTTCCAYGTTGCTGGWATM
TG–3′)/QFFFUB8R (5′–CTTCMGAGTARGGACGCATCTC–3′) and QFFFub12F (5′–GCMT
CTTTCTTYTCAAAGGC–3′)/QFFFub12R (5′–CTGTTATGYAAAACCCACCA–3′) were
used to amplify FUB8 and FUB12 in every species studied. Primers QFFFUM1F1 (5′–
TACCACTCWCATCACATGCAAG–3′)/QFFFUM1R1 (5′–TACRGGRCTCTCCAGATTTTG–
3′) and QFFFUM21F1 (5′–ATTRCCGYTGATCCACGACGA–3′)/QFFFUM21R1 (5′–AGCTY
GCGCTMTRCTSAGASG–3′) were applied in the amplification of FUM1 and FUM21 in
F. verticillioides, F. fujikuroi, and F. proliferatum, respectively. The actin gene was selected
as the internal control, and the primers QFFActF (5′–CCACCAGACATGACAATGTT–
3′)/QFFActR (5′–CGTGATCTTACCGACTACCTC–3′) were used for all stains. Real-time
PCR was conducted by TB Green Premix Ex Taq (Takara Co., Ltd., Dalian, China) according
to the manufacturer’s protocol. Real-time PCR reactions were performed in a LightCycler
96 system (Roche, Basel, Switzerland), and the data were analyzed with sequence detec-
tor software. Gene expression profiles were normalized to actin expression, and relative
changes in gene expression levels were calculated using the 2−ΔΔCt method.

4.5. Statistical Analysis

The statistical effects of the individual factor and their interactions on growth rate,
biomass accumulation, and mycotoxin production were evaluated by ANOVA using Graph-
Pad Prism version 8.3.0 (GraphPad Software, San Diego, CA, USA). Relative expression
levels of mycotoxin synthetic genes under different conditions were analyzed by non-
parametric tests for multiple comparisons using SPSS Statistics 26.0 (SPSS Inc., Chicago,
IL, USA).
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Abstract: Mycotoxins are secondary metabolites produced by certain filamentous fungi. They are
common contaminants found in a wide variety of food matrices, thus representing a threat to public
health, as they can be carcinogenic, mutagenic, or teratogenic, among other toxic effects. Several
hundreds of mycotoxins have been reported, but only a few of them are regulated, due to the lack of
data regarding their toxicity and mechanisms of action. Thus, a more comprehensive evaluation of
the toxicity of mycotoxins found in foodstuffs is required. In silico toxicology approaches, such as
Quantitative Structure–Activity Relationship (QSAR) models, can be used to rapidly assess chemical
hazards by predicting different toxicological endpoints. In this work, for the first time, a compre-
hensive database containing 4360 mycotoxins classified in 170 categories was constructed. Then,
specific robust QSAR models for the prediction of mutagenicity, genotoxicity, and carcinogenicity
were generated, showing good accuracy, precision, sensitivity, and specificity. It must be highlighted
that the developed QSAR models are compliant with the OECD regulatory criteria, and they can
be used for regulatory purposes. Finally, all data were integrated into a web server that allows the
exploration of the mycotoxin database and toxicity prediction. In conclusion, the developed tool
is a valuable resource for scientists, industry, and regulatory agencies to screen the mutagenicity,
genotoxicity, and carcinogenicity of non-regulated mycotoxins.

Keywords: mycotoxins; QSAR; mutagenicity; genotoxicity; carcinogenicity

Key Contribution: For the first time; a database containing almost 4400 mycotoxins classified
in 170 different categories attending to their chemical structure has been constructed. Diverse
QSAR models have been developed for the prediction of mycotoxin mutagenicity, genotoxicity,
and carcinogenicity. The developed models have shown good performance and can be applied for
regulatory purposes.

1. Introduction

Mycotoxins are common contaminants present in several human food products and
animal feed. They are produced during the secondary metabolism of different filamentous
fungi (molds), being the most common mycotoxin-producing fungal species Aspergillus,
Fusarium, Penicillium, Claviceps, and Alternaria [1]. These genera are responsible for the
production of an important variety of mycotoxins, which also include the main mycotoxins
reported, such as aflatoxins, trichothecenes, fumonisins, ochratoxins, patulin, and zear-
alenone [2]. Some differences can be observed between strains: while Fusarium species
usually infect growing crops in the field, Aspergillus and Penicillium species frequently
grow on foods and feeds during the storage stage [3]. As a result, there is a wide range of
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foodstuffs susceptible to contamination by mycotoxins, including cereals, nuts, pasta, fruits,
coffee, and by-products of animal origin [4]. Thus, mycotoxins can enter the food chain
directly from plant-based food components contaminated with mycotoxins or due to the
consumption of animal-derived products from animals fed contaminated feedstuffs, due to
the carry-over of mycotoxins to animal-derived products such as milk, meat, and eggs [3].
Even when excellent agronomic, storage, and processing techniques are used, mycotoxin
contamination of food and feed is still an unavoidable and unpredictable hazard, creating a
challenging risk for food safety. Therefore, mycotoxin occurrence in foodstuffs is an actual
problem; indeed, mycotoxins are the main hazard reported in European border rejection
notifications by the Rapid Alert System for Food and Feed (RASFF) [3].

Moreover, it is worth highlighting that the pattern of mycotoxin production by several
fungi in different geographical distribution is being affected by climate change, generating
increasing concern [5]. For instance, the rises in temperature and rainfall in some geo-
graphical regions may result in more favorable environmental conditions for Fusarium,
as in Europe. On the other hand, longer and more frequent droughts may encourage
Aspergillus flavus to produce aflatoxins under both pre-harvest and post-harvest settings. In
addition, recent investigations have demonstrated that the growth of mycotoxin-producing
fungi can be stimulated even by a slight elevation in CO2 levels [6,7]. Thus, the chang-
ing climatic conditions we are facing nowadays could change mycotoxin production and
distribution worldwide.

Consumption of mycotoxin-contaminated food or feed can induce acute or chronic
toxicity in humans and animals, with chronic effects being the most prevalent, due to pro-
longed exposure to lower concentrations. As a result, regulations concerning mycotoxins
have been implemented in many countries to safeguard consumers from the harmful effects
of these compounds [3,8]. Nevertheless, as regulations are primarily based on known toxic
effects, maximal allowed limits, or tolerable daily intakes (TDI) were determined only for a
few mycotoxins, as there are many mycotoxins for which no experimental data exist [9].

Therefore, additional risk assessment surveys on non-regulated mycotoxins are ur-
gently required. However, the performance of traditional in vivo assays on thousands of
different compounds would be extremely expensive and unethical. In this context, the ap-
plication of alternative methods, such as in silico strategies could be extraordinarily useful.
Indeed, several guidance documents have been drafted to improve standardization, har-
monization, and uptake of in silico methods by regulatory authorities including the EFSA
(European Food Safety Authority) and the ECHA (European Chemicals Agency) [10,11].
In this sense, the Commission Regulation No. 1907/2006 called REACH (Registration,
Evaluation and Authorisation of Chemicals) (http://ecb.jrc.it/reach/reachlegislation/)
(accessed on 23 January 2023) foresees the use of in silico methods such as (Quantitative)
Structure–Activity Relationship ([Q]SAR) models when the same level of information can
be obtained by means other than in vivo testing [10–12]. More concretely, information
relating to the genotoxic potential of chemicals by using in silico prediction approaches
has become an important source, as recommended by the REACH regulation as well
as the ICH M7 guideline for the assessment and control of DNA reactive or mutagenic
impurities [12–15].

Among the toxic effects that can be caused by mycotoxins, the induction of genetic
alterations is an important matter of concern [14,16–18], as several mycotoxins and some
of their metabolites have been described as genotoxic compounds, including aflatoxins,
ochratoxins, citrinin, and HT-2 and T-2 toxins [19]. However, scarce information has been
reported regarding the capability of other mycotoxins to cause these adverse effects.

A genotoxic compound can induce mutations (mutagenicity) and/or cause the genera-
tion of tumors (carcinogenicity). To characterize these properties, an in silico toxicology (IST)
protocol template [20] as well as a protocol for genetic toxicology (the GIST protocol) [14]
have been designed and developed by an international consortium comprising several in-
dustry, academia, and government agencies. Therefore, in the present study, in vitro tests
recommended for the mutagenicity and genotoxicity endpoints by the GIST have been
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taken into account to search experimental data for QSAR model building. To define the
mutagenicity, the in vitro bacterial reverse mutation assay (commonly referred to as the
Ames test) provides robust and high-quality data, which have been previously used to
develop QSAR models with a good performance in predicting mutagenic activity. On the
other hand, for genotoxicity assessment, data on in vitro micronucleus (MN) assay have
been widely used, while carcinogenicity is evaluated by detecting tumor generation in
in vivo models.

The aim of the present study was the development of specific QSAR models to predict
genotoxicity, mutagenicity, and carcinogenicity of a wide range of mycotoxins. To this
end, we build, for the first time, a comprehensive database including almost 4400 different
mycotoxins, clustered in different categories according to their chemical structure. We
then overlapped this list with different databases of genotoxicity, mutagenicity, and car-
cinogenicity to obtain experimental data based on the Ames test for mutagenicity, in vitro
and in vivo MN assay for genotoxicity, and data from in vivo models for carcinogenicity.
These data were then applied for the building and validation of scientifically valid and
robust QSAR models that predicted the endpoints on a test set of mycotoxins with a high
accuracy, sensitivity, and selectivity. Finally, the mycotoxins database together with the
predicted toxicity values was integrated in a new, open access web server that can be
explored interactively.

2. Results

2.1. Mycotoxin Database and Clustering

Our search resulted in a data set of 4360 mycotoxins identified by their name, iso-
meric SMILES (Simplified Molecular Input Line Entry System) and PubChem CID. In
addition, we grouped the mycotoxins according to their chemical structure in 170 dif-
ferent families. To our knowledge, this is the first time that such a comprehensive
database of mycotoxins has been published, as previous works only made reference
to several hundred mycotoxins [21–25]. To provide an easy access to the database, we
have created a web application, MicotoXilico, that allows easy exploration of the data
(https://chemopredictionsuite.com/MicotoXilico, accessed on 20 May 2023).

In order to better visualize the structural diversity of the mycotoxins, a clustering
based on k-nearest neighbor approach from structural fingerprints was performed (https:
//tmap.gdb.tools/ accessed on 20 May 2023). The resulting graphs can be explored
interactively at the MicotoXilico web. In Figure 1, a clustering plot indicating the major
categories of mycotoxins is depicted. In the graph, the number of linkages between
compounds is proportional to their chemical similarity, meaning that similar mycotoxins
will be connected through short pathways.

As we see, myctoxins have a very high structural variability, representing almost the
full range of natural products. They include alkaloids, terpenoids, peptids, fatty acids,
lactones, nucleotids, phenols, and anthraquinones, among others. Until now, even if there
were some known categories such as zerealones, ergot alkaloids, or trichothecenes, there
exists no general systematic classification of mycotoxins. In our classification, we have
maintained the groups based on specific structural motives, including between 5 and 50
different compounds. An overview of the categories and the number of compound in each
category can be found in the Appendix A (Table A1). In some cases, when there was a
very high similarity between structures, we have created unified groups, such enniatins
and beauvericins, emodins and rubrofusarins, asperlins and asperlactones, fusarins and
fusariens, or usnic acids and ustins. In other cases, the structural similarity was not big
enough to unify categories, but it was still remarkable, for instance, between sphingo-
fungins and fumonisins, alternariolides and enniatins, roquefortines and ergot alkaloids,
or brefeldins and zearealones. These similarities can be appreciated in the graphical
clustering visualization.
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Figure 1. TMAP clustering graph of the database containing 4360 mycotoxins. The most important
categories are labelled in different colors. For an interactive exploration of all categories, please visit
MicotoXilico (https://chemopredictionsuite.com/MicotoXilico, accessed on 20 May 2023).

Some of the larger, more traditional categories have a higher structural variability be-
cause they include several subgroups of compounds. For instance, cytochalasan alcaloids
can be subclassified into chaetoglobosins, daldinins, and chalasins. In particular, tri-
chothecenes, the most abundant category, with more than 350 compounds, has a high num-
ber of subcategories, as can be explored in the web server (https://chemopredictionsuite.
com/MicotoXilico, accessed on 20 May 2023).

Some compounds could not be associated with a specific structural category, and
they have therefore been classified into more general groups comprising alkaloids, ter-
penoids, amino acid derivatives, peptides, clyclic peptides, nucleotides, anthraquinones,
benzoquinones, naphthalenes, phenols, phtalates, furans, lactones, thiazolidines, and fatty
acid-like compounds. Furthermore, 79 compounds could not been associated with any
category and were labelled as “not classified”.

2.2. QSAR Models Building

Once we had generated a comprehensive database of mycotoxins, we wanted to
optimize several machine learning models to predict the genotoxicity, mutagenicity, and
carcinogenicity of these compounds. The tests chosen for the characterization of each type of
toxicity follow the recommended endpoint protocols of the OECD [26]. For data searching,
we overlapped our ensemble of mycotoxins with different databases of mutagenicity,
genotoxicity, and carcinogenicity to obtain experimental data based on the Ames test for
mutagenicity, in vitro and in vivo MN assay for genotoxicity, and data from in vivo models
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for carcinogenicity. As expected, experimental data could only be found for a relatively
low number of compounds (350–100 compounds, depending on the endpoint).

These data were then used for the building and validation of robust QSAR models to
predict the four endpoints. For model building, we followed the protocols described in
the materials and methods section that meet the requirement of the five principles of the
OECD for QSAR model building in a regulatory context [27].

A summary of the characteristics of the final classification models can be found in
Figure 2, including the number of compounds in the training and test set, the descriptor
selection method, the number of descriptors, the compound/descriptor ratio, and the
model algorithm. In the Appendix A, a list with the molecular descriptors selected for
each model can be found (Tables A2–A6). It is worth mentioning that the descriptors were
selected from a panel of more than 4000, including 2D and 3D descriptors, in order to
obtain the best chemical description of the complex mycotoxin structure.

For mutagenicity, models based only on mycotoxin data could be build, as data for up
to 365 compounds could be retrieved, with a balanced proportion between mutagenic and
non-mutagenic compounds. Two mutagenicity QSAR models (model A and model B) were
generated applying two different data selection criteria (for details, see Section 5.3). In both
cases, all the parameters included in the metrics were higher than 0.8, thus showing a good
performance. Both models were able to correctly predict the mutagenicity of almost 90% of
compounds in the internal cross validation.

For genotoxicity, data retrieval was much more complicated, as very few data from
non-genotoxic mycotoxins could be detected. Therefore, we decided to build mixed models
including mycotoxins and other organic compounds (for details, see Section 5.4). Regarding
the in vitro genotoxicity QSAR model, information on the in vitro MN assay from 455
compounds was considered (Figure 2). For a more comprehensive analysis of genotoxicity,
we decided to also include an in vivo genotoxicity model. In this case, the ProtoPRED
model (https://protopred.protoqsar.com/, accessed on 20 May 2023) based on the in vivo
MN assay was applied, built from a training set that included mycotoxins. Regarding the
performance of these models, most parameters were higher than 0.8 (Figure 3d). Only the
specificity was moderate, as some non-genotoxic compounds were predicted as genotoxic
in the internal validation. This result could relate to the fact that only a few data from
non-genotoxic mycotoxins could be found.

For carcinogenicity, again we applied the in vivo carcinogenicity QSAR model from
ProtoPRED (https://protopred.protoqsar.com/, accessed on 20 May 2023), containing
mycotoxins in the training set, as not enough carcinogenicity data were retrieved to build a
specific model. The metrics obtained for the carcinogenicity QSAR model showed a good
performance on the training set, with all parameters being higher than 0.9. Parameters on
the test set showed lower values, especially for precision and sensitivity, but are still close
to 0.7, the value recommended for QSAR models by ECHA [28].

When we compare the metrics of the training and test sets in Figure 2, we can see
that there are almost no differences for the mutagenicity models, small differences in
the in vitro genotoxicity model, and a higher difference in the carcinogenicity and the
in vivo genotoxicity. This result is coherent with the fact that the mutagenicity models were
built only with mycotoxins, while in the other models, only part of the training set were
mycotoxins, meaning that we have more structural differences between the training and
test set.
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Split train set/test set: 214/73
Model algorithm: LR
Num. descriptors: 13

Compounds/descriptors ratio: 16.5
Descriptors selection method: RFE

Split train set/test set : 89/31
Model algorithm: LR
Num. descriptors: 7

Compounds/descriptors ratio: 12.7
Descriptors selection method: RFE

Split train set/test set: 341/114
Model algorithm: LR
Num. descriptors: 25

Compounds/descriptors ratio: 13.6
Descriptors selection method: RFE

Split train set/test set: 487/165
Model algorithm:  LR
Num. descriptors: 17

Compounds/descriptors ratio: 28.6
Descriptors selection method: LGBM

Split train set/test set: 203/69
Model algorithm:  SVC

Num. descriptors: 13
Compounds/descriptors ratio: 15.6
Descriptors selection method: RFE

Figure 2. Metrics for QSAR models of (a) mutagenicity model A, (b) mutagenicity model B, (c) in vitro
genotoxicity, (d) in vivo genotoxicity, and (e) carcinogenicity. ACC: accuracy; PREC: precision; SENS:
sensitivity; AUC: area under the curve; SPEC: specificity; LGBM: Light Gradient Boosting Machine
Classifier; LR: logistic regression; RFE: recursive feature elimination; SVC: Support Vector Machine
Classifier (SVC).
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Experimental values 

Mutagenicity QSAR predictions  

Non-mutagen Mutagen 

Non-mutagen 9 3 0.75 (SPEC.) 

Mutagen 1 11 0.92 (SENS.) 

Total 0.9 (pred NEG) 0.79 (pred POS) 0.83 (ACC) 

Experimental values 

Genotoxicity QSAR predictions (in vitro)  

Non-genotoxic Genotoxic 

Non-genotoxic 6 1 0.86 (SPEC.) 

Genotoxic 0 8 1 (SENS.) 

Total 1 (pred NEG) 0.89 (pred POS) 0.93 (ACC) 

Experimental values 

Genotoxicity QSAR predictions (in vivo)  

Non-genotoxic Genotoxic 

Non-genotoxic 6 7 0.46 (SPEC.) 

Genotoxic 7 52 0.88 (SENS.) 

Total 0.46 (pred NEG) 0.88 (pred POS) 0.81 (ACC) 

Experimental values 

Carcinogenicity QSAR predictions  

Non-carcinogen Carcinogen 

Non-carcinogen 25 3 0.89 (SPEC.) 

Carcinogen 12 35 0.74 (SENS.) 

Total 0.67 (pred NEG) 0.92 (pred POS) 0.8 (ACC) 

Figure 3. Matrix confusion for the external validation of (a) the mutagenicity QSAR model A applied
to 24 mycotoxins, (b) the in vitro genotoxicity QSAR model applied to 15 mycotoxins, (c) the in vivo
genotoxicity QSAR model applied to 72 mycotoxins, and (d) the carcinogenicity QSAR model applied
to 75 mycotoxins. SPEC: specificity; SENS: sensitivity; ACC: accuracy; pred NEG: predicted negatives;
pred POS: predicted positives.

2.3. QSAR Model Application to an External Validation Set

After model building and internal validation, we decided to further confirm the
performance of the models by performing an external validation with an independent set
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of mycotoxins with known experimental data. This allows us to evaluate if the model is
truly predictive or if the model has been overfit to the data used for model building.

Since only the mutagenicity model A is considered valid from a regulatory point of
view, we decided to subject only this model to external validation. The list containing
the different mycotoxins used for the external validation for each model can be found in
Tables A7–A10 of the Appendix A. Figure 3 shows the resulting confusion matrix for all
model validations, proving that the experimental data were in general well predicted.

For mutagenicity (Figure 3a), the confusion matrix showed that the model was capa-
ble of correctly classifying more than 0.8 of the compounds (0.83 accuracy). The in vitro
genotoxicity QSAR model showed the highest accuracy (0.93) within all developed models.
All genotoxic compounds were predicted as positive (1.00 of sensitivity), while only one
compound out of 7 non-genotoxic mycotoxins was predicted as genotoxic (0.86 of speci-
ficity) (Figure 3b), thus improving the specificity of the internal validation of the in vitro
model. For the in vivo genotoxicity model, however, although obtaining good values for
accuracy (0.81) and sensitivity (0.88), the specificity was again low (0.46), proving that this
model was not accurate for the prediction of non-genotoxic compounds.

The carcinogenicity model was applied to a validation set of 75 mycotoxins, showing
an accuracy of 0.81. The 89% of non-carcinogenic mycotoxins were predicted as inactive
compounds, while 77% of carcinogenic mycotoxins were predicted as active compounds
(Figure 3d).

Thus, even if the models were built with a small data set of experimental data from
mycotoxins, they seem to have a good predictive power on the external validation set
of mycotoxins.

In order to see how well our models were adapted to mycotoxins, in comparison with
other, more general toxicological QSAR models, we also performed a prediction with the
validation data set applying three other reference QSAR tools: VEGA [29], Leadscope, and
Case Ultra (the last two being integrated into QSARToolbox) [30]. We predicted the same
four endpoints, obtained from the same or a very similar protocol. The metrics of these
predictions can be found on Table A11.

We can observe that, in general, our models provide a better prediction for the selected
test mycotoxins. Only for mutagenicity do we obtain a better prediction with Case Ultra;
however, six compounds could not be predicted by this model because they were outside
the applicability domain. Also, for the other models, the prediction of several mycotoxins
could not be performed because they were not in the applicability domain. We have also
found that, in some cases, VEGA could not correctly read and normalize structures with
aromatic rings, probably due to the aromaticity model that the software uses. These results
show that our models are better adapted to complex structures with several aromatic rings,
which are typical mycotoxin structures.

2.4. Mutagenicity, Genotoxicity, and Carcinogenicity Prediction of the General
Mycotoxin Database

After model building, we wanted to perform a prediction of the genotoxicity, muta-
genicity, and carcinogenicity of the whole mycotoxin database described in Section 2.1. A
general overview of the results is presented in Figure 4, and detailed predictions can
be explored in the MicotoXilico web application (https://chemopredictionsuite.com/
MicotoXilico, accessed on 20 May 2023).
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Figure 4. Global overview of genotoxicity, mutagenicity, and carcinogenicity predictions of the
whole database of mycotoxins. Clustering was performed with the TMAP package. Blue = non-
toxic; red = toxic. For more details, please visit MicotoXilico (https://chemopredictionsuite.com/
MicotoXilico accessed on 20 May 2023).

From the figure, we can appreciate that a very high percentage of mycotoxins are
predicted to be genotoxic, mutagenic, and/or carcinogenic. This result is not surprising, as
the definition of mycotoxin already assumes that we are dealing with toxic compounds.
In particular, genotoxicity seems to be a property of most mycotoxins, as 80–90% of these
compounds are predicted as genotoxic. However, further studies are required to confirm
these results, as the models were built with only a few data from non-genotoxic mycotoxins,
and the genotoxicity models only have a moderate specificity.

We also used the Benigni and Bossa rules for mutagenicity [31], implemented in Proto-
ICH software (https://protopred.protoqsar.com/, accessed on 20 May 2023) to identify
the presence of structural mutagenicity alerts in our database. The number of molecules
detected as positive based on structural alerts were significantly less in comparison with the
molecules detected as positive based on QSAR models (https://chemopredictionsuite.com/
MicotoXilico, accessed on 20 May 2023). On the contrary, when we performed the same
comparison with a set of over 6000 general organic compounds, most of the compounds
predicted as mutagenic had a mutagenicity alert (data not shown).

In order to compare the toxicity between mycotoxin categories, we represented the per-
centage of genotoxic, mutagenic, and carcinogenic compounds for the 30 major mycotoxin
categories in a heatmap (Figure 5).
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Figure 5. Graphical representation of the percentage of genotoxic, carcinogenic, and mutagenic myco-
toxins from the major categories obtained after prediction with the corresponding QSAR models.

As we can see, there are several categories that are specially concerning, as they
have a very high toxicity prediction in mutagenicity, genotoxicity, and carcinogenicity
(Figure 5), such as aflatoxins, chromanes, fusidic acids, griseofulvins, nitropropionic acids,
sterigmatocystins, and verticillins. Some categories have non-positive predictions in some
of the toxicity endpoints (taxols and lovastatins), but there is no type of compound that is
negative in all three toxicities.

In many categories, the mutagenicity alerts correspond to a very high mutagenicity
prediction (<80%), such as in aflatoxins, emodins, napththazarins, and sterigmatocystins.
However, it is worth highlighting that several categories without alerts showed a high
predicted mutagenicity index, such as alternarenes, chromanes, enniatins and beauvericins,
fusidic acids, nitropropionic acids, and verticillins.

3. Discussion

In this work, we explored the application of in silico QSAR models to obtain toxicity
data of mycotoxin, which are urgently needed for public health regulations. In order to
obtain a general overview of the type and number of mycotoxins that exist, we performed a
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comprehensive search, generating for the first time a database containing almost 4400 com-
pounds. Our research revealed that the number and diversity of the identified mycotoxins
is much higher than generally assumed: most publications only indicate the existence of
several hundreds of mycotoxins, while we found more than 4000 known mycotoxins. It
is worth mentioning the high structural diversity of these compounds, which generally
have relatively high molecular weights and many structures including sugar, aromatic, or
peptide rings.

The constructed database allowed us to perform a search of mutagenicity (Ames test),
genotoxicity (in vivo and in vitro MN assay), and carcinogenicity (in vivo models) data by
overlapping with different experimental databases. The search confirmed a low availability
of experimental data, covering only a small percentage of the total existing mycotoxins.
Nevertheless, we could obtain and validate robust QSAR models that predicted the four
endpoints on an external validation set of mycotoxins with a relatively high accuracy,
sensitivity, and specificity. These good results could be achieved by taking into account
the specific characteristics of mycotoxins during the model building process, creating
an appropriate applicability domain by the inclusion of mycotoxin and mycotoxin-like
structure in the training set, and using a broad panel of 2D and 3D chemical descriptors.
This was further confirmed by a comparison of the prediction of the mycotoxin’s validation
set with three other, more general, QSAR reference tools (Table A11), which provided a
worse prediction and only included part of the molecules in their applicability domain. In
the case of the genotoxicity, the specificity of the predictions was moderate to low, probably
due the fact that only a few data from non-genotoxic mycotoxins were retrieved and
incorporated in the models. Thus, further experiments are required to confirm the existence
of non-genotoxic categories of mycotoxins. However, following the caution principle, a
model with lower specificity (predicting false positives) is preferred over a model with
lower sensitivity (predicting false negatives).

When applying the prediction models to the database constructed containing almost
4400 mycotoxins, we obtained a very high proportion of mutagenic, carcinogenic, and
especially genotoxic compounds. This result is not unexpected, as mycotoxins are defined
per se as toxic compounds, and compounds of many categories proved to induce acute
toxicity. However, differences between categories can be observed, mainly due to differ-
ences in the chemical structure. Concerning genotoxicity, all major categories included
compounds with a positive genotoxicity prediction. Among them, some categories are well
known to be genotoxic, such as aflatoxins, ochratoxins, or sterigmatocystins. Indeed, 97%
of mycotoxins from the ochratoxin family have been predicted as genotoxic compounds.
This result agrees with the scientific opinion published by the EFSA in 2020 [32] indicating
the genotoxicity of ochratoxin A and thus eliminating the previously established TDI and
establishing instead an MOE (Margin Of Exposure), as no threshold can be allowed for
genotoxic compounds. In the case of sterigmatocystin, a mycotoxin structurally related
to aflatoxin B1, it has been demonstrated to induce tumors in diverse animal species, and
thus, it is a known carcinogen mycotoxin [33], which agrees with the prediction performed
with our QSAR models.

However, some categories showing a high percentage of genotoxic potential, are not well
studied. For instance, griseofulvins were predicted as genotoxic by both in vitro and in vivo
QSAR models. In the literature, animal studies have shown evidence that they are able to
cause a variety of acute and chronic toxic effects, including liver and thyroid cancer in rodents,
abnormal germ cell maturation, teratogenicity, and embryotoxicity in various species [34].

Regarding enniatins and beauvericins, commonly named as emerging Fusarium myco-
toxins, the EFSA concluded in 2014 that a risk assessment was not possible given the lack of
relevant toxicity data [35]. On one hand, in vitro genotoxicity data available suggested a po-
tential genotoxic effect for beauvericin, while in vitro genotoxicity data for enniatins were
negative. These results agree with those predicted by the in vitro QSAR model developed
in our study (Figure 6). On the other hand, there are no in vivo genotoxicity data for either
beauvericin or enniatins and no studies on carcinogenicity of beauvericin and enniatins
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have been identified, and thus, the use of in silico predictions for these endpoints can
provide valuable information. Thus, according to predictions on enniatins and beauvericin,
79% and 71% of compounds from this category were predicted as genotoxic (in vivo model)
and carcinogenic, respectively. In addition, 71% of enniatins and beauvericin were also
predicted as mutagenic, thus suggesting a careful assessment of the emerging Fusarium
mycotoxins toxicity.

 

Figure 6. Workflow diagram for QSAR model building.

Compounds from several categories have been classified as carcinogenic by the
IARC [36], such as aflatoxins, trichothecenes, or fumonisins. Other classes, such as actino-
mycins, cyclosporings, and lovastatins, have still not been classified, but they are labelled as
potentially carcinogenic by the ECHA. Furthermore, in several categories, carcinogenicity
predictions proved to have an impact on the DNA of cells. For instance, aphidicolin is
an inhibitor of eucaryotic nuclear DNA. Brevianamide produced a slightly teratogenic
effect in chick embryos [37]. Emodin is suspected to create DNA strand breaks and/or
non-covalently binding to DNA and inhibiting the catalytic activity of topoisomerase II
(Toxin and Toxin Target Database (T3DB)); nevertheless, a genotoxic effect could be con-
firmed [38]. Mycophenolic acid inhibits the de novo pathway of guanosine nucleotide
synthesis without incorporation into DNA (Toxin and Toxin Target Database (T3DB)).

Alternariols and alternarenes are Alternaria mycotoxins that can be found in cereals
around the world, but little relevance is still given to this fact. Currently, the toxicity of
several altenariols is being investigated, including alternariol, alternariol monomethyl
ether, altertoxins, altenuene, tenuazonic acid, and tentoxin. Among them, tenuazonic
acid, alternariol, alternariol monomethyl ether, altenuene, and altertoxin I are the most
important mycotoxins that can be found as contaminants in fruits and vegetables [39]. In
2011, the EFSA carried out a risk assessment on Alternaria toxins, as they were reported
to induce genotoxicity, cytotoxicity, and reproductive and developmental toxicity, among
other adverse effects [40]. Regarding their genotoxic effects, it was reported that alternariol,
alternariol monomethyl ether, and altertoxins could induce gene locus mutation, DNA
damage or synthesis disorder, chromosome aberration, and other effects in in vitro studies.
In fact, according to the in vitro genotoxicity model developed, 100% of mycotoxins from
the alternariols category was predicted as genotoxic compounds. In addition, alternariols
have been related to the high incidence of esophageal cancer in Linxian, China [39], which
can be related to our findings, as 62% of compounds belonging to this family were predicted
as carcinogenic mycotoxins. Thus, special attention should be paid to this mycotoxin
category. In this sense, maximum levels have been recently recommended by the EU in the
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Commission Recommendation 2022/553 [41] for alternariol, alternariol monomethyl ether,
and tenuazonic acid.

A high percentage of trichothecenes have been predicted as genotoxic by the in vitro
model (97%) and the in vivo model (76%). The main trichothecene reported to occur
in food commodities is deoxynivalenol. Although deoxynivalenol is not genotoxic by
itself, it has recently been shown that this toxin exacerbates the genotoxicity induced
by model or bacterial genotoxins. In addition, other trichothecenes, namely, T-2 toxin,
diacetoxyscirpenol, nivalenol, fusarenon-X, and the newly discovered NX toxin, were
also reported as compounds able to exacerbate the DNA damage inflicted by various
genotoxins [42]. In addition, in the study reported by Yang et al. [43], deoxynivalenol
was able to cause damage to the membrane, the chromosomes, and the DNA at all times
of culture in human peripheral blood lymphocytes, thus concluding that deoxynivalenol
potentially triggers genotoxicity in human lymphocytes. In other study performed on
Sprague Dawley rats, deoxynivalenol increased the percentage of chromosomal aberration,
DNA fragmentation, and comet score [44].

Citrinin, a mycotoxin classified in the chromanes category, has been reported to be
genotoxic at high concentrations in cultured human lymphocytes, as it caused a significant
concentration-dependent increase in MN frequency in human lymphocytes [45], a result
according to our genotoxicity predictions for the chromanes category, where almost 90% of
compounds were predicted as genotoxic by both the in vitro and the in vivo models.

The same occurs with zearalenones, which have been predicted as genotoxic by both
genotoxicity models, according to some data reported showing that zearalenone and some
of its metabolites increased the percentage of chromosome aberrations in mouse bone-
marrow cells and in HeLa cells [46] and can increase the frequencies of polychromatic
erythrocytes micronucleated and chromosomal aberrations in bone marrow cells from
Balb/c female mice [47].

Regarding fumonisins, 87% of mycotoxins belonging to this family were predicted
as genotoxic by the in vitro model. The most predominant, fumonisins, fumonisin B1,
fumonisin B2, and fumonisin B3, are carcinogenic and genotoxic secondary metabolites
found in corn-based foods worldwide and are produced by Fusarium verticillioides and
F. proliferatum [48]. Fumonisin B1 is defined by IARC as a possible human carcinogen in
Group 2B, and it shows genotoxic activity via oxidative stress, DNA damage, cell cycle
arrest, apoptosis, inhibition of mitochondrial respiration, and deregulation of calcium
homeostasis [49]. Some studies revealed that exposure to fumonisin B1 caused a significant
increase in micronucleus frequency in a concentration- and time-dependent manner in
rabbit kidney cells [50], and in HepG2 cells, fumonisin B1 has shown clastogenic effects [51].

Studies on the genotoxic activity of ergot alkaloids, also predicted as genotoxic by our
models, are very limited. In the scientific report delivered by EFSA in 2012 [52], it was stated
that genotoxicity studies on ergot alkaloids were insufficient, and more concretely, some
studies evaluating the genotoxic and mutagenic effects of ergotamine revealed different
results. In the literature, it has been reported that ergotamine is able to induce chromosomal
abnormalities in human lymphocytes and leukocytes [53] but does not show mutagenic
effects in mouse lymphoma cells [54]. Other authors have demonstrated that ergotamine
and ergometry can induce sister chromatid exchange in ovarian cells [55]. Due to the scarce
and different data obtained, further studies are necessary to evaluate the genotoxic and
mutagenic potential of ergot alkaloids.

Furthermore, our results reveal that several mycotoxin categories are predicted as
mutagenic but have no mutagenicity alert following ICH-M7 criteria. This did not happen
when we performed the same comparison with a general database of organic compounds,
where almost all molecules predicted as mutagenic had an alert. For some of these cate-
gories, no mutagenicity has been detected previously (alternarenes, enniatins and beau-
vericins, fusidic acids, and verticillins), while for others, some experimental evidence exists
already (chromanes, nitropropionic acids, among others) [56,57]. This suggests that the
structure of the mycotoxins could have been underestimated in the expert analysis of the
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mutagenicity, and that ICH-M7 criteria do not take into account specific mutagenic struc-
tural motives present in mycotoxins. Regulatory agencies should take this into account and
request a revised version of these criteria to obtain a better coverage of mycotoxins, which
are a danger for public health, and thus prioritize mycotoxins based on their mutagenic,
genotoxic, and carcinogenic potential, as already suggested in other studies [58–60].

4. Conclusions

The web server developed in this work represents a valuable resource for scientists,
industry, and regulatory agencies, including a comprehensive database of over 4000 myco-
toxins divided into categories that can be easily explored by an interactive visualization.
To our knowledge, this is the first database containing such a high number of mycotoxins.
Furthermore, the user can directly access a prediction of the mutagenicity, genotoxicity,
and carcinogenicity of the whole ensemble of mycotoxins, without the need to perform a
prediction workflow. The data are based on mycotoxin specific and robust QSAR models,
that were built up according to OECD principles and are adapted to REACH criteria, which
means that they can be used for regulatory purposes. Thus, the developed models are a
valuable tool for screening toxicity of non-regulated mycotoxins. Future perspectives of our
work include the experimental validation of our models by analyzing selected mycotoxins
from categories with no data in the training set, which have to be synthesized or purified,
as most of them are not commercially available. Furthermore, the new QSAR models will
be included in our ProtoPRED platform.

5. Materials and Methods

To achieve the development of adequate and robust QSAR models, several elements
are required. First of all, a data set providing experimental values of a biological activity or
property for a group of already tested chemicals is necessary; in this case, the biological
properties evaluated were mutagenicity, genotoxicity, and carcinogenicity; thus, experi-
mental results derived from the mutagenic assay Ames test and the in vitro and in vivo
MN test, and in vivo long-term carcinogenicity assay on rodents have been collected, as
described in Section 5.1. Secondly, statistical methods (often called chemometric methods)
are employed to find and validate the relationship between the calculated descriptors and
the toxicity properties of the mycotoxins. The exact workflow is summarized in Figure 6
and described in the following sections.

5.1. Mycotoxin Data Set Construction and Chemical Data Curation

For the construction of a general data set of mycotoxins, an initial list of mycotoxins
was collected from the literature [22,61–66] and specific mycotoxin databases (https://
zenodo.org/record/2648816#.ZClfI3ZBy5d; https://sciex.com/products/spectral-library/
mycotoxin-libraries) (accessed on 2 March 2022).

This list was further completed by searching in PubChem for compounds of the same
family, and their metabolites, resulting in a list of 4360 compounds. Only compounds that
were directly produced by fungi and their metabolites were included. For each compound,
the isomeric SMILES together with the CAS number and the PubChem CID code was
retrieved. The resulting database was further curated by normalizing the smiles and
removing counterions, salts, and mixtures. Finally, each compound was assigned to a
specific family or category to their chemical structure, obtaining 170 different categories
(Table A1).

5.2. Mycotoxin Clustering and Chemical Space Distribution

To study the chemical space of the generated mycotoxins data set, a fingerprinting
system was generated using the LSH Forest algorithm from TMAP (https://tmap.gdb.tools/,
accessed on 20 May 2023) for dimensionality reduction. Each point in the TMAP represents
a fingerprint of a unique chemical transformation generated using the fully trained model.
The points were colored by categories or their outcome in the toxicity predictions. The Faerun
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package (https://pypi.org/project/faerun/, accessed on 20 May 2023) was used to create an
interactive visualization tool for the clustering scheme.

5.3. Mycotoxin Mutagenicity QSAR Model

For QSAR mutagenicity model development, the endpoint Bacterial Reverse Mutation
Test (Ames test) (OECD test guideline 471) was selected (Figure 7), considered the first
outcome to assess the possible mutagenicity of a substance [67,68]. We scanned several high-
quality databases (Carcinogenic Potency Database CEBS, CCRIS Mutagenicity assay, Vega,
QSAR Toolbox, EFSA OpenFoodTox, ECVAM, etc.) as well as the scientific literature [68]
for data of the compounds of our previously generated mycotoxin database. For each
compound, CAS number, isomeric SMILES, and experimental data expressed as active (1)
or inactive (0) were compiled in a table.

 

Figure 7. In vitro and in vivo assays consulted for model development and their corresponding
OECD test guideline.

As a result, raw data of 356 mycotoxins were recovered, which were further refined as
follows: For a first model A, data of 120 compounds (75 mutagens and 45 no mutagens)
were selected that strictly fulfil the OECD guideline TG471: assayed with at least five
Salmonella strains (TA1535, TA1537 or TA97 or TA 97a, TA98, TA100, and TA102) with
and without microsomal activation by S9 fraction, since often the interaction with genetic
material occurs after metabolic activation. For a second model B, data were selected less
strictly, to cover a greater part of the chemical space, including data from at least two
strains with or without metabolic activation. The data set of model B was composed of 287
compounds, with a ratio of mutagens to non-mutagens of 108/179. A third data set of 24
compounds, fulfilling the OECD guideline, was saved for external validation (Section 5.6).

For the development of the QSAR models, around 4000 different chemical descriptors
from 15 different categories were calculated for each compound with an in-house python
script. Then, descriptors were selected by recursive feature elimination (RFE) to 7 for model
A and 13 for model B (Tables A2 and A3). In the next step, the data set was divided into
a training set for model building, and a test set, in a proportion of 75–25%, respectively.
Mutagenic and non-mutagenic compounds were distributed homogeneously in both sets.
For model building, several algorithms were tested on the training set, obtaining the best
metrics for Logistic Regression.

5.4. Mycotoxin Genotoxicity QSAR Models

For in vitro genotoxicity QSAR modelling, the in vitro MN assay was chosen, a robust
and quantitative assay of chromosome damage with the capacity to detect not only clas-
togenic and aneugenic events but also some epigenetic effects and recommended by the
OECD for genotoxicity evaluation in test guideline 487 (Figure 7).

Databases (Genetic Toxicology Data Bank in PubChem and eChemPortal) and the
scientific literature [69–71] were scanned for data for the in vitro MN assay, fulfilling the
OECD guideline, retrieving data for 91 compounds, of which 15 were saved for external val-
idation (Section 5.6). To enable model building, the data set was further completed with 379
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compounds that were not mycotoxins but close in the chemical space, generating a final data
set of 455 compounds. The ratio of genotoxic to non-genotoxic compounds was 264/191,
respectively. For model building, the same procedure as in Section 5.3 was employed, also
obtaining model based on 25 descriptors (Table A4) based on Logistic Regression.

For in vivo genotoxicity QSAR modelling, the in vivo MN assay on mammalian ery-
throcyte was chosen (OECD test guideline 474), which identifies substances that cause
micronuclei in erythroblasts sampled from bone marrow and/or peripheral blood cells
of animals, usually rodents. As not enough data for mycotoxins could be retrieved
(72 mycotoxins from the ISSMIC public database), the QSAR model from ProtoPRED
(https://protopred.protoqsar.com/, accessed on 20 May 2023) including mycotoxins in the
training set, was applied. The model was built with 13 descriptors (Table A5) and based on
the Support Vector Machine Classifier (SVC) algorithm. The model was then externally
validated with the external set of 72 mycotoxins obtaining good results. All mycotoxins
were included in the applicability domain of the model.

5.5. Mycotoxin Carcinogenicity QSAR Model

For carcinogenicity assessment, the long-term carcinogenicity study on rat was em-
ployed, fulfilling the OECD test guideline 451 (Figure 7). As there was not enough data
to build a specific model for mycotoxins (75 mycotoxins from different databases, such as
PubChem AID_1259411, Carcinogenic Potency Database CEBS and OpenFoodTox TX22525),
the QSAR model from ProtoPRED (https://protopred.protoqsar.com/ accessed on 20 May
2023) was applied, showing excellent results when applied to the 75 mycotoxins in the external
validation. All mycotoxins were included in the applicability domain of the model.

The data for developing the model was extracted from Carcinogenicity I (ISSCAN)
public database retrieved from QSAR Toolbox, which contains curated information on
chemical compounds tested with the long-term carcinogenicity bioassay on rodents (rat
and mouse). The main primary sources of data are the NTP, CPDB, CCRIS, and IARC
repositories. After curation and preprocessing, the database was formed by 652 experi-
mental results, with 251 of positive values (38.5%) and 401 negative values (61.5%). For
model building, the same procedure as in Section 5.3 was employed, also obtaining the
best metrics for Light Gradient Boosting Machine (LGBM) Classifier.

5.6. External Model Validation

The predictive potential of the QSAR models was evaluated with a completely inde-
pendent data set of mycotoxins, in terms of accuracy, precision, sensitivity, and specificity.
The metrics considered to evaluate the performance of the built classification models were
calculated according to the following formulas:

Accuracy = TP + TN/(TP + FN + FP + TN)

Precision = TP/(TP + FP)

Sensitivity = TP/(TP + FN)

Specificity = TN/(TN + FP)

where TP = true positive; FP = false positive; TN = true negative; and FN = false negative.
Details about the compounds selected for each validation can be found in Tables A7–A10.
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Appendix A

Tables A1–A11.

Table A1. Number of compounds in each mycotoxin category.

Category Num of Cpds

trichothecenes 410

ergot alkaloids 158

cytochalasan alkaloids 147

actinomycins 141

resveratrols 121

aphidicolins 90

nucleotides 88

not classified 79

alkaloids 74

emodins 67

taxols 67

fumonisins 63

zearalenones 60

peptides 59

cyclosporins 58

lovastatins 58

aflatoxins 57

coumarins 55

nitropropionic acids 54

ophiobolins 54

terpenoids 51

penicillins 50

triterpenoids 46
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Table A1. Cont.

Category Num of Cpds

destruxins 41

brefeldins 38

phenols 37

fumitremorgins 36

brevianamides 36

naphthazarins 36

alternarenes 36

ETPs 34

anthraquinones 34

brassicicenes 34

ochratoxins 33

sterigmatocystins 33

mycophenolic acids 32

penitrems 32

griseofulvins 32

pyropenes 32

verticillins 31

fusidic acids 31

fatty acid like 29

cyclic peptides 29

decarestrictines 28

chromanes 27

naphthalenes 25

yanuthones 25

benzene derivatives 25

furans 25

alternariolides 24

viridins 24

alternariols 24

quinazolines 24

roquefortines 23

anthracyclines 22

territrems 22

radicicols 22

asterriquinones 22

altersolanols 21

pyrones 21

xanthones 21

apicidins 20
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Table A1. Cont.

Category Num of Cpds

enniatins 19

chinulins 19

rugulosins 19

tyrosols 19

beauvericins 19

wortmannins 19

austalides 19

pyrenocines 19

cyclopeptins 18

chaetomugilins 18

zaragozic acids 18

chrysophanols 18

alterporriols 18

rubrofusarins 17

gibberellins 17

andrastins 16

physcions 16

aspernolides 16

abscisic acids 15

koninginins 15

roridins 14

versicolorins 14

chetomins 14

malformins 14

radicinins 14

usnic acids&ustins 13

secalonic acids 13

aspewentins 13

gregatins 13

altertoxins 13

aspulvinones 13

phomopsins 12

rubellins 12

viridicatins 12

cotylenins 12

aureobasidins 12

communesins 12

altenuenes 12

austocystins 12
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Table A1. Cont.

Category Num of Cpds

austins 12

arugosins 12

fusaric acids 11

patulins 11

lactones 11

fusarins&fusarielins 11

zinniols 11

cladosporols 11

altenusins 11

emestrins 11

schweinfurthins 10

fumagillins 10

aurasperones 10

astellolides 10

penicillenols 10

tryptophols 10

kojic acids 10

averufins 10

culmorins 10

kipukasins 10

xalines 10

rubratoxins 9

brevicompanines 9

penostatins 9

ustiloxins 9

melleins 9

sphingofungins 8

asperlins&asperlactones 8

thiazolidines 8

benzoquinones 8

nigerapyrones 8

andibenins 8

cordycepins 8

asterriquinones 8

chartarlactams 8

vertinols 7

tenuazonic acids 7

xanthins 7

calphostins 7
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Table A1. Cont.

Category Num of Cpds

erythromycins 7

marcfortines 7

bikaverins 7

solanapyrones 7

quinolones 7

cephalosporins 7

stachybocins 7

chevalones 7

glaucins 7

fusarielins 6

phtalates 6

depudecins 6

meleagrins 6

myrothecines 6

AF toxins 6

aflavinines 6

cercosporins 5

chromanones 5

aspergillimides 5

tryprostatins 5

amino acid derivative 5

flavones 4

chlamydosporols 4

amphotericins 4

aspilactonols 4

emodins&rubrofusarins 4

orienticins 4

candidusins 4

asperpyrones 3

candidins 3

Table A2. Molecular descriptors selected by recursive feature elimination (RFE) for QSAR mutagenic-
ity model A.

Descriptor Definition

C-030 X–CH–X atom-centered fragments

ATSC7Z centered Moreau–Broto autocorrelation of lag 7 weighted by atomic number

ATSC8dv centered Moreau–Broto autocorrelation of lag 8 weighted by valence electrons

MATS1c Moran coefficient of lag 1 weighted by Gasteiger charge

GATS1c Geary coefficient of lag 1 weighted by Gasteiger charge

GATS3d Geary coefficient of lag 3 weighted by sigma electrons

X1solA average solvation connectivity index of order 1
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Table A3. Molecular descriptors selected by recursive feature elimination (RFE) for QSAR mutagenic-
ity model B.

Descriptor Definition

C-018 =CHX atom-centered fragments

C-019 =CRX atom-centered fragments

ATSC6dv centered Moreau–Broto autocorrelation of lag 6 weighted by valence electrons

ATSC8dv centered Moreau–Broto autocorrelation of lag 8 weighted by valence electrons

AATSC5p averaged and centered Moreau–Broto autocorrelation of lag 5 weighted by polarizability

MATS1c Moran coefficient of lag 1 weighted by Gasteiger charge

nR_3_False_False_False_True number of 3–membered rings non-aromatic hetero

R1s+ R maximal autocorrelation of lag 1/weighted by I-state GETAWAY descriptors

NPR2 normalized principal moment of order 2

De D total accessibility index, Sanderson electronegativity-weighted

Mor28v signal 28/weighted by van der Waals volume 3D-MoRSE descriptors

Mor02s signal 02/weighted by I-state 3D-MoRSE descriptors

Mor23s signal 23/weighted by I-state 3D-MoRSE descriptors

Table A4. Molecular descriptors selected by recursive feature elimination (RFE) for QSAR in vitro
genotoxicity model.

Descriptor Definition

H-047 atom-centered fragments. H attached to C1(sp3)/C0(sp2)

O-056 alcohol. Atom-centered fragments

O-061 O–atom-centered fragments

F-084 F attached to C1(sp2). Atom-centered fragments

AATS5dv averaged Moreau–Broto autocorrelation of lag 5 weighted by valence electrons. 2D

ATSC4v centered Moreau–Broto autocorrelation of lag 4 weighted by van der Waals volume 2D autocorrelations

AATSC1Z averaged and centered Moreau–Broto autocorrelation of lag 1 weighted by atomic number. 2D

AATSC5c averaged and centered Moreau–Broto autocorrelation of lag 5 weighted by Gasteiger charge. 2D

GATS2Z Geary coefficient of lag 2 weighted by atomic number. 2D

BELdv0 highest eigenvalue of Burden matrix weighted by valence electrons

L3i 3rd component size directional WHIM index/weighted by ionization potential WHIM descriptors

Mor09u signal 09/unweighted 3D-MoRSE descriptors

Mor22s signal 22/weighted by I-state 3D-MoRSE descriptors

JhetZ Balaban-type index from Z-weighted distance matrix (Barysz matrix)

D/Dr3 distance/detour ring index of order 3

JGI9 mean topological charge index of order 9 2D autocorrelations

B05[O-O] presence/absence of O-O at topological distance 5 2D Atom Pairs

B07[C-N] presence/absence of C-N at topological distance 7 2D Atom Pairs

B08[C-O] presence/absence of C-O at topological distance 8 2D Atom Pairs

B10[C-C] presence/absence of C-C at topological distance 10 2D Atom Pairs

nAllOx number of allylic oxidation sites excluding steroid dienone

nByciclic number of atoms that are in two rings.

PEOE_VSA4 MOE Charge VSA Descriptor 4 (−0.20 <= x < −0.15). 2D

SLogP_VSA4 MOE logP VSA Descriptor 4 (0.00 <= x < 0.10). 2D
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Table A5. Molecular descriptors selected by Recursive Feature Elimination (RFE) based on Support
Vector Machine (SVM) using linear kernel (C = 1), for QSAR in vivo genotoxicity model.

Descriptor Definition

C-016 ”=CHR.”

ATSC5i centered Moreau–Broto autocorrelation of lag 5 (log function) weighted by ionization potential.

AATSC0se averaged centered Moreau–Broto autocorrelation of lag 0 (log function) weighted by Sanderson
electronegativity.

AATSC5i averaged centered Moreau–Broto autocorrelation of lag 5 (log function) weighted by ionization potential.

MATS4p Moran autocorrelation of lag 4 (log function) weighted by polarizability.

GATS4i Geary autocorrelation of lag 4 (log function) weighted by ionization potential.

B02(C-C) presence/absence of C-C at topological distance 2.

B02(C-O) presence/absence of C-O at topological distance 2.

B04(C-O) presence/absence of C-O at topological distance 4.

B04(O-O) presence/absence of O-O at topological distance 4.

B08(C-N) presence/absence of C-N at topological distance 8.

B09(O-O) presence/absence of O-O at topological distance 9.

EState_VSA6 EState VSA descriptor 6.

Table A6. Molecular descriptors selected by Light Gradient Boosting Machine (LGBM) for QSAR
carcinogenicity model.

Descriptor Definition

AATSC1dv averaged centered Moreau–Broto autocorrelation of lag 1 (log function) weighted by valence electrons

SMR_VSA9 MOE MR VSA descriptor 9

SIC2 structural information content index (neighborhood symmetry of 2-order)

ATSC1pe centered Moreau–Broto autocorrelation of lag 1 (log function) weighted by pauling EN

C-032 X–CX–X

JGI7 mean topological charge index of order 7

BELc0 highest eigenvalue of Burden matrix weighted by charge

AATSC4se averaged centred Moreau–Broto autocorrelation of lag 4 (log function) weighted by Sanderson
electronegativity

GATS6se Geary autocorrelation of lag 6 (log function) weighted by Sanderson electronegativity

NssNH number of ssNH

D/Dr5 distance/detour ring index of order 5

GATS1s Geary autocorrelation of lag 1 (log function) weighted by I-state

RBF rotatable bond fraction

JGI5 mean topological charge index of order 5

PJI2 2D Petitjean shape index

GATS1d Geary autocorrelation of lag 1 (log function) weighted by sigma electrons

AATSC3d averaged centred Moreau–Broto autocorrelation of lag 3 (log function) weighted by sigma electrons
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Table A7. Validation set for mutagenicity data.

SMILES Name y

CC1=C[C@H]2[C@@H](CC3=CNC4=CC=CC2=C34)N(C1)C agroclavine 0

C[C@H]1CCCC(=O)CCC/C=C/C2=C(C(=CC(=C2)O)O)C(=O)O1 zearalenone 0

CC1=C[C@@H]2[C@](CC1)([C@]3([C@@H]([C@H]([C@H]([C@@]34CO4)O2)O)OC
(=O)C)C)COC(=O)C diacetoxyscirpenol 0

CC1=C[C@@H]2[C@]([C@@H](C1=O)O)([C@]3(C[C@H]([C@H]([C@@]34CO4)O2)O)C)CO deoxynivalenol 0

C[C@@H]1[C@H](O1)[C@H]2[C@H](C=CC(=O)O2)OC(=O)C asperlin 0

CC(C)[C@@]1(C(=O)N2[C@H](C(=O)N3CCC[C@H]3[C@@]2(O1)O)CC4=CC=CC=C4)NC
(=O)[C@@H]5C[C@H]6[C@@H](CC7=CNC8=CC=CC6=C78)N(C5)C dihydroergocristine 0

CCCC[C@@H](C)[C@H]([C@H](C[C@@H](C)C[C@@H](CCCC[C@H](C[C@@H]
([C@H](C)N)O)O)O)OC(=O)C[C@@H](CC(=O)O)C(=O)O)OC(=O)C[C@@H](CC(=O)O)C(=O)O fumonisin B1 0

CCCC[C@@H](C)[C@H]([C@H](C[C@@H](C)CCCCCC[C@H](C[C@@H]([C@H](C)N)O)O)OC
(=O)C[C@@H](CC(=O)O)C(=O)O)OC(=O)C[C@@H](CC(=O)O)C(=O)O fumonisin B2 0

CCCC[C@@H](C)[C@H]([C@H](C[C@@H](C)C[C@@H](CCCCCC[C@H]([C@H]
(C)N)O)O)OC(=O)CC(CC(=O)O)C(=O)O)OC(=O)CC(CC(=O)O)C(=O)O fumonisn B3 0

CC1=C[C@@H]2[C@]([C@@H](C1=O)O)([C@]3([C@@H]([C@H]([C@H]([C@@]34CO4)
O2)O)OC(=O)C)C)CO fusarenon-X 0

CC1=C[C@@H]2[C@](CC1)(C3([C@@H]([C@H]([C@H](C34CO4)O2)O)OC(=O)C)C)CO 4-Acetoxyscirpenol 0

CC1=C2COC(=O)C2=C(C(=C1OC)C/C=C(\C)/CCC(=O)O)O mycophenolic acid 0

COC1=C2C3=C(C(=O)CC3)C(=O)OC2=C4[C@@H]5CCO[C@@H]5OC4=C1 aflatoxin B2 1

C[C@H]1[C@H]([C@H](C[C@@H](O1)O[C@H]2C[C@@](CC3=C2C(=C4C(=C3O)C
(=O)C5=CC=CC=C5C4=O)O)(C(=O)C)O)N)O idarubicin 1

C[C@@H]1[C@@H](C(=O)N[C@@H](C(=O)N2CCC[C@H]2C(=O)N(CC(=O)N([C@H]
(C(=O)O1)C(C)C)C)C)C(C)C)NC(=O)C3=C4C(=C(C=C3)C)OC5=C(C(=O)C(=C(C5=N4)
C(=O)N[C@H]6[C@H](OC(=O)[C@@H](N(C(=O)CN(C(=O)[C@@H]7CCCN7C(=O)[C@H]
(NC6=O)C(C)C)C)C)C(C)C)C)N)C

actinomycin D 1

COC1=C2C3=C(C(=O)CC3)C(=O)OC2=C4[C@@H]5[C@@H]6[C@@H](O6)O[C@@H]5OC4=C1 2,3-Epoxyaflatoxin B1 1

COC1=C2C3=C(C(=O)CC3)C(=O)OC2=C4C5CCOC5OC4=C1 aflatoxin B2 alpha 1

COC1=C2C3=C([C@@H](CC3)O)C(=O)OC2=C4[C@@H]5C=CO[C@@H]5OC4=C1 aflatoxicol B 1

COC1=C2C(=C3[C@@H]4C=CO[C@@H]4OC3=C1)OC5=CC=CC(=C5C2=O)O sterigmatocystin 1

COC1=C2C3=C(C(=O)C[C@@H]3O)C(=O)OC2=C4[C@@H]5C=CO[C@@H]5OC4=C1 aflatoxin Q1 1

C[C@H]1[C@H]([C@H](C[C@@H](O1)O[C@H]2C[C@@](CC3=C2C(=C4C(=C3O)
C(=O)C5=C(C4=O)C(=CC=C5)OC)O)(/C(=N\NC(=O)C6=CC=CC=C6)/C)O)N)O zorubicin 1

C1=NC(=C2C(=N1)N(C=N2)[C@H]3[C@@H]([C@@H]([C@H](O3)CO)O)O)NO inosine oxime 1

C[C@@H]1[C@@]2([C@@H](O2)[C@](O1)(C)/C=C(\C)/C=C(\C)/[C@H]3[C@](O3)(C)C4
=C(C(=C(C(=O)O4)C)OC)C)C verrucosidin 1

C1C[C@]2([C@@H]3[C@H](CC(=O)C4=C(C=CC(=C34)C5=C2C(=C(C=C5)O)C1=O)O)O)O altertoxin I 1
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Table A8. Validation set for in vitro genotoxicity data.

SMILES Name y

CC(C)C[C@H]1C(=O)O[C@@H](C(=O)N([C@H](C(=O)O[C@@H](C(=O)N([C@H]
(C(=O)O[C@@H](C(=O)N1C)C(C)C)CC(C)C)C)C(C)C)CC(C)C)C)C(C)C enniatin C 0

CC[C@H](C)[C@@H]1C(=O)N([C@H](C(=O)O[C@@H](C(=O)N([C@H](C(=O)O
[C@@H](C(=O)N([C@H](C(=O)O1)C(C)C)C)[C@@H](C)CC)C(C)C)C)C(C)C)C(C)C)C enniatin I 0

CC[C@H](C)[C@H]1C(=O)O[C@@H](C(=O)N([C@H](C(=O)O[C@@H](C(=O)N
([C@H](C(=O)O[C@@H](C(=O)N1C)C(C)C)C)C)C(C)C)C(C)C)C)C(C)C enniatin J3 0

CC[C@H](C)[C@@H]1C(=O)N([C@H](C(=O)O[C@@H](C(=O)N([C@H](C(=O)O[
C@@H](C(=O)N([C@H](C(=O)O1)C(C)C)C)C(C)C)C(C)C)C)C(C)C)C(C)C)C enniatin H 0

CC[C@H]1C(=O)O[C@@H](C(=O)N([C@H](C(=O)O[C@@H](C(=O)N([C@H]
(C(=O)O[C@@H](C(=O)N1C)C(C)C)C(C)C)C)C(C)C)C(C)C)C)C(C)C enniatin K1 0

CCC(C)[C@@H]1C(=O)N([C@H](C(=O)O[C@@H](C(=O)N([C@H](C(=O)O[C@@H]
(C(=O)N([C@H](C(=O)O1)C(C)C)C)C(C)C)C(C)C)C)C(C)C)C(C)C)C

cyclo[D-OVal-N(Me)Val-D-OVal-
N(Me)Val-D-OxiIle-N(Me)Val] 0

O=c1cc(CO)occ1O kojic acid 0

CC1=C[C@@H]2[C@]([C@@H](C1=O)O)([C@]3(C[C@H]([C@H]([C@@]34CO4)
O2)O)C)COC(=O)C 15-acetyldeoxynivalenol 1

COC1=CC2=C(C(=C1)OC)C(=O)C3=C(C4=C(C=C3C2=O)O[C@@H]5[C@H]4CCO5)O 6,8-O-Dimethylversicolorin 1

COC1=C2C3=C(C(=O)CC3)C(=O)OC2=C4[C@@H]5C=CO[C@@H]5OC4=C1 aflatoxin B1 1

C[C@@H]1CCC[C@H](/C=C/C(=O)O[C@]23[C@@H](/C=C/C1)[C@@H](C(=C)
[C@H]([C@H]2[C@@H](NC3=O)CC4=CC=CC=C4)C)O)O cytochalasin B 1

C1CO[C@H]2[C@@H]1C3=C(O2)C=C(C4=C3OC5=CC=CC(=C5C4=O)O)O demethyldihydrosterigmatocystin 1

CCCC[C@@H](C)[C@H]([C@H](C[C@@H](C)C[C@@H](CCCC[C@H](C[C@@H]([C@H]
(C)N)O)O)O)OC(=O)C[C@@H](CC(=O)O)C(=O)O)OC(=O)C[C@@H](CC(=O)O)C(=O)O fumonisin B1 1

C1=CO[C@H]2[C@@H]1C3=C(O2)C=C4C(=C3O)C(=O)C5=C(C4=O)C=C(C=C5O)O versicolorin A 1

C[C@H]1CCC[C@@H](CCC/C=C/C2=C(C(=CC(=C2)O)O)C(=O)O1)O alpha-zearalenol 1

Table A9. Validation set for in vivo genotoxicity data.

SMILES Name y

Cc1cc(O)cc2oc(=O)c3c(O)cc(O)cc3c12 alternariol 0

CCCCCCCCCCCCCCC(C(CO)N)O C17-Sphinganine 0

C/C=C/C[C@@H](C)[C@@H](O)[C@H]1C(=O)N[C@@H](CC)C(=O)N(C)CC(=O)
N(C)[C@@H](CC(C)C)C(=O)N[C@@H](C(C)C)C(=O)N(C)[C@@H](CC(C)C)
C(=O)N[C@@H](C)C(=O)N[C@H](C)C(=O)N(C)[C@@H](CC(C)C)C(=O)N(C)
[C@@H](CC(C)C)C(=O)N(C)[C@@H](C(C)C)C(=O)N1C

cyclosporin A 0

CC1=C[C@H]2O[C@@H]3[C@H](O)C[C@@](C)([C@]34CO4)[C@@]2(CO)[C@H](O)C1=O deoxynivalenol 0

C=C1C[C@]23C[C@@]1(O)CC[C@H]2[C@@]12C=C[C@H](O)[C@@](C)(C(=O)O1)[C@H]
2[C@@H]3C(=O)O gibberellic acid 0

O=c1cc(CO)occ1O kojic acid 0

CN1C[C@@H](C=C2[C@H]1CC3=CNC4=CC=CC2=C34)C(=O)O lysergic acid 0

CCN(CC)C(=O)[C@H]1CN([C@@H]2CC3=CNC4=CC=CC(=C34)C2=C1)C lysergic acid diethylamine 0

CC(=O)OC[C@]12C[C@H](OC(=O)CC(C)C)C(C)=C[C@H]1O[C@@H]1[C@H](O)[C@@H]
(OC(C)=O)[C@@]2(C)[C@@]12CO2 T-2 toxin 0

CC(=O)OC[C@@]12C[C@@H](OC(=O)CC(C)C)C(C)=C[C@@H]1O[C@H]1[C@H](O)[C@@H]
(O)[C@]2(C)[C@@]12CO2 HT-2 toxin 0

CC(C)C[C@@H]1NC(=O)[C@H](C)N(C)C(=O)CNC(=O)/C(=C/c2ccccc2)N(C)C1=O tentoxin 0
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Table A9. Cont.

SMILES Name y

CC[C@H](C)[C@@H]1NC(=O)C(C(C)=O)=C1O tenuazonic acid 0

CCC(C)C1NC(=O)C(C(C)=O)=C1O tenuazonic acid 0

O=c1[nH]c(=O)n([C@H]2C[C@H](O)[C@@H](CO)O2)cc1Br 5-bromo-2′-deoxyuridine 1

Cc1c2oc3c(C)ccc(C(=O)NC4C(=O)NC(C(C)C)C(=O)N5CCC[C@H]5C(=O)N(C)
CC(=O)N(C)C(C(C)C)C(=O)OC4C)c3nc-2c(C(=O)NC2C(=O)NC(C(C)C)C(=O)N3C
CCC3C(=O)N(C)CC(=O)N(C)C(C(C)C)C(=O)OC2C)c(N)c1=O

A-2600 1

Cc1c2oc3c(C)ccc(C(=O)NC4C(=O)N[C@H](C(C)C)C(=O)N5CCC[C@H]5C(=O)
N(C)CC(=O)N(C)[C@@H](C(C)C)C(=O)O[C@@H]4C)c3nc-2c(C(=O)NC2C(=O)N[C@H]
(C(C)C)C(=O)N3CCC[C@H]3C(=O)N(C)CC(=O)N(C)[C@@H](C(C)C)C(=O)O
[C@@H]2C)c(N)c1=O

actinomycin D 1

Cc1c2oc3c(C)ccc(C(=O)NC4C(=O)NC(C(C)C)C(=O)N5CCCC5C(=O)N(C)CC(=O)
N(C)C(C(C)C)C(=O)OC4C)c3nc-2c(C(=O)NC2C(=O)NC(C(C)C)C(=O)N3CCCC3C
(=O)N(C)CC(=O)N(C)C(C(C)C)C(=O)OC2C)c(N)c1=O

actinomycin D 1

Cc1c2oc3c(C)ccc(C(=O)N[C@@H]4C(=O)N[C@H](C(C)C)C(=O)N5CCC[C@H]5C(=O)N(C)
CC(=O)N(C)[C@@H](C(C)C)C(=O)O[C@H]4C)c3nc-2c(C(=O)N[C@@H]2C(=O)N[C@H]
(C(C)C)C(=O)N3CCC[C@H]3C(=O)N(C)CC(=O)N(C)[C@@H](C(C)C)C(=O)
O[C@H]2C)c(N)c1=O

actinomycin D 1

Cc1c2oc3c(C)ccc(C(=O)N[C@@H]4C(=O)N[C@H](C(C)C)C(=O)N5CCC[C@H]5C(=O)N(C)
CC(=O)N(C)[C@H](C(C)C)C(=O)O[C@@H]4C)c3nc-2c(C(=O)N[C@@H]2C(=O)N[C@H]
(C(C)C)C(=O)N3CCC[C@H]3C(=O)N(C)CC(=O)N(C)[C@@H](C(C)C)C(=O)
O[C@@H]2C)c(N)c1=O

actinomycin D 1

Cc1c2oc3c(C)ccc(C(=O)N[C@@H]4C(=O)N[C@@H](C(C)C)C(=O)N5CCC[C@H]5C(=O)N(C)
CC(=O)N(C)[C@@H](C(C)C)C(=O)O[C@@H]4C)c3nc-2c(C(=O)N[C@@H]2C(=O)N[C@@H]
(C(C)C)C(=O)N3CCC[C@H]3C(=O)N(C)CC(=O)N(C)[C@@H](C(C)C)C(=O)
O[C@@H]2C)c(N)c1=O

actinomycin D 1

Cc1c2oc3c(C)ccc(C(=O)N[C@@H]4C(=O)N[C@H](C(C)C)C(=O)N5CCC[C@H]5C(=O)N(C)
CC(=O)N(C)[C@@H](C(C)C)C(=O)O[C@@H]4C)c3nc-2c(C(=O)N[C@H]2C(=O)N[C@H]
(C(C)C)C(=O)N3CCC[C@@H]3C(=O)N(C)CC(=O)N(C)[C@@H](C(C)C)C(=O)
O[C@@H]2C)c(N)c1=O

actinomycin D 1

Cc1c2oc3c(C)ccc(C(=O)N[C@@H]4C(=O)N[C@H](C(C)C)C(=O)N5CCC[C@H]5C(=O)N(C)
CC(=O)N(C)C(C(C)C)C(=O)O[C@@H]4C)c3nc-2c(C(=O)N[C@@H]2C(=O)N[C@H]
(C(C)C)C(=O)N3CCC[C@H]3C(=O)N(C)CC(=O)N(C)[C@@H](C(C)C)C(=O)O[C@@H]
2C)c(N)c1=O

actinomycin D 1

[3H]c1c([3H])c(C([3H])([3H])[3H])c2oc3c(C([3H])([3H])[3H])c(=O)c(N([3H])[3H])
c(C(=O)N([3H])[C@]4([3H])C(=O)N([3H])[C@]([3H])(C([3H])(C([3H])([3H])[3H])C([3H])
([3H])[3H])C(=O)N5C([3H])([3H])C([3H])([3H])C([3H])([3H])[C@]5([3H])C(=O)N(C([3H])
([3H])[3H])C([3H])([3H])C(=O)N(C([3H])([3H])[3H])[C@@]([3H])(C([3H])(C([3H])([3H])
[3H])C([3H])([3H])[3H])C(=O)O[C@]4([3H])C([3H])([3H])[3H])c-3nc2c1C(=O)N
([3H])[C@]1([3H])C(=O)N([3H])[C@]([3H])(C([3H])(C([3H])([3H])[3H])C([3H])([3H])
[3H])C(=O)N2C([3H])([3H])C([3H])([3H])C([3H])([3H])[C@]2([3H])C(=O)N(C([3H])
([3H])[3H])C([3H])([3H])C(=O)N(C([3H])([3H])[3H])[C@@]([3H])
(C([3H])(C([3H])([3H])[3H])C([3H])([3H])[3H])C(=O)O[C@]1([3H])C([3H])([3H])[3H]

actinomycin d-[3h(g)] 1

COc1cc2c(c3oc(=O)c4c(c13)CCC4=O)[C@@H]1C=CO[C@@H]1O2 aflatoxin B1 1

COc1cc2c(c3oc(=O)c4c(c13)CCC4=O)[C@@H]1CCO[C@@H]1O2 aflatoxin B2 1

COc1cc2c(c3oc(=O)c4c(c13)CCOC4=O)[C@H]1C=CO[C@H]1O2 aflatoxin G1 1

COc1cc2c(c3oc(=O)c4c(c13)CCOC4=O)[C@H]1C=CO[C@@H]1O2 aflatoxin G1 1

COc1cc2c(c3oc(=O)c4c(c13)CCOC4=O)[C@@H]1C=CO[C@@H]1O2 aflatoxin G1 1

COc1cc2c(c3oc(=O)c4c(c13)CCOC4=O)C1C=COC1O2 aflatoxin G1 1
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COc1cc2c(c3oc(=O)c4c(c13)CCOC4=O)[C@@H]1CCO[C@@H]1O2 aflatoxin G2 1

COc1cc2c(c3oc(=O)c4c(c13)CCC4=O)[C@]1(O)C=CO[C@@H]1O2 aflatoxin M1 1

COc1cc2c(c3oc(=O)c4c(c13)[C@@H](O)CC4=O)[C@@H]1C=CO[C@@H]1O2 aflatoxin Q1 1

COc1cc2c(c3oc(=O)c4c(c13)CCC4O)[C@@H]1C=CO[C@@H]1O2 aflatoxicol 1

COc1cc2c(c3oc(=O)c4c(c13)CC[C@H]4O)[C@@H]1C=CO[C@H]1O2 aflatoxicol 1

COc1cc2c(c3oc(=O)c4c(c13)CC[C@@H]4O)[C@@H]1C=CO[C@@H]1O2 aflatoxicol 1

C[C@@H]1CCC[C@H](O)CCCCCc2cc(O)cc(O)c2C(=O)O1 alpha-Zearalanol 1

C[C@H]1CCCC(O)CCC/C=C/c2cc(O)cc(O)c2C(=O)O1 alpha-Zearalenol 1

COc1cc(O)c2c(=O)oc3cc(O)cc(C)c3c2c1 alternariol monomethyl
ether 1

CC(C)C1OC(=O)[C@H](Cc2ccccc2)N(C)C(=O)C(C(C)C)OC(=O)[C@H](Cc2ccccc2)
N(C)C(=O)C(C(C)C)OC(=O)[C@H](Cc2ccccc2)N(C)C1=O beauvericin 1

CC(C)[C@H]1OC(=O)[C@H](Cc2ccccc2)N(C)C(=O)[C@@H](C(C)C)OC(=O)[C@H]
(Cc2ccccc2)N(C)C(=O)[C@@H](C(C)C)OC(=O)[C@H](Cc2ccccc2)N(C)C1=O beauvericin 1

CC(C)[C@@H]1OC(=O)[C@@H](Cc2ccccc2)N(C)C(=O)[C@H](C(C)C)OC(=O)[C@@H]
(Cc2ccccc2)N(C)C(=O)[C@H](C(C)C)OC(=O)[C@@H](Cc2ccccc2)N(C)C1=O beauvericin 1

CC(C)C1OC(=O)C(Cc2ccccc2)N(C)C(=O)C(C(C)C)OC(=O)C(Cc2ccccc2)N(C)C(=O)
C(C(C)C)OC(=O)C(Cc2ccccc2)N(C)C1=O beauvericin 1

C[C@H]1CCC[C@@H](O)CCCCCc2cc(O)cc(O)c2C(=O)O1 beta-Zearalanol 1

C[C@H]1CCC[C@@H](O)CCC/C=C/c2cc(O)cc(O)c2C(=O)O1 beta-Zearalenol 1

CC1=C2C(=CO[C@H](C)[C@H]2C)C(=O)C(C(=O)O)=C1O citrinin 1

CC1=C2C(=CO[C@@H](C)[C@@H]2C)C(=O)C(C(=O)O)=C1O citrinin 1

Cc1c2oc3c(C)ccc(C(=O)N[C@@H]4C(=O)N[C@H](C(C)C)C(=O)N5CCC[C@H]5C(=O)
N(C)CC(=O)N(C)[C@@H](C(C)C)C(=O)O[C@@H]4C)c3nc-
2c(C(=O)N[C@@H]2C(=O)N[C@H](C(C)C)C(=O)N3CCC[C@H]3C(=O)N(C)CC(=O)N(C)
[C@@H](C(C)C)C(=O)O[C@@H]2C)c(N)c1=O

dactinomycin 1

COc1cccc2c1C(=O)c1c(O)c3c(c(O)c1C2=O)C[C@@](O)(C(=O)CO)C[C@@H]3O[C@H]
1C[C@H](N)[C@H](O)[C@H](C)O1 doxorubicin 1

Cc1cc(O)c2c(c1)C(=O)c1cc(O)cc(O)c1C2=O emodin 1

CC[C@H](C)[C@H]1C(=O)OC(C(C)C)C(=O)N(C)[C@@H]([C@H](C)CC)C(=O)O[C@H]
(C(C)C)C(=O)N(C)[C@@H]([C@@H](C)CC)C(=O)O[C@H](C(C)C)C(=O)N1C enniatins A 1

CC[C@H](C)[C@H]1C(=O)O[C@H](C(C)C)C(=O)N(C)[C@@H]([C@@H](C)CC)C(=O)
O[C@H](C(C)C)C(=O)N(C)[C@@H](C(C)C)C(=O)O[C@H](C(C)C)C(=O)N1C enniatin A1 1

CC(C)[C@H]1C(=O)O[C@H](C(C)C)C(=O)N(C)[C@@H](C(C)C)C(=O)O[C@H](C(C)
C)C(=O)N(C)[C@@H](C(C)C)C(=O)O[C@H](C(C)C)C(=O)N1C enniatin B 1

CC[C@H](C)[C@H]1C(=O)O[C@H](C(C)C)C(=O)N(C)[C@@H](C(C)C)C(=O)O[C@H]
(C(C)C)C(=O)N(C)[C@@H](C(C)C)C(=O)O[C@H](C(C)C)C(=O)N1C enniatin B1 1

O=c1[nH]c(=O)n([C@H]2C[C@H](O)[C@@H](CO)O2)cc1F floxuridine 1

CCCC[C@@H](C)[C@@H](OC(=O)C[C@@H](CC(=O)O)C(=O)O)[C@H](C[C@@H]
(C)CCCCCC[C@@H](O)C[C@H](O)[C@H](C)N)OC(=O)C[C@@H](CC(=O)O)C(=O)O fumonisin B2 1

CCCCC(C)C(OC(=O)CC(CC(=O)O)C(=O)O)C(CC(C)CC(O)CCCCCCC(O)C(C)N)
OC(=O)CC(CC(=O)O)C(=O)O fumonisin B3 1

CCCCC(C)C(OC(=O)CC(CC(=O)O)C(=O)O)C(CC(C)CC(O)CCCCC(O)CC(O)C(C)N)OC
(=O)CC(CC(=O)O)C(=O)O fumonisin B 1

CO[C@@]12[C@H](COC(N)=O)C3=C(C(=O)C(C)=C(N)C3=O)N1C[C@@H]1N[C@@H]12 mitomycin C 1
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O=c1cc(O)c1=O monilformin 1

C[C@@H]1CC2=C(C=C(C(=C2C(=O)O1)O)C(=O)N[C@@H](CC3=CC=CC=C3)C(=O)O)Cl ochratoxin A 1

O=C1C=C2C(=CCOC2O)O1 patulin 1

C=C(C)[C@@H]1NC(=O)[C@@H](NC)[C@@H](O)c2cc(Cl)c(O)c(c2)O[C@](C)(CC)[C@@H]
(C(=O)N2CC=C[C@H]2C(=O)N/C(C(=O)N/C(=C/C(=O)O)C(=O)O)=C(\C)CC)NC1=O phomopsin A 1

COC(=O)C12Oc3ccc(-
c4ccc5c(c4O)C(O)=C4C(=O)CC(C)C(O)C4(C(=O)OC)O5)c(O)c3C(O)=C1C(=O)CC(C)C2O secalonic acid D 1

COc1c(Cl)cc2c(c1OC)N(C)[C@@H]1N3C(=O)[C@@]
4(C)SS[C@@]3(C(=O)N4C)[C@H](O)[C@]21O sporidesmin 1

COc1cc2c(c3oc4cccc(O)c4c(=O)c13)[C@@H]1C=CO[C@@H]1O2 sterigmatocystin 1

CC1=CC2OC3[C@H](O)C[C@@](C)(C34CO4)[C@@]2(CO)[C@H](O)C1=O vomitoxin 1

C[C@H]1CCCC(=O)CCCCCc2cc(O)cc(O)c2C(=O)O1 zearalanone 1

C[C@H]1CCCC(=O)CCC/C=C/c2cc(O)cc(O)c2C(=O)O1 zearalenone 1

C[C@H]1CCCC(O)CCC/C=C/c2cc(O)cc(O)c2C(=O)O1 alpha-zearalenol 1

C[C@H]1CCC[C@H](O)CCC/C=C/c2cc(O)cc(O)c2C(=O)O1 alpha-zearalenol 1

C[C@H]1CCC[C@@H](O)CCC/C=C/c2cc(O)cc(O)c2C(=O)O1 beta-zearalenol 1

C[C@H]1CCC[C@H](O)CCCCCc2cc(O)cc(O)c2C(=O)O1 zeranol 1

Table A10. Validation set for carcinogenicity data.

SMILES Name y

CCCCOC(=O)c1ccc(O)cc1 butylparaben 0

O=C(NC(CO)C(O)c1ccc([N+](=O)[O−])cc1)C(Cl)Cl bhloramphenicol 0

O=C(N[C@H](CO)[C@H](O)c1ccc([N+](=O)[O−])cc1)C(Cl)Cl chloramphenicol 0

O=C(N[C@@H](CO)[C@@H](O)c1ccc([N+](=O)[O−])cc1)C(Cl)Cl chloramphenicol 0

O=C(N[C@@H](CO)[C@H](O)c1ccc([N+](=O)[O−])cc1)C(Cl)Cl chloramphenicol 0

O=C(N[C@H](CO)[C@@H](O)c1ccc([N+](=O)[O−])cc1)C(Cl)Cl chloramphenicol 0

O=C(N[C@H](CO)[C@H](O)[13c]1[13cH][13cH][13c]([N+](=O)[O−])[13cH][13cH]1)C(Cl)Cl chloramphenicol 0

[2H]c1c([2H])c([C@@]([2H])(O)[C@@H](CO)NC(=O)C(Cl)Cl)c([2H])c([2H])c1[N+](=O)[O−] chloramphenicol 0

O=[13C](N[13C@H]([13CH2]O)[13C@H](O)[13c]1ccc([N+](=O)[O−])cc1)[13CH](Cl)Cl chloramphenicol 0

[2H]C(Cl)(Cl)C(=O)N[C@]([2H])(C([2H])([2H])O)[C@]([2H])(O)c1ccc([N+](=O)[O−])cc1 chloramphenicol 0

[2H]c1c([2H])c(C([2H])(O)C(CO)NC(=O)C(Cl)Cl)c([2H])c([2H])c1[N+](=O)[O−] chloramphenicol 0

[3H]c1cc([C@@H](O)[C@@H](CO)NC(=O)C(Cl)Cl)cc([3H])c1[N+](=O)[O−] chloramphenicol 0

[2H]c1c([2H])c([C@@]([2H])(O)[C@H](CO)NC(=O)C(Cl)Cl)c([2H])c([2H])c1[N+](=O)[O−] chloramphenicol 0

O=[13C](N[13C@H]([13CH2]O)[13C@H](O)[13c]1[13cH][13cH][13c]([N+](=O)[O−])
[13cH][13cH]1)[13CH](Cl)Cl

chloramphenicol 0

[2H]OC[C@H]([C@H](O[2H])c1ccc([N+](=O)[O−])cc1)N([2H])C(=O)C(Cl)Cl chloramphenicol 0

C/C=C/C[C@@H](C)[C@@H](O)[C@H]1C(=O)N[C@@H](CC)C(=O)N(C)CC(=O)N(C)[C@@H]
(CC(C)C)C(=O)N[C@@H](C(C)C)C(=O)N(C)[C@@H](CC(C)C)C(=O)N[C@@H](C)C(=O)N[C@H]
(C)C(=O)N(C)[C@@H](CC(C)C)C(=O)N(C)[C@@H](CC(C)C)C(=O)N(C)[C@@H](C(C)C)C(=O)N1C

cyclosporin A 0
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CC1=C[C@H]2O[C@@H]3[C@H](O)C[C@@](C)([C@]34CO4)[C@@]2(CO)[C@H](O)C1=O deoxynivalenol 0

[2H]c1c(C([2H])([2H])[2H])cc(O)c2c1C(=O)c1cc(O)cc(O)c1C2=O emodin 0

CC(=O)O[C@@H]1[C@@H](O)[C@H]2O[C@@H]3C=C(C)C(=O)[C@@H](O)[C@]3(CO)[C@]
1(C)[C@]21CO1

fusarenon X 0

CC(C)COC(=O)c1ccc(O)cc1
isobutyl
4-hydroxybenzoate

0

CO[C@@H]1[C@@H](O[C@@H]2O[C@H](C)[C@@H](O[C@H]3C[C@@](C)(O)[C@@H]
(OC(=O)CC(C)C)[C@H](C)O3)[C@H](N(C)C)[C@H]2O)[C@@H](CC=O)C[C@@H](C)[C@@H](O)/C
=C/C=C/C[C@@H](C)OC(=O)C[C@H]1OC(C)=O

josamycin 0

COC(C(=O)O)c1ccccc1
methoxyphenylacetic
acid

0

CC1=C[C@H]2O[C@@H]3[C@H](O)[C@@H](O)[C@@](C)([C@]34CO4)[C@@]2(CO)[C@H](O)C1=O nivalenol 0

CN(C)[C@@H]1C(=O)C(C(N)=O)=C(O)[C@@]2(O)C(=O)C3=C(O)c4c(O)cccc4[C@@](C)(O)
[C@H]3[C@H](O)[C@@H]12.Cl

oxytetracycline 0

O=[13C]1[13CH]=[13C]2[13C](=[13CH][13CH2]O[13CH]2O)O1 patulin 0

CN(C)[C@@H]1C(=O)C(C(N)=O)=C(O)[C@@]2(O)C(=O)C3=C(O)c4c(O)cccc4[C@@](C)(O)
[C@H]3C[C@@H]12.Cl

tetracycline 0

Oc1cc(Cl)ccc1Oc1ccc(Cl)cc1Cl triclosan 0

CC1=C[C@@H]2[C@]([C@@H](C1=O)O)([C@]3(C[C@H]([C@H]([C@]34CO4)O2)O)C)CO vomitoxin 0

[2H]C([2H])([2H])Oc1cc2c(c3oc(=O)c4c(c13)CCC4=O)[C@@H]1CCO[C@@H]1O2 1217830-52-8 1

C[C@H]1Cc2c(Cl)cc(C(=O)N[C@@H](Cc3ccccc3)C(=O)O)c(O)c2C(=O)O1 3-epi-Ochratoxin A 1

C[C@H]1Cc2c(Cl)cc(C(=O)N[C@H](Cc3ccccc3)C(=O)O)c(O)c2C(=O)O1 3S14R-Ochratoxin A 1

O=c1[nH]c(=O)n([C@H]2C[C@H](O)[C@@H](CO)O2)cc1Br
5-BROMO-2′-
DEOXYURIDINE

1

Cc1c2oc3c(C)ccc(C(=O)NC4C(=O)NC(C(C)C)C(=O)N5CCC[C@H]5C(=O)N(C)CC(=O)N(C)
C(C(C)C)C(=O)OC4C)c3nc-2c(C(=O)NC2C(=O)NC(C(C)C)C(=O)N3CCCC3C(=O)N(C)CC(=O)
N(C)C(C(C)C)C(=O)OC2C)c(N)c1=O

A-2600 1

Cc1c2oc3c(C)ccc(C(=O)NC4C(=O)N[C@H](C(C)C)C(=O)N5CCC[C@H]5C(=O)N(C)CC(=O)N(C)
[C@@H](C(C)C)C(=O)O[C@@H]4C)c3nc-2c(C(=O)NC2C(=O)N[C@H](C(C)C)C
(=O)N3CCC[C@H]3C(=O)N(C)CC(=O)N(C)[C@@H](C(C)C)C(=O)O[C@@H]2C)c(N)c1=O

actinomycin D 1

Cc1c2oc3c(C)ccc(C(=O)NC4C(=O)NC(C(C)C)C(=O)N5CCCC5C(=O)N(C)CC(=O)N(C)
C(C(C)C)C(=O)OC4C)c3nc-2c(C(=O)NC2C(=O)NC(C(C)C)C(=O)N3
CCCC3C(=O)N(C)CC(=O)N(C)C(C(C)C)C(=O)OC2C)c(N)c1=O

actinomycin D 1

Cc1c2oc3c(C)ccc(C(=O)N[C@@H]4C(=O)N[C@H](C(C)C)C(=O)N5CCC[C@H]
5C(=O)N(C)CC(=O)N(C)[C@@H](C(C)C)C(=O)O[C@H]4C)c3nc-
2c(C(=O)N[C@@H]2C(=O)N[C@H](C(C)C)C(=O)N3CCC[C@H]3C(=O)N(C)CC(=O)N(C)[C@@H]
(C(C)C)C(=O)O[C@H]2C)c(N)c1=O

actinomycin D 1

Cc1c2oc3c(C)ccc(C(=O)N[C@@H]4C(=O)N[C@H](C(C)C)C(=O)N5CCC[C@H]5C(=O)N(C)
CC(=O)N(C)[C@H](C(C)C)C(=O)O[C@@H]4C)c3nc-2c(C(=O)N[C@@H]2C(=O)N[C@H](C(C)C)
C(=O)N3CCC[C@H]3C(=O)N(C)CC(=O)N(C)[C@@H](C(C)C)C(=O)O[C@@H]2C)c(N)c1=O

actinomycin D 1

Cc1c2oc3c(C)ccc(C(=O)N[C@@H]4C(=O)N[C@@H](C(C)C)C(=O)N5CCC[C@H]5C(=O)N(C)
CC(=O)N(C)[C@@H](C(C)C)C(=O)O[C@@H]4C)c3nc-2c(C(=O)N[C@@H]2C(=O)N[C@@H](C(C)C)
C(=O)N3CCC[C@H]3C(=O)N(C)CC(=O)N(C)[C@@H](C(C)C)C(=O)O[C@@H]2C)c(N)c1=O

actinomycin 1
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Table A10. Cont.

SMILES Name y

[3H]c1c([3H])c(C([3H])([3H])[3H])c2oc3c(C([3H])([3H])[3H])c(=O)c(N([3H])[3H])c(C(=O)N([3H])
[C@]4([3H])C(=O)N([3H])[C@]([3H])(C([3H])(C([3H])([3H])[3H])C([3H])([3H])[3H])C(=O)N5C([3H])
([3H])C([3H])([3H])C([3H])([3H])[C@]5([3H])C(=O)N(C([3H])([3H])[3H])C([3H])([3H])C(=O)N
(C([3H])([3H])[3H])[C@@]([3H])(C([3H])(C([3H])([3H])[3H])C([3H])([3H])[3H])C(=O)O[C@]
4([3H])C([3H])([3H])[3H])c-3nc2c1C(=O)N([3H])[C@]1([3H])C(=O)N([3H])[C@]([3H])(C([3H])
(C([3H])([3H])[3H])C([3H])([3H])[3H])C(=O)N2C([3H])([3H])C([3H])([3H])C([3H])([3H])[C@]2([3H])
C(=O)N(C([3H])([3H])[3H])C([3H])([3H])C(=O)N(C([3H])([3H])[3H])[C@@]([3H])(C([3H])(C([3H])
([3H])[3H])C([3H])([3H])[3H])C(=O)O[C@]1([3H])C([3H])([3H])[3H]

actinomycin D 1

Cc1c2oc3c(C)ccc(C(=O)N[C@@H]4C(=O)N[C@H](C(C)C)C(=O)N5CCC[C@H]5C(=O)N(C)
CC(=O)N(C)[C@@H](C(C)C)C(=O)O[C@@H]4C)c3nc-2c(C(=O)N[C@H]2C(=O)N[C@H](C(C)C)
C(=O)N3CCC[C@@H]3C(=O)N(C)CC(=O)N(C)[C@@H](C(C)C)C(=O)O[C@@H]2C)c(N)c1=O

actinomycin D 1

Cc1c2oc3c(C)ccc(C(=O)N[C@@H]4C(=O)N[C@H](C(C)C)C(=O)N5CCC[C@H]5C(=O)N(C)CC(=O)
N(C)C(C(C)C)C(=O)O[C@@H]4C)c3nc-2c(C(=O)N[C@@H]2C(=O)N[C@H](C(C)C)C(=O)N3CCC
[C@H]3C(=O)N(C)CC(=O)N(C)[C@@H](C(C)C)C(=O)O[C@@H]2C)c(N)c1=O

actinomycin D 1

COc1cc2c(c3oc(=O)c4c(c13)CCC4=O)C1C=COC1O2 aflatoxin BI 1

COc1cc2c(c3oc(=O)c4c(c13)CC[C@@H]4O)[C@@H]1C=CO[C@@H]1O2 aflatoxicol 1

COc1cc2c(c3oc(=O)c4c(c13)CCC4=O)[C@@H]1C=CO[C@@H]1O2 aflatoxin B1 1

[13CH3]O[13c]1[13cH][13c]2[13c]([13c]3o[13c](=O)[13c]4[13c]([13c]13)
[13CH2][13CH2][13C]4=O)[13C@@H]1[13CH]=[13CH]O[13C@@H]1O2

aflatoxin B1-13C17 1

COc1cc2c(c3oc(=O)c4c(c13)CCC4=O)[C@@H]1CCO[C@@H]1O2 aflatoxin B2 1

COc1cc2c(c3oc(=O)c4c(c13)CCC4=O)C1CCOC1O2 aflatoxin B2 alpha 1

COc1cc2c(c3oc(=O)c4c(c13)CCOC4=O)C1C=COC1O2 aflatoxin G1 1

COc1cc2c(c3oc(=O)c4c(c13)CCOC4=O)[C@@H]1C=CO[C@@H]1O2 aflatoxin G1 1

COc1cc2c(c3oc(=O)c4c(c13)CCOC4=O)[C@H]1C=CO[C@@H]1O2 aflatoxin G1 1

COc1cc2c(c3oc(=O)c4c(c13)CCOC4=O)[C@H]1C=CO[C@H]1O2 aflatoxin G1 1

[13CH3]O[13c]1[13cH][13c]2[13c]([13c]3o[13c](=O)[13c]4[13c]([13c]13)
[13CH2][13CH2]O[13C]4=O)[13C@@H]1[13CH]=[13CH]O[13C@@H]1O2

aflatoxin G1-13C17 1

COc1cc2c(c3oc(=O)c4c(c13)CCOC4=O)[C@@H]1CCO[C@@H]1O2 aflatoxin G2 1

[13CH3]O[13c]1[13cH][13c]2[13c]([13c]3o[13c](=O)[13c]4[13c]([13c]13)
[13CH2][13CH2]O[13C]4=O)[13C@@H]1[13CH2][13CH2]O[13C@@H]1O2

aflatoxin G2-13C17 1

CC1Cc2c(Cl)cc(C(=O)NC(Cc3ccccc3)C(=O)O)c(O)c2C(=O)O1 antibiotic 9663 1

COc1cc2c(c3oc4cccc(O)c4c(=O)c13)C1C=CO[C@@H]1O2 CHEMBL1532401 1

CC1=C2C(=CO[C@H](C)[C@H]2C)C(=O)C(C(=O)O)=C1O citrinin 1

CC[C@@H]1NC(=O)[C@@H]2[C@H](Cl)[C@H](Cl)CN2C(=O)[C@H](CO)NC(=O)
C[C@H](c2ccccc2)NC(=O)[C@H](CO)NC1=O

cyclochlorotine 1

Cc1c2oc3c(C)ccc(C(=O)N[C@@H]4C(=O)N[C@H](C(C)C)C(=O)N5CCC[C@H]5C(=O)N(C)CC(=O)
N(C)[C@@H](C(C)C)C(=O)O[C@@H]4C)c3nc-2c(C(=O)N[C@@H]2C(=O)N[C@H]
(C(C)C)C(=O)N3CCC[C@H]3C(=O)N(C)CC(=O)N(C)[C@@H](C(C)C)C(=O)O[C@@H]2C)c(N)c1=O

dactinomycin 1

COc1cccc2c1C(=O)c1c(O)c3c(c(O)c1C2=O)C[C@@](O)(C(C)=O)C[C@@H]3O[C@H]1C[C@H]
(N)[C@H](O)[C@H](C)O1

daunorubicin 1

COc1cc2c(c3oc(=O)c4c(c13)CCOC4=O)C1CCOC1O2 dihydroaflatoxin G1 1

COc1cccc2c1C(=O)c1c(O)c3c(c(O)c1C2=O)C[C@@](O)(C(=O)CO)C[C@@H]3O[C@H]1C[C@H]
(N)[C@H](O)[C@H](C)O1

doxorubicin 1

C=C1C[C@]23C[C@@]1(O)CC[C@H]2[C@@]12C=C[C@H](O)[C@@](C)(C(=O)O1)
[C@H]2[C@@H]3C(=O)O

gibberellic acid 1
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SMILES Name y

COC1=CC(=O)C[C@@H](C)[C@]12Oc1c(Cl)c(OC)cc(OC)c1C2=O griseofulvin 1

CC[C@H](C)C(=O)O[C@H]1C[C@H](C=C2[C@H]1[C@H]([C@H](C=C2)C)CC
[C@@H]3C[C@H](CC(=O)O3)O)C

lovastatin 1

Cc1cc(O)c2c(c1O)C(=O)C13C(=C2O)C(=O)C2C(O)C1C1C(O)C3C(=O)C3=C(O)c4c(O)cc(C)
c(O)c4C(=O)C321

luteoskyrin 1

Cc1cc(O)c2c(c1O)C(=O)[C@]13C(=C2O)C(=O)[C@@H]2[C@H](O)[C@H]1[C@@H]1[C@@H]
(O)[C@H]3C(=O)C3=C(O)c4c(O)cc(C)c(O)c4C(=O)[C@@]321

luteoskyrin 1

C=CCc1ccc(OC)c(OC)c1 methyl eugenol 1

CO[C@@]12[C@H](COC(N)=O)C3=C(C(=O)C(C)=C(N)C3=O)N1C[C@@H]1N[C@@H]12 mitomycin C 1

C[C@@H]1Cc2c(Cl)cc(C(=O)N[C@H](Cc3ccccc3)C(=O)O)c(O)c2C(=O)O1

N-[(3R)-5-chloro-8-
hydroxy-3-methyl-1-
oxo-3,4-dihydro-1H-2-
benzopyran-7-
carbonyl]-D-
phenylalanine

1

C[C@@H]1Cc2c(Cl)cc(C(=O)N[C@@H](Cc3ccccc3)C(=O)O)c(O)c2C(=O)O1 ochratoxin A 1

CC1Cc2c(Cl)cc(C(=O)N[C@H](Cc3ccccc3)C(=O)O)c(O)c2C(=O)O1 ochratoxin-A 1

CC/C(=C(\C(=O)N/C(=C/C(=O)O)/C(=O)O)/NC(=O)[C@@H]1C=CCN1C(=O)[C@@H]2[C@@]
(OC3=C(C(=CC(=C3)[C@@H]([C@@H](C(=O)N[C@H](C(=O)N2)C(=C)C)NC)O)Cl)O)(C)CC)/C

phomopsin A 1

COc1cc2c(c3oc4cccc(O)c4c(=O)c13)[C@@H]1C=CO[C@@H]1O2 sterigmatocystin 1

COc1cc2c(c3oc4cccc(O)c4c(=O)c13)C1C=COC1O2 sterigmatocystin 1

Table A11. Prediction metrics of the external validation set of mycotoxins with 4 different QSAR
prediction tools.

Model Accuracy Sensitivity Specificity Precision f1 TN FP FN TP Num of Cpds

Carcinogenicity ProtoPRED 0.80 0.74 0.89 0.92 0.82 25 3 12 35 75

Carcinogenicity QTB Case Ultra 0.71 0.75 0.65 0.77 0.76 15 8 9 27 59 *

Carcinogenicity QTB Leadscope 0.59 0.62 0.53 0.65 0.63 9 8 9 15 41 *

Carcinogenicity VEGA 0.70 0.56 0.81 0.67 0.61 21 5 8 10 31 **
In vitro genotoxicity mycotoxin

model
0.93 1.00 0.86 1.00 0.94 6 0 1 8 15

In vitro genotoxicity VEGA 0.54 1.00 0.00 0.54 0.70 0 6 0 7 13 **
In vivo genotoxicity

ProtoPRED
0.81 0.88 0.46 0.88 0.88 6 7 7 52 72

In vivo genotoxicity QTB Case
Ultra

0.62 0.60 0.67 0.75 0.67 2 1 2 3 8 *

In vivo genotoxicity QTB
Leadscope

0.65 0.64 0.67 0.82 0.72 4 2 5 9 20 *

In vivo genotoxicity VEGA 0.39 0.33 0.57 0.70 0.45 4 3 14 7 28 ***
Mutagenicity mycotoxin model 0.83 0.92 0.75 0.92 0.85 9 1 3 11 24

Mutagenicity QTB Case Ultra 0.94 0.90 1.00 1.00 0.95 8 0 1 9 18 *
Mutagenicity QTB Leadscope 0.88 0.86 0.90 0.86 0.86 9 1 1 6 17 *
Mutagenicity VEGA 0.67 0.83 0.50 0.62 0.71 6 6 2 10 24

QTB = QSARToolbox; FN = false negatives; TN = true positives; FP = false positives; TP = true positives. The
models described in this article are labelled in bold. * Several compounds could not be predicted because they
were not included in the applicability domain of the model. ** Some compounds could not be predicted because
the program did not accept the input structure. *** Some compounds could not be predicted because the program
did not accept the input structure or the prediction was unclear.
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Abstract: Under natural conditions, T-2 toxin can be easily metabolized to HT-2 toxin by deacetylation,
and T-2 and HT-2 are usually co-contaminated in grain and feed at a high detected rate. Our previous
information indicated that T-2 toxin could injure the function of the intestinal barrier, but the combined
toxicity and mechanism of T-2 and HT-2 on the intestinal cells of porcines are still unknown. Therefore,
we aimed to explore T-2 and HT-2 individually and combined on cellular viability, cell membrane
integrity, the expression of tight junction-related proteins, and the generation of inflammatory factors
in porcine intestinal epithelial cells (IPEC-J2). The results showed that T-2 and HT-2, individually or
in combination, could induce a decrease in cell viability, an increase in LDH release and IL-1, IL-6,
and TNF-α generation, and a decrease in the anti-inflammatory factor IL-10. Based on the analysis
of immunofluorescence staining, real-time PCR, and western blotting, the tight junction protein
expressions of Claudin-1, Occludin, and ZO-1 were significantly decreased in the T-2 and HT-2
individual or combination treated groups compared with the control. Furthermore, all the parameter
changes in the T-2 + HT-2 combination group were much more serious than those in the individual
dose groups. These results suggest that T-2 and HT-2, individually and in combination, could induce
an intestinal function injury related to an inflammatory response and damage to the intestinal barrier
function in porcine intestinal epithelial cells. Additionally, T-2 and HT-2 in combination showed
a synergistic toxic effect, which will provide a theoretical basis to assess the risk of T-2 + HT-2
co-contamination in porcine feed.

Keywords: T-2 toxin; HT-2 toxin; porcine intestinal epithelial cells; inflammation; intestinal barrier

Key Contribution: The exposure of T-2 and HT-2 individually and in combination to IPEC-J2 cells
caused damage to intestinal barrier function, which contributed to the inflammatory response and
decreased expression of tight junction proteins, and the combination of T-2 and HT-2 presented a
synergistic toxic effect.

1. Introduction

T-2 toxin, a sesquigerene compound generated by F. poae and F. sporotrichioides, is
characterized by the highest toxicity in type A trichohecene [1], which is found in cereals
and unprocessed foods around the world, including Africa, Europe, Southeast Asia, South
America, and China [2]. T-2 toxin is difficult to volatilize and is insoluble in water, but
it could be resiliently degraded through hydrolysis, hydroxylation, deepoxidation, and
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conjugation reactions in diverse animal and plant organisms [3]. Generally, the most
common metabolic pathway of T-2 is fast deacetylation of the C-4 site, which is then
converted into HT-2 toxin [4].

According to the European Union survey of mycotoxins contamination in food, 57% of
11,022 samples tested positive for DON, 16% of 4166 samples tested positive for NIV, 20% of
3490 samples tested positive for T-2, and 14% of 3032 samples tested positive for HT-2 [5,6].
In addition, DON contamination was more commonly observed in wheat and corn, while
NIV, T-2 toxin, and HT-2 toxin are all common contaminants in corn, wheat, and oats [6].
In China, T-2 and HT-2 were detected in grain from Sichuan province; the detection rate
and average dose of T-2 were 11.64% and 0.565 g/kg, and that of HT-2 were 49.74% and
3.746 μg/kg, and the highest concentrations of T-2 toxin and HT-2 toxins were 3.332 μg/kg
and 34.510 μg/kg. Furthermore, the EU is also considering the allowable limits for the
T-2 + HT-2 toxin combination [7]. Following the widespread contamination of mycotoxins,
the food chain contaminants group of the European Food Safety Authority defined the
tolerable daily intake of T-2 toxin and HT-2 toxin at 100 ng/kg [8]. In 2016 and 2017, the
mycotoxins contamination in maize was investigated in Croatia, and fumonisin B1 (85.7%),
HT-2 (73.8%), deoxynivalenol (65.5%), fumonisin B2 (64.3%), zearalenone (54.8%), T-2 toxin
(28.6%), aflatoxin B1 (2.4%), aflatoxin B2, and aflatoxin G1 (1.2%) were discovered in the
mixture contamination, and the combined detection rate of T-2 toxin and HT-2 toxin was
26.2% in the total samples. According to the above information, it can be summarized that
the levels of T-2 toxin and HT-2 toxin were wide-ranging, and the two toxins often appear
in combination.

A large number of studies have shown that the mycotoxins T-2 and HT-2 have ex-
tensive toxic effects on humans and animals [9], which could inhibit protein synthesis
and cell proliferation and cause toxicity and damage to the skin, immunological system,
liver, reproductive system, and digestive system in vitro and in vivo. Because T-2 toxin
and HT-2 toxin share the same chemical structure as epoxysesquiterpenes, their toxicity
is relatively similar [10]. However, it is not possible to assess the combined toxicity of
mycotoxins based on the individual components, as they may produce additive, synergistic,
and antagonistic interactions [11]. In earlier studies, T-2 + HT-2 toxins showed synergistic
effects at low doses and antagonistic effects at high doses in porcine Leydig cells, but the
reversed effect was found in the ternary combination [12]. The gastrointestinal organ is the
first target for possible hazardous effects of mycotoxins after ingestion of contaminated
food [13]. At present, most studies on the toxic mechanism of mycotoxins on porcine intesti-
nal epithelial cells focus on individual toxicity, but the mechanism of T-2 toxin and HT-2
toxin individually or combined in treatment on the damage of porcine intestinal epithelial
cells is still not clear. On the basis of the previous study, cell viability, the permeability
of the cell membrane, the expression and distribution of tight junction proteins, and the
secretion of inflammatory factors were observed after T-2 and HT-2 individual or combined
exposure. The results of this experiment will further enrich the combined toxic mechanism
of mycotoxins and provide a new idea for the prevention and control of contamination.

2. Results

2.1. Effect of T-2 and HT-2 on Cell Viability and Lactate Dehydrogenase (LDH) Activity

As shown in Figure 1A, cell viability was dramatically reduced in response to T-2
toxin and HT-2 toxin individually or in combination groups compared to the controls (p
< 0.05). Additionally, cell viability in the T-2 + HT-2 combination group was decreased
compared with that in the T-2 toxin and HT-2 toxin single-treated groups (p < 0.05).
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Figure 1. Changes in cell viability and LDH release of IPEC-J2 cells after exposure to T-2
(3.125 nmol/L), HT-2 (6.25 nmol/L), and T-2 (3.125 nmol/L) + HT-2 (6.25 nmol/L) for 24 h. (A) Cell vi-
ability; (B) lactate dehydrogenase activity. All values are given as the mean ± SD of four independent
experiments. Values with different superscript letters are significantly different (p < 0.05).

The LDH released from cells could be quantitatively detected and was considered
an important indicator of cell membrane integrity. As shown in Figure 1B, the LDH from
IPEC-J2 cells gradually increased when treated with T-2 toxin and HT-2 toxin individually
and in combination (p > 0.05 or p < 0.05), and the LDH in the combination group was
obviously higher compared with that in the T-2 toxin and HT-2 toxin individual groups
(p < 0.05).

2.2. The Expression of Tight Junction Protein by Immunofluorescence Assay

Following the treatment with T-2 toxin and HT-2 toxin, the distribution of tight
junction proteins Claudin-1, Occludin, and ZO-1 in IPEC-J2 cells was observed by a laser
scanning confocal microscope. As shown in Figures 2–4, the red fluorescence intensity was
proportional to the expression of the three proteins. In the control group, the expression
of the three proteins was high and distributed evenly, but the distribution of Claudin-1,
Occludin, and ZO-1 in the combined toxin-treated group decreased, and the expression in
the individual T-2 toxin and HT-2 toxin groups decreased significantly. Additionally, T-2
toxin and HT-2 toxin caused some morphological changes in tight junction proteins, which
led to the barrier function damage of cell junctions.

2.3. Expression of Tight Junction-Related Protein mRNA by Real-Time PCR

The expression levels of Claudin-1, Occludin, and ZO-1 genes were investigated by
qRT-PCR, as shown in Figure 5. Compared with the control, the levels of the three tight
junction protein mRNA were dramatically reduced in all the treated groups (p > 0.05 or
p < 0.05), and the mRNA relative expression of Claudin-1, Occludin, and ZO-1 genes in the
T-2 + HT-2 combination group was obviously decreased compared with that in the control,
T-2 toxin, and HT-2 toxin individual groups (p < 0.05).

2.4. Expression of Tight Junction-Related Proteins by Western-Blot

Following treatment with T-2 and HT-2 for 24 h, the expression of Claudin-1, Occludin,
and ZO-1 proteins was investigated by western blotting. The protein levels of Occludin
and ZO-1 were significantly lower in the T-2 toxin group than those in the control group
(p < 0.05). The expression levels of the three proteins were dramatically reduced in the
HT-2 individual group and the T-2 + HT-2 combination group compared with those in the
control and T-2 individual groups (p < 0.05). In addition, the expression levels of Claudin-1,
Occludin, and ZO-1 in the T-2 + HT-2 combined group were also higher than the HT-2
individual group (p < 0.05, Figure 6).
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Figure 2. Changes in expression and distribution of Claudin-1 protein in IPEC-J2 cells after exposure
to T-2 (3.125 nmol/L), HT-2 (6.25 nmol/L), and T-2 (3.125 nmol/L) + HT-2 (6.25 nmol/L) for 24 h
(400×).

Figure 3. Changes in expression and distribution of Occludin protein in IPEC-J2 cells after exposure
to T-2 (3.125 nmol/L), HT-2 (6.25 nmol/L), and T-2 (3.125 nmol/L) + HT-2 (6.25 nmol/L) for 24 h
(400×).
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Figure 4. Changes in expression and distribution of ZO-1 protein in IPEC-J2 cells after exposure
to T-2 (3.125 nmol/L), HT-2 (6.25 nmol/L), and T-2 (3.125 nmol/L) + HT-2 (6.25 nmol/L) for 24 h
(400×).

Figure 5. Changes in expression level of tight junction-related genes in IPEC-J2 cells after exposure to
T-2 (3.125 nmol/L), HT-2 (6.25 nmol/L), and T-2 (3.125 nmol/L) + HT-2 (6.25 nmol/L) for 24 h. The
control value was set at 1.0. All values are given as the mean ± SD of four independent experiments.
Values with different superscript letters are significantly different (p < 0.05).

2.5. Effect of T-2 and HT-2 on the Content of Inflammatory Factors

The concentration change in T-2 and HT-2 on inflammatory factors is shown in
Figure 7. Compared with the control, the contents of IL-1, IL-6, and TNF-α in IPEC-J2 cells
were significantly increased when T-2 toxin and HT-2 toxin were exposed individually
or in combination (p < 0.05), and obvious differences were found between the different
groups (p < 0.05). However, the content of IL-10 in the HT-2 toxin and T-2 + HT-2 combina-
tion groups was dramatically decreased compared with the control and T-2 toxin groups
(p < 0.05). Additionally, the level of IL-10 in the combination group was also obviously
lower compared with the individual dose groups of T-2 toxin and HT-2 toxin (p < 0.05).
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Figure 6. Changes in relative expression of tight junction-related proteins in IPEC-J2 cells after
exposure to T-2 (3.125 nmol/L), HT-2 (6.25 nmol/L), and T-2 (3.125 nmol/L) + HT-2 (6.25 nmol/L)
for 24 h. The control value was set at 1.0. All values are given as the mean ± SD of four independent
experiments. Values with different superscript letters are significantly different (p < 0.05).

Figure 7. Changes in content of IL-1, IL-6, TNF-a, and IL-10 in IPEC-J2 cells after exposure to T-2
(3.125 nmol/L), HT-2 (6.25 nmol/L), and T-2 (3.125 nmol/L) + HT-2 (6.25 nmol/L) for 24 h. All values
are given as the mean ± SD of four independent experiments. Values with different superscript
letters are significantly different (p < 0.05).

3. Discussion

Our study results support the conclusion that exposure to T-2 toxin and HT-2 toxin
individually or in combination by IPEC-J2 could induce LDH release, decrease tight junction
protein expression, and generate pro-inflammatory factors. The toxicological effect of the
combination group was more obvious than that of the individual groups, presenting a
toxic synergy.

Generally, a basic barrier is composed of the intestinal epithelium and the luminal
environment, which could be used to regulate and prevent the intake of harmful sub-
stances [14–16]. Furthermore, the tight connections (TJ) in the intestine are constituted by
claudins and other transmembrane proteins, which are crucial for preserving the integrity
of the intestinal mucosa and intestinal health in both humans and animals [17,18]. These
proteins are aggregated and stabilized by zonula occluden 1 (ZO-1) and cytoskeletal pro-
teins at the top and Claudin 1 at the bottom of the lateral membrane [19]. Porcine cells
are one of the most sensitive cells to T-2 toxin, and our previous studies proved that T-2
toxin could easily cause barrier function damage to IPEC-J2 cells. In this research, T-2 toxin
and HT-2 toxin, individually and in combination, damaged the cell membrane integrity
and induced the leakage of large amounts of LDH from the cytoplasm to the outside of
the cell, which then destroyed the integrity of the intestinal cells. According to reports,
T-2 toxin and HT-2 toxin exposed to broiler hepatocytes could induce an increase in LDH
level, which was consistent with our results [20]. Similarly, T-2 toxin exposure also led to

156



Toxins 2023, 15, 682

an increase in LDH levels in TM3 Leydig cells [21]. However, there was no information
reported about the LDH level change when treated with T-2 and HT-2 in combination. This
study demonstrated that the level of LDH when treated with T-2 + HT-2 was less than in
the individual groups, which suggested that the T-2 + HT-2 combination induced a more
serious injury to the barrier function in IPEC-J2 and produced a synergistic effect.

According to laser confocal observation, the localization and shape of the tight junction
were all changed by treatment with T-2 toxin and HT-2 toxin for 24 h, and changes in the
combined group were even more significant. The anatomical basis for preserving the
intestinal epithelium and its barrier function was the mechanism of the intestinal mucosal
barrier. The main functional element of the intestinal epithelial barrier is TJ proteins,
including ZO-1, Claudin-1, and Occludin, which maintain the intestinal barrier’s biological
function by sealing the space between adherent epithelial cells [22]. In this study, the
mRNA and protein expression levels of ZO-1, Occludin, and Claudin in IPEC-J2 cells were
dramatically lower, showing that the T-2 toxin and HT-2 toxin, individually or combined,
could injure the barrier function of IPEC-J2 cells. Similarly, the expression levels of ZO-
1, Occludin, and Claudin in the intestines of mice and in human epithelial cells were
all significantly decreased after T-2 toxin exposure [23]. All the studies indicated that
T-2 toxin and HT-2 toxin could damage the intestinal epithelial barrier function, and the
toxicological effect of the T-2 toxin and HT-2 toxin combination is much stronger than that
of the individual toxins.

Inflammation plays a vitally important role in modulating the barrier function of
the intestinal mucosal immune system [24,25]. Additionally, damage to the intestinal
barrier function involves an increase in epithelial permeability, translocation of intraluminal
allergens and pathogens, non-specific inflammation, and overstimulation of the intestinal-
related immune system [23]. Earlier studies found that the IRE1/XBP1 pathway was
activated by T-2 toxin exposure, which then disrupted intestinal mucins in 4-week-old
BALB/C mice, increased the generation of proinflammatory cytokines, and induced an
inflammation response [26]. In the current study, all the results were similar to earlier
studies in that the proinflammatory factors IL-1, IL-6, and TNF-α were increased and
the anti-inflammatory factor IL-10 was decreased in the IPEC-J2 cells after T-2 and HT-2
individual and combination treatment, which was consistent with the LDH result. However,
there was little information about the toxicological effect of T-2 + HT-2 on the expression
of inflammatory factors. Other mycotoxins studies have shown that co-exposure to DON
and cevalenol could significantly increase the level of inflammatory factors in intestinal
explants, with a synergistic effect promoting inflammation [27]. Additionally, both DON
and ZEN exposed to intestinal cells can induce synergistic or additive deleterious effects
on the expression of inflammatory factors [28,29]. Our experimental results indicate that
the influence of inflammation induced by the T-2 toxin and HT-2 toxin combination was
significantly greater than that of the individual treatments. Therefore, we were correct
in our hypothesis that T-2 toxin and HT-2 toxin, individually or in combination, could
increase the inflammation of IPEC-J2 cells and that the combined group has synergistic
effects on intestinal barrier damage in pigs. In general, the major metabolic pathway of
T-2 toxin in mammals is rapid deacetylation at C-4, which results in HT-2 toxin formation.
Therefore, adequate attention should be paid to the combination of T-2 toxin and HT-2
toxin in animals.

4. Conclusions

In summary, our data shows that IPEC-J2 cells treated with T-2 toxin and HT-2 toxin
individually or in combination had obviously adverse effects on cell viability and caused
an increase in LDH release from the cell. This could damage the barrier function of in-
testinal epithelial cells by disrupting the expression of tight junction protein and inducing
the generation of inflammatory factors. Moreover, the damage to the barrier function
caused by the T-2 + HT-2 combination group was more serious than that caused by the
individual toxin treatments, which suggests a synergistic effect from the T-2 + HT-2 combi-
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nation. However, their potential impacts on the intestinal health of swine are still worth
further study.

5. Materials and Methods

5.1. Chemicals

The T-2 toxin and HT-2 toxin powders were supplied by Pribolab (Qingdao, Shandong,
China). Dulbecco’s Modified Eagle’s Medium (DMEM), penicillin-streptomycin, 0.25%
trypsin cell digestive fluid, fetal bovine serum (FBS), dimethyl sulfoxide (DMSO), and
HBSS were obtained from Gibco (Grand Island, NY, USA). The CCK-8 kit was supplied
by Beyotime Biotechnology (Shanghai, China). Prime Script RT Master Mix, SYBR Green I
real-time PCR, and the Luminous kit were purchased from Takara (Dalian, China). The
lactate dehydrogenase (LDH) kit was purchased from Applygen Technologies (Beijing,
China). Claudin-1, Occludin, and ZO-1 antibodies and FITC-sheep anti-rabbit IgG were
purchased from Proteintech (Rosemont, IL, USA). B-actin was obtained from Servicebio
(Wuhan, China).

5.2. Cell Culture

The cellular line of IPEC-J2 from Bio-World (Shang, China) was cultured in DMEM
containing 10% FBS and 1% penicillin-streptomycin (100 units/mL–100 μg/mL). The
incubator condition of the cells was 37 ◦C in a humidified chamber with 5% CO2. T-2 toxin
and HT-2 toxin were dissolved in DMSO to prepare a stock solution with a concentration
of 1 mg/mL. The final concentration of DMSO was less than 0.1% in all detected processes.

5.3. Determination of Cell Viability

According to the CCK-8 kit, the cell viability was determined. IPEC-J2 cells were
digested and collected at the logarithmic growth stage. Cell suspension concentration was
calculated and then diluted, and then 5 × 103 cells/pores were seeded into a 96-well plate
for 24 h. The cells were incubated with T-2 (3.125 nmol/L), HT-2 (6.25 nmol/L), and T-2
(3.125 nmol/L) + HT-2 (6.25 nmol/L) for 24 h, which was based on our previous experiment
(unpublished). In the control group, the cells were cultured in 0.1% DMSO in DMEM,
and inverted light microscopy was used to analyze the cell development and morphology.
Subsequently, the 100 μL complete culture liquor containing different concentrations of
T-2 and HT-2 toxins was discarded, and a 10 μL solution from the CCK-8 kit with 100 μL
DMEM was added into each well. The cells were dyed and cultured at 37 ◦C for 2 h. The
absorbance was recorded using the microplate reader iMark (Multiskan Sky), and the data
were adjusted to reflect the cells that were not treated. Each group underwent six replicates,
and a blank control group (no cells) was set up. Cell activity % = (treatment group OD
value – blank group OD value)/(control group OD value – blank group OD value).

5.4. Determination of Lactate Dehydrogenase (LDH) Activity

IPEC-J2 cells with a density of 1 × 105 cells were inoculated into 96-well plates, and
the cells were exposed to different concentrations of T-2 toxin and HT-2 toxin individually
or combined for 24 h, and six replicates were performed for each treatment group. Subse-
quently, the culture medium of 96 well plates in each group was collected, and LDH release
activity was detected according to the instructions of the LDH kit. The OD values were
observed by a photometer, and the activity units were calculated according to the standard
curve values. LDH release rate (%) = enzyme activity unit measured in cellular culture
medium/(enzyme activity unit measured in cell lysate + enzyme activity unit measured in
cell culture medium) × 100%.

5.5. Detection of ZO-1, Occludin, and Claudin-1 by Immunofluorescence Staining

IPEC-J2 cells were inoculated into 12-well plates with a density of 1.5 × 105. During
the logarithmic growth period, different levels of T-2 (3.125 nM), HT-2 (6.25 nM), and
T-2 + HT-2 (3.125 nM + 6.25 nM) were added to the culture medium for 24 h, and three
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replicates were performed for each treatment group. Subsequently, a 4% polyoxymethylene
solution was immobilized for 10 min, and then 5% goat serum at room temperature was
added to seal for 1 h. Finally, the primary antibodies of Claudin-1 (Proteintech13050-1-AP,
1:500), Occludin (Proteintech27260-1-AP, 1:300), and ZO-1 (Proteintech21773-1-AP, 1:500)
were added and incubated at 4 ◦C overnight, respectively. Furthermore, the cells were
incubated with biotinylated goat anti-rabbit IgG (1:1000) for 45 min at room temperature.
Finally, 4′, 6-diamidino-2-phenylindole (DAPI) (100 ng/mL) and anti-fluorescence quen-
chant were used to reveal the immunoreaction, and the images were captured and recorded
by a fluorescence microscope (Leica Microsystems Inc., Wetzlar, Germany).

5.6. RNA Extraction and Real-Time Quantitative PCR

IPEC-J2 cells were inoculated into 6-well plates with a density of 1 × 106 cells in each
well. After 24 h of incubation, the cells were collected from each group of T-2 toxin and
HT-2 toxin, individually or in combination, and three replicates were performed for each
treatment group. The mRNA expression levels for tight junction-associated genes were
determined by qPCR. TRIZOL was used to extract the total RNA, and then a Prime Script
RT Master Mix kit was used to perform the cDNAs. According to the nucleotide sequences
of Claudin-1, Occludin, and ZO-1 to synthesize primers (shown in Table 1), β-actin was
selected as the reference gene. A real-time qPCR reaction was performed according to the
manufacturer’s instructions for the SYBR Green I kit, and the 2−ΔΔCT method was used to
analyze the relative expression of each gene [30].

Table 1. Parameters of primer for tight junction-related genes and β-actin genes.

Gene
Accession
Number

Sequences (5′→3′) Product

Claudin-1 NC_010455.5 F: GGCAGATCCAGTGCAAAGTC
R: CCCAGCAGGATGCCAATTAC 94 bp

Occludin NC_010458.4 F: CATTATGCACCCAGCAACGA
R: GCACATCACGATAACGAGCA 168 bp

ZO-1 NC_010443.5 F: GGGCTCTTGGCTTGCTATTC
R: AAGGCCTCGGAATCTCCAAA 160 bp

β-actin 424396 F: CTGGACTTCGAGCAGGAGATGG
R: TTCGTGGATGCCGCAGGATTC 168 bp

Note: qPCR procedures were used as follows: pre-denaturation (95 ◦C 30 s), PCR reaction (95 ◦C 5 s, 60 ◦C 34 s,
40 cycles), 95 ◦C 15 s, and 60 ◦C 45 s. Each sample gene and β-actin were amplified under the same conditions
and repeated 3 times.

5.7. Detection of Tight Junction-Associated Proteins

After washing the cell, RIPA protein lysate was used to extract the total protein, and the
BCA kit was performed to determine the concentration of protein. Subsequently, 15 μg of
protein was separated by 12.5% sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE). The separated proteins were transferred onto a nitrocellulose (NC) membrane,
and then 5% skim milk powder was used to block the membrane. After washing with
TBS, membranes were probed with anti-Claudin-1 (Proteintech13050-1-AP, 1:750), anti-
Occludin (Proteintech27260-1-AP, 1:750), anti-ZO-1 (Proteintech21773-1-AP, 1:750), and
anti-β-actin (ServicebioGB12001, 1:3000) antibodies at 4 ◦C overnight. After that, the
blots were incubated with horseradish peroxidase (HRP)-conjugated secondary antibody
(Thermo Scientific, Waltham, MA, USA, 1:10,000) at room temperature for 1 h. Finally, the
signals were captured, and the intensities of proteins on the bands were quantified using
ImageJ Software (Java 1.8.0_112, National Institute of Health, Bethesda, MD, USA), and the
expression of the target protein was analyzed using β-actin as an internal reference.

5.8. Effect of T-2 and HT-2 on Inflammation Factors

The levels of IL-1, IL-6, IL-10, and TNF-α were detected according to the ELISA kit
from MLBIO (Shanghai Enzyme-linked Biotechnology Co., Ltd., Shanghai, China). IPEC-J2
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cells were seeded at a density of 1 × 105 cells per hole on a 24-well plate. After incubation
with T-2 (3.125 nmol/L), HT-2 (6.25 nmol/L), and T-2 (3.125 nmol/L) + HT-2 (6.25 nmol/L)
for 24 h, the supernatant was centrifuged and collected to remove impurities and cell
fragments. Based on the competitive ELISA, a standard curve was set, and the samples
meeting calibration standards were assayed according to the manufacturer’s instructions.
The levels of inflammation factors were calculated by comparing the OD values of the
samples to their respective standard curves at 450 nm within 30 min. Six replicates were
performed for each treatment group.

5.9. Statistical Analysis

SPSS 17.0 (SPSS Inc., Chicago, IL, USA) was used for all analyses. Statistical analyses
were performed by one-way ANOVA and LSD’s post-hoc test. The data were presented as
mean ± SEM, and p < 0.05 was considered statistically significant.
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Abstract: Nowadays, pseudo-cereals’ consumption is increasing due to their health benefits as
they possess an excellent nutrient profile. Whole pseudo-cereal grains are rich in a wide range of
compounds, namely flavonoids, phenolic acids, fatty acids, and vitamins with known beneficial
effects on human and animal health. Mycotoxins are common contaminants in cereals and by-
products; however, the study of their natural occurrence in pseudo-cereals is currently scarce. Pseudo-
cereals are similar to cereal grains; thus, mycotoxin contamination is expected to occur in pseudo-
cereals. Indeed, mycotoxin-producing fungi have been reported in these matrices and, consequently,
mycotoxin contents have been reported too, especially in buckwheat samples, where ochratoxin A
and deoxynivalenol reached levels up to 1.79 μg/kg and 580 μg/kg, respectively. In comparison
to cereal contamination, mycotoxin levels detected in pseudo-cereal samples are lower; however,
more studies are necessary in order to describe the mycotoxin pattern in these samples and to
establish maximum levels that ensure human and animal health protection. In this review, mycotoxin
occurrence in pseudo-cereal samples as well as the main extraction methods and analytical techniques
to determine them are described, showing that mycotoxins can be present in pseudo-cereal samples
and that the most employed techniques for their determination are liquid and gas chromatography
coupled to different detectors.

Keywords: mycotoxins; pseudo-cereals; risk assessment

Key Contribution: Mycotoxins have been found to occur in pseudo-cereal samples; however, their
investigation in food and feed is still scarce, especially compared to cereal matrices, although their
consumption is currently increasing exponentially. This review aims to describe the mycotoxin
occurrence in pseudo-cereal samples and the main extraction methods and analytical techniques to
determine them.

1. Introduction

1.1. Pseudo-Cereals for Food and Feed

Cereals are considered as a staple food in the diet, standing at the base of the food
pyramid. Currently, their consumption is relatively high, and they are commonly included
as feed ingredients. However, nowadays, consumers are more focused on healthy lifestyles
and appropriate nutritional habits, and, on the other hand, more attention is paid to feed
composition, especially in feedstuffs for pets. Thus, due to the excellent nutrient profile of
pseudo-cereals (see below), their intake is currently increasing as an alternative to cereal
consumption to meet the actual requirements of the target population for both human and
animal consumption [1].

Botanically, pseudo-cereals are neither grasses nor true cereal grains, but they pro-
duce fruits or seeds, which are used and consumed as cereal grains. More concretely,
pseudo-cereals are dicotyledonous grains and since they produce starch-rich seeds such as
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cereals, they have been called pseudo-cereals [1,2]. The most common pseudo-cereals used
extensively worldwide are buckwheat (Fagopyrum esculentum; family Polygonaceae), ama-
ranth (Amaranthus hypochondriacus, Amaranthus caudatus and Amaranthus cruentus; family
Amaranthceae), and quinoa (Chenopodium quinoa sub sp. quinoa; family Chenopodiaceae) [3].
These species are originally from the Andean region, but they can be cultivated world-
wide as they are able to grow in adverse environmental conditions and they do not have
special agronomic requirements and can be grown by simple methods [2–5]. Moreover,
they offer food products with innovative nutritional qualities to meet global nutritional
demands, thereby reaching various goals of the United Nations’ (UN) Agenda 2030
(https://www.un.org/sustainabledevelopment/sustainable-development-goals/ accessed
on 31 January 2023), including the eradication of hunger, achieving food security, enhancing
nutrition, and supporting sustainable agriculture [6,7].

Pseudo-cereals present an exceptional nutritional, phytochemical, and phenolic profile
with good quality proteins. In fact, the amino acid profile and nutritional properties of
pseudo-cereals in terms of essential amino acid index, biological value, protein efficiency
ratio, and nutritional index are higher as compared to conventional cereals such as wheat,
rice, and maize. In addition, pseudo-cereal grains show a high protein value, with an
important content of lysine, an essential amino acid that is commonly the limiting amino
acid in other cereals [8]. Moreover, the contents of lipids and minerals, such as calcium,
magnesium, iron, potassium, and zinc, are higher than those of traditional cereals. For
this reason, the interest in and consumption of pseudo-cereals as an alternative to cereals
are increasing due to their nutritional properties, promoted by their beneficial effects on
human health including the prevention and reduction of many degenerative diseases [1,6].

It must be highlighted that, due to the lack of gluten, these grains can be incorporated
into the diet of people suffering from celiac disease, and due to their high content of
starch, pseudo-cereals can be used like cereals in the preparation of value-added food
products for celiac patients [1,3]. The availability of tasty gluten-free pseudo-cereals would
also represent a step forward in ensuring that people with celiac disease are acquiring
enough nutrients. In addition, pseudo-cereals have the potential to be included in a variety
of processed functional foods since they contain bioactive compounds. Therefore, the
commercialization of pseudo-cereals as functional foods would benefit people with a
variety of lifestyle disorders in addition to those suffering from celiac disease.

From the processing point of view, it has been described that both buckwheat and
quinoa must undergo dehulling or polishing to get rid of the saponins that give them the
bitter flavor and then washing and drying prior to consumption [1,9].

Regarding animal nutrition, the inclusion of pseudo-cereal grains in feedstuffs has
been increasing in the last few years, mainly due to the health benefits for different animal
species. The most employed pseudo-cereal as a feedstuff ingredient is quinoa, followed by
amaranth, which is being increasingly used in animal nutrition [10].

Quinoa has been used by the natives of South America since ancient times to feed
ruminants and non-ruminant animals, such as cattle, sheep, horses, and pigs [11]. Although
there is little research, quinoa supplementation is thought to have a high nutritional value
as feed intended for ruminants [12]. In this sense, quinoa has been included as an ingredient
in feed for ruminants and it has been demonstrated that it can replace clover hay in the
diet by up to 45%, according to the research recently published by Ebeid et al. [13].

According to certain studies, quinoa can be ensiled to become a valuable fodder crop
for dairy farms, resulting in good milk yield and greater dietary protein. Moreover, it has
been reported that quinoa hay can be utilized in beef cattle feed when combined with other
roughages and some chemicals. Thus, this plant may be crucial in ensuring that animal
feed contains sufficient levels of macro- and microminerals. However, there are few studies
on the use of quinoa in animal nutrition, and more thorough research on its application in
animal feeding is required [5,14]. On the other hand, in non-ruminant nutrition, quinoa
has been used especially in poultry feeding due to its content of protein and energy, thus
supposing an alternative to corn [15].
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Amaranth can be utilized as a grain and as fresh, dried, or ensiled forage for dif-
ferent animal species, mainly cattle, chickens, pigs, and rabbits. However, compared
to its grain, amaranth forage has drawn a lot less study attention. Amaranth grain is
classed as a growth-inhibiting grain due to the presence of heat-labile substances such
as tannins, saponins, lectins, and trypsin inhibitors. Thus, due to the presence of certain
anti-nutritional elements, some species of amaranth forage may not be suitable as ruminant
feed or may need to undergo special processing before they can be used by ruminants.
Additionally, the acceptance and use of amaranth grain by poultry and other monogastric
animals are restricted by its known antinutritional properties [16]. In diets for monogastric
animals, amaranth has shown good potential as an alternative ingredient, as it has been
demonstrated that amaranth can improve the performance and health status of monogas-
tric animals because of its high nutritional value and availability of phenolic compounds
without having any adverse effect on animals’ productivity. Therefore, it can be said that
amaranth leaves and grains can be successfully utilized in monogastric animals with the
use of various processing techniques that may need to be applied in order to eliminate
anti-nutritional components before use in animals [17].

In the field of companion animals, the use of pseudocereals, especially quinoa, as
sources of carbohydrates is increasing due to the concern of owners for the health of their
pets, comparing their dietary habits with humans on many occasions. In fact, most of the
new feeds that are produced and marketed today are grain free (GF) [18,19].

Despite all this, there is hardly any research on the effect that the use of these ingre-
dients as sources of carbohydrates has on the health of dogs and cats [20], and the few
studies that have been published are limited to investigating digestibility and behavior in
extrusion for the preparation of kibbles.

Regarding the possible benefits that have been observed when including pseudo-
cereals in feed composition, it has been observed that the incorporation of pseudo-cereals
such as quinoa and amaranth in amounts equal to or greater than 40% can be accepted
by dogs without altering or negatively affecting their digestibility [20,21]. In fact, it seems
that, in these cases, beneficial modifications can be produced in the fecal microbiota of
dogs fed with pseudo-cereals such as the above-mentioned ones. In addition, with some
pseudo-cereals, there have been increases in butyrate-producing bacteria at the intestinal
level and a decrease in bacteria from the Fusobacteriaceae family when compared to feeds
made with rice [20]. Regarding the behavior in extrusion, if feeds made with GF grains are
compared with those made with pseudo-cereals, it seems that there are significant changes,
as well as in the palatability of the feed before adding the palatizer [21].

1.2. Major Mycotoxins in Pseudo-Cereals

Like cereals and oilseeds, pseudo-cereal grains are susceptible to fungal growth and
mycotoxin contamination; however, these matrices have received little attention in the liter-
ature, especially compared to cereal grains [22], although some studies have demonstrated
the actual risk of pseudo-cereal contamination by mycotoxins, as indicated in Section 2.

Mycotoxins are toxic metabolites produced by different fungal species or strains within
the same fungal species during secondary fungal metabolism. The main hazardous myco-
toxins reported are aflatoxins (AFs) (mainly produced by Aspergillus), fumonisins (FBs),
zearalenone (ZEA), and trichothecenes (TCs) (produced by Fusarium), and ochratoxins
(OTs) and patulin (PAT) (mainly produced by Penicillium) [23,24].

Mycotoxins have been associated with a broad range of toxic effects on both humans
and animals, depending on their different chemical structures, including acute toxicity,
hepatotoxicity, nephrotoxicity, genotoxicity, carcinogenicity, immunotoxicity, mutagenicity,
teratogenicity, and reproductive toxicity [25,26]. Regarding their carcinogenic potential,
their human carcinogenicity risk has been assessed by the International Agency for Research
on Cancer (IARC), classifying AFs as carcinogenic substances in category “1” while FB1
and FB2 are classified in group “2B” as possible carcinogenic substances to humans [23,27].
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Due to the above-mentioned adverse effects, some mycotoxins have been recognized
by European regulatory authorities as emerging risks in food safety regarding animal and
human health, thus, efficient regulatory frameworks and monitoring approaches have
been developed globally relying on the latest scientific knowledge based mainly on new
analytical tools and approaches. In this sense, maximum levels (MLs) have been established
for the main classes of mycotoxins in several core commodities intended for food and feed
by the European Union (EU), including cereals, nuts, fruits, and derived products, such
as milk. Those MLs are compiled in EU Commission Regulation (EC) No 1881/2006 [28]
and its amendments. However, different drawbacks exist nowadays, as the current MLs
do not consider the exposure to multiple mycotoxins, and they are either based on the
risk assessment of a single compound or their sum and no MLs have been established for
pseudo-cereal grains [29–31].

Due to the scarce information on mycotoxin occurrence in these matrices, this manuscript
aims to review the existing literature on the natural occurrence of mycotoxins in pseudo-
cereals intended for both food and feed and the most common extraction and analytical
methods employed for their determination.

2. Occurrence and Co-Occurrence of Mycotoxins in Pseudo-Cereal Samples for Food
and Feed

Although it has been reported that pseudo-cereal grains can be as susceptible to fungal
growth and mycotoxin contamination as cereal grains, there is still scarce information on
the contaminating fungi and mycotoxin occurrence in these matrices. Some drawbacks
can be found when searching for information on mycotoxin occurrence in pseudo-cereal
grains. On the one hand, the few available studies focused primarily on the investigation
of the mycoflora present in pseudo-cereal grains and not on mycotoxin contamination.
On the other hand, another problem when searching mycotoxin data on pseudo-cereal
grains in the literature is that this information is usually mixed together with cereal data;
thus, it is difficult to search these studies by the title of the manuscript or by including
“pseudo-cereal” as the keyword as they are mainly referred to as cereals [32].

As previously stated, some reported surveys have been focused on the mycoflora
present in pseudo-cereal grains. In this sense, some studies have reported the presence
of mycotoxin-producing fungi in pseudo-cereal samples. Thus, the presence of Ascohyta,
Altenaria, Phoma, Fusarium, Bipolaris, Cladosporium, and Pyronochaeta genera in quinoa
seeds (Chenopodium quinoa) from Bolivia, Brazil, Czech Republic, and Peru have been
reported, but no data on mycotoxin occurrence were provided in these studies [31].
Some of these fungal genera were also found by Krysińska-Traczyk et al. (2007) [33]
in buckwheat grain and buckwheat grain dust, where Penicillium spp., Mucor mucedo,
Alternaria alternata, and Cladosporium lignicola were the predominant genera in buckwheat
grain, while Rhodotorula rubra, Mucor mucedo, Alternaria alternata, and Penicillium spp. were
more abundant in buckwheat grain dust. Regarding the Fusarium strains, F. culmorum was
recovered from samples of grain dust but it was not detected in grain samples.

In the survey conducted by Pappier et al. (2008) [34], the authors reported Penicillium
and Aspergillus as the most frequently encountered fungal genera in quinoa samples
from Argentina. Interestingly, these authors reported a reduction in Aspergillus inci-
dence when processing the grains for the removal of saponins; however, the incidence
of Penicillium, Eurotium, Mucor, and Rhizopus increased after the treatment. These results
agree with those reported by Bresler et al. (1995) [35] who found that the most prevalent
mycoflora in amaranth grains from Argentina corresponded to the mycotoxin-producing
fungal species Aspergillus flavus (A. flavus), A. parasiticus, Penicillium chrysogenum, and
Fusarium equiseti (F. equiseti). Penicillium spp., Fusarium spp., and Aspergillus spp. were
also the predominant mycoflora reported by Ramos-Díaz et al. (2021) in pseudo-cereal
samples [31].

According to the study carried out by Vásquez-Ocmín et al. (2022) [36] in pseudo-
cereal samples from Peru, there were several mycotoxigenic fungi detected, namely
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Aspergillus spp., Penicillium spp., and Alternaria spp.; however, Fusarium spp. was not de-
tected. On the contrary, Fusarium spp. was detected in 92% of the amaranth grain from Peru
analyzed by Ducos et al. (2021) [37], while in the study reported by Sacco et al. (2020) [24],
Aspergillus spp. was detected in amaranth, buckwheat, and quinoa samples and Penicillium spp.
was detected in buckwheat and quinoa samples.

Regarding the most common mycotoxigenic fungal species, Penicillium spp. and
Alternaria spp. were the most frequently detected in buckwheat samples. In quinoa
samples, Penicillium spp. and Aspergillus spp. were the most reported fungal species while
in amaranth grains, Aspergillus spp., Penicillium spp., and Fusarium spp. were detected,
highlighting the contamination by Fusarium species.

Although a very limited number of studies have measured mycotoxins in pseudo-
cereal grains, especially compared to cereals, in Table 1 it can be observed that mycotoxin
occurrence in these matrices has been reported in different surveys. Original research
papers as well as reviews have been included in this section, regardless of the year of
publication, as all searches were performed without any time restriction.

Table 1. Mycotoxin occurrence in different pseudo-cereal samples.

Pseudocereal
Sample

Detected Mycotoxins Incidence (%) *
Mycotoxin Contents

Media ± SD **
(Range) μg/kg

Reference

Amaranth

ZEA
AFs
OTA
STG

100
nd
nd
nd

(420.0–1980.0)
nd
nd
nd

[38]

Amaranth, quinoa,
and buckwheat

TCs
ZEA, α-ZOL, and β-ZOL

nd
nd

nd
nd [39]

Buckwheat flour and
dried buckwheat

noodles, among others

AFs
OTA
FBs

nd
60
nd

nd
0.51 (0.16–1.79)

nd
[40]

Buckwheat grain
Buckwheat grain dust

DON
OTA
DON
OTA

33.3
50

100
100

(74.0–87.0)
(0.38–1.14)

(10.0–283.0)
(1.03–2.42)

[33]

Buckwheat flour and
dried buckwheat

noodles, among others

AFs
OTA

nd
80

nd
0.51 (0.16–1.79) [41]

Quinoa

AFs
CIT
CPA
OTA

nd
nd
nd
nd

nd
nd
nd
nd

[34]

Buckwheat STG 17
20

(0.5–25)
(25–200) [42]

Quinoa and Amaranth
AFs, OTA, FBs, NIV, DON,
FUS-X, T-2/HT-2, CIT, STG,

and ZEA
nd nd [22]

Buckwheat and
buckwheat products

OTA
DON
ZEA
AFs
FBs

T-2/HT-2

4
17
8

nd
nd
nd

2.1
98.0 ± 40 (max 141.0)
13.0 ± 7 (max 18.0)

nd
nd
nd

[32]
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Table 1. Cont.

Pseudocereal
Sample

Detected Mycotoxins Incidence (%) *
Mycotoxin Contents

Media ± SD **
(Range) μg/kg

Reference

Buckwheat grain

AFB1
DON
OTA
T-2

100
100
100
100

(2.18–8.39)
(300.0–580.0)

traces
(24.0–38.0)

[43]

Buckwheat groats
AFB1
OTA
T-2

100
100
100

(2.3 ± 0.6)
(0.7 ± 0.2)
(4.1 ± 0.5)

[44]

Tartary buckwheat
seeds AFB1 7 5.62 [45]

Buckwheat flour OTA
AFs

38.5
nd

0.40 ± 0.34 (0.15–0.96)
nd [46]

Quinoa
Amaranth (grain)

Buckwheat

AFs
FB1 + FB2

AFs
FB1 + FB2

AFs
FB1 + FB2

nr
nr
nr
nr
nr
nr

4.4 ± 0.8
368.5 ± 2.5
1.60 ± 0.70
111.00 ± 0.0
4.68 ± 0.44

567.25 ± 138.14

[24]

Quinoa

AFB1
BEA
DON

ENNA
ENNA1
ENNB
ENNB1

Mycophenolic acid
Tentoxin

Tenuazonic acid

nd
nd
nd

***id
***id
***id
***id
nd
nd

***id

-
-
-

nr
nr
nr
nr
-
-

nr

[47]

Quinoa

AFB1
FB1
OTA
PAT
BEA

nd
32
nd
nd
82

nd
traces

nd
nd

7.9 ± 0.85

[36]

AFB1: aflatoxin B1; AFs: aflatoxins; BEA: beauvericin; CIT: citrinin; CPA: cyclopiazonic acid; DON: deoxynivalenol;
ENNA: enniatin A; ENNA1: enniatin A1; ENNB: enniatin B; ENNB1: enniatin B1; FB1: fumonisin B1; FB2:
fumonisin B2; FBs: fumonisins; OTA: ochratoxin A; PAT: patulin; STG: sterigmatocystin; TCs: trichothecenes;
T-2: T-2 toxin; HT-2: HT-2 toxin; ZEA: zearalenone; α-ZOL and β-ZOL: α—and β—zearalenol; nd: not detected;
nr: not reported; * Incidence (%): positive samples from the total number of analyzed samples expressed as a
percentage; ** SD: Standard deviation; ***id: compounds identified but no quantification data provided.

The most reported mycotoxins in pseudo-cereal samples are those produced by
Fusarium spp., such as TCs, FBs, ZEA, and the so-called emerging Fusarium mycotoxins,
such as enniatins (ENNs) and beauvericin (BEA).

Among TCs, DON and T-2 toxins have been widely reported to occur mainly in buck-
wheat samples, showing higher incidences and contents for DON in this matrix [32,33,43].

FBs were reported at high levels in pseudo-cereal samples from Italy [24], with the
highest contents (up to 567.25 μg/kg) corresponding to buckwheat samples.

In the survey conducted by Bresler et al. (1991) [38], ZEA was determined among the
analyzed mycotoxins at worrying levels of up to 1980 μg/kg and 420 μg/kg in two samples
of amaranth grains (Amaranthus cruentus). Later, these authors showed that amaranth
grains possess certain susceptibility to ZEA contamination by incubation of amaranth seeds
with F.equiseti [48]. ZEA was also reported to occur in buckwheat products as indicated
by Kirinčič et al., 2015 [32]. However, neither ZEA nor TCs were detected in amaranth,
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quinoa, and buckwheat samples from Germany according to Schollenberger et al., 2005 [39],
although several TCs were included in the survey, namely diacetoxyscirpenol (DAS), 15-
monoacetoxyscirpenol (MAS), scirpentriol (SCIRP), T-2, HT-2 toxin (HT-2), T-2 triol, T-2
tetraol, neosolaniol (NEO), DON, 3- and 15-acetyl-DON (3-, 15-acDON), nivalenol (NIV),
and fusarenon-X (FUS-X). Regarding cereal contamination, wheat has been reported to
contain high DON levels, with mean concentrations up to 1025.4 μg/kg, and NIV with
mean levels up to 75.2 μg/kg [30].

Other Fusarium mycotoxins such as ENNs and BEA have been widely reported in
cereal samples even at high levels [49–51]. In the study reported by Uhlig et al. (2006) [49]
ENNs and BEA were reported to occur in cereal samples showing high incidences and levels.
ENNB showed the highest prevalence (100%) and the highest maximum concentration
(5800 μg/kg) in wheat samples. Fortunately, lower contents have been reported in pseudo-
cereals. In pseudo-cereals, ENNs have been detected in quinoa samples according to
the study reported by Besaire et al. (2021) [47]. Although BEA was not detected in that
survey, levels up to 7.9 μg/kg were detected according to Vásquez-Ocmín et al. (2022) [36].
Regarding food safety, these authors pointed out that the natural occurrence of BEA in
quinoa grains originating from the Cajamarca region represents a point of concern, due to
the promotion of quinoa cultivation in this region by the local authorities [36].

Due to their adverse toxic effects, AFs have been surveyed in several studies.
Although a major number of the studies did not find AFs levels in pseudo-cereal
samples [32,34,36,38,40,41,46,47], some studies revealed AFs’ occurrence in these matrices,
and some studies reported the absence of AFs in buckwheat samples but detected AFs
contents in cereal samples, such as rye (0.01 μg/kg) and rice (1.06 μg/kg). Approximately
100% of buckwheat samples were contaminated with AFB1 as reported by Keriene et al.
(2016) [43,44]. It must be highlighted that raw buckwheat hulls (without steamed treatment)
showed higher AFB1 contents (75.8 μg/kg) than the grain [44], showing a protective effect
of the hull over the inner part as demonstrated by other researchers in nut samples [52]. In-
terestingly, these authors reported that the samples with higher concentrations of AFB1 had
significantly (p < 0.05) lower concentrations of DON, thus suggesting possible interaction
between fungal species producing AFs and TCs [44].

AFB1 was also detected in the Tartary buckwheat seeds in the study reported by Ren
et al. (2018) [45] and in buckwheat samples as reported by Sacco et al. (2020) [24]. Similar AFs
levels have been reported in quinoa samples in surveys reported by Sacco et al. (2020) [24]
and by Ramos-Díaz et al. (2021) [31], while lower contents were found in amaranth seeds
in those studies [10,18]. These authors reported varying mycotoxin levels depending on the
type of crop, geographical location, and agricultural practices used. Differences between
regions have been observed by these authors regarding mycotoxin occurrence in pseudo-
cereals and cereals. In general, pseudo-cereal grains from North Europe showed higher
mycotoxin contamination than those from South America, while the opposite occurred
with cereal grains [31].

Regarding OTA occurrence in pseudo-cereal grain samples, only two studies did
not find this compound in quinoa and amaranth samples [36,38], while other surveys
found OTA as a common mycotoxin contaminating pseudo-cereal samples. In the study
conducted by Sugita-Konishi et al. (2006) [40], OTA was found in buckwheat flour
and dried buckwheat noodles with contents up to 1.79 μg/kg, and similar contents
were detected in this study in rye (2.59 μg/kg), while lower contents were detected
in wheat flour (0.48 μg/kg) and oatmeal (0.18). These results are in accordance with
those reported by Krysińska-Traczyk et al. (2007) [33], Kumagai et al. (2008) [41], and
Kirinčič et al. (2015) [32], as all of them reported similar OTA contents in buckwheat sam-
ples of different origin. However, lower OTA levels were found by other researchers also in
buckwheat from Lithuania and Serbia [43,44,46]. It must be highlighted that these authors
also found lower levels of OTA in cereal samples, such as wheat (up to 0.40 μg/kg), barley
(up to 0.11 μg/kg), and oat (up to 0.09 μg/kg); however, higher contents were detected in
rye samples (up to 23 μg/kg) [46].
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As in cereal samples, differences have been reported regarding mycotoxin levels
in pseudo-cereal grains from organic agriculture. Thus, higher mycotoxin contents were
reported by Sacco et al., 2020 [24] and Keriene et al., 2016 [43] in organic buckwheat samples.

In the study carried out by Herrera et al. (2019) [53], gluten-free cereal samples for
infants under six months were analyzed, some of them including quinoa and buckwheat.
The results showed that ten samples were positive for at least one mycotoxin (four for AFs
and six for DON). This study found that AFB1 and AFG1 co-occurred in five samples, and
one sample based on rice and quinoa contained AFB2, AFG1, and AFG2 but not AFB1.
Moreover, 8 samples out of 14 samples of multi-cereals for infants above 6 months were
positive for AFs, while 6 samples out of these 14 were positive for DON contamination.

3. Mycotoxin Determination

Many techniques have been approved and used for the analysis of mycotoxins in food
and feed since the first mycotoxins were discovered. Despite the significant advancements
made in this area, there are still several obstacles and shortcomings with these analytical
techniques that need to be resolved [54]. The enormous variety of mycotoxin chemical
structures, the co-occurrence of mycotoxins, problems in detecting low-level mycotoxin
contamination, complex food matrices where the mycotoxin contamination occurs, and
difficult extraction techniques are just a few of the analytical issues [55]. Continuous
improvements in the analytical methodology for mycotoxin analysis in a variety of food
matrices are required to address these issues in order to support the enforcement of
mycotoxin regulations, safeguard consumer health, promote the agriculture sector, and
facilitate global food trade [54].

Both the extraction methods and analytical equipment used for mycotoxin deter-
mination in pseudo-cereal samples are the same or very similar to those employed for
cereal matrices, as they show a similar composition. In the next sections, the most em-
ployed techniques to extract and determine different mycotoxins in pseudo-cereal samples
are described.

3.1. Extraction Methods

Given that pseudo-cereals are extremely complex food matrices, extraction to isolate
the target chemicals and purification or clean-up to remove impurities must always be
carried out before analysis. Moreover, due to the imposed legal constraints, mycotoxins
are typically found naturally in extremely low concentrations in food. In order to facilitate
the subsequent detection of the analyte, it would be necessary to perform a concentration
process in addition to the other steps [56,57].

The most common methodology used for mycotoxin extraction is solid–liquid extrac-
tion (SLE) followed by a purification or clean-up step when necessary, with the most widely
used technique being solid-phase extraction (SPE), mainly with C18, or immunoaffinity
columns (IACs), which contain specific antibodies to the analyte of interest [57,58]. How-
ever, IACs are costly and intricate purification systems, their utility in multiclass analysis
is constrained by their high selectivity, and they also suffer from low recoveries for some
mycotoxins. Therefore, multiclass extraction methods that are easier to use, more effective,
and environmentally beneficial are needed. Among the different strategies, the so-called
QuEChERS (Quick, Easy, Cheap, Effective, Rugged, and Safe), which is a type of dispersive
SPE (dSPE) used for sample preparation, is commonly used for the extraction of a wide
range of mycotoxins in different food matrices (Table 2) [22]. It consists of two steps:
(i) extraction based on partitioning by salting-out, which involves the equilibrium between
an aqueous and organic layer, and (ii) dSPE extraction for additional clean-up utilizing a mix
of MgSO4 and other sorbents, such as C18 or primary and secondary amine (PSA) [22,59].
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Table 2. Main extraction and analytical methods for mycotoxin determination in pseudo-cereal samples.

Samples Mycotoxins Extraction Method Analytical Method Reference

Amaranth ZEA, AFs, OTA, STG SLE and clean-up TLC [38]

Amaranth, quinoa,
and buckwheat

TCs
ZEA, α-ZOL,
and β-ZOL

SLE and clean-up by
SPE

SLE and IAC

GC-MS
HPLC-FLD [39]

Buckwheat flour and dried
buckwheat noodles, corn, rice,

peanuts, peanut butter,
popcorn, cornflakes, and

sesame oil

AFs
OTA
FBs

SLE and IAC
SLE and IAC
SLE and IAC

HPLC-FLD
HPLC-MS [40]

Buckwheat grain and
buckwheat grain dust

DON
NIV
OTA

SLE and SPE clean-up
SLE and IAC

GC-MS
GC-MS
HPLC

[33]

Corn, processed corn,
buckwheat, dry buckwheat
noodles, peanuts, rice, and

sesame oil

AFs
OTA SLE and IAC HPLC [41]

Wheat, buckwheat, barley,
oats, and rye STG SLE and SPE clean-up LC–MS/MS [42]

Buckwheat, quinoa, spelt,
amaranth, and white rice

AFs, FBs, OTA, T-2,
HT-2, STG, CIT, ZEA,

NIV, DON, and FUS-X
QuEChERS UHPLC-MS/MS [22]

Buckwheat and buckwheat
products, wheat, maize, oat,

rice, rye, barley, millet, triticale,
and others

OTA
DON
ZEA
AFs
FBs

T-2/HT-2

SLE and IAC

HPLC-FLD
HPLC-DAD
HPLC-FLD
LC-MS/MS
LC-MS/MS

GC-MS

[32]

Buckwheat groats
AFB1
OTA
T-2

- ELISA [44]

Tartary buckwheat
seeds

AFs, FBs, OTA, ZEA,
DON, and T-2/HT-2 SLE UFLC-QTrap-MS/MS [45]

Wheat, buckwheat, rye, oat,
barley, rice,

millet, and corn flour

OTA
AFs SLE and IAC HPLC-FLD

HPLC-FLD [46]

Quinoa, amaranth (grain),
and buckwheat

Afs
FB1 + FB2 - ELISA [24]

Pea protein, soy protein, red
quinoa, and wheat flour

DON, AFs, ZEA, DON,
FBs, ENNA, HT-2,
OTA, PAT, and T-2

QuEChERS UHPLC-MS/MS [47]

Corn, wheat, amaranth, rice,
barley, and oats FBs, DON, and ZEA SLE HPLC-MS/MS [37]

Quinoa, kăniwa, barley, oat,
and wheat 101 mycotoxins SLE LC-MS/MS [31]

Quinoa AFB1, FB1, OTA, PAT,
and BEA SLE UHPLC−HRMS [36]
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Table 2. Cont.

Samples Mycotoxins Extraction Method Analytical Method Reference

Amaranth DON and ZEA

In-phase liquid–liquid
microextraction

based on the
solidification of a

floating organic drop
followed by double

solvent-assisted
back-extraction

(DLLME-SFO-SBE)

UHPLC-MS/MS [8]

AFs: aflatoxins; CIT: citrinin; DON: deoxynivalenol; ELISA: enzyme-linked immuno sorbent assay; ENNA:
enniatin A; FLD: fluorescence detector; FBs: fumonisins; GC-MS: gas chromatography/mass spectrometry;
HPLC: high-performance liquid chromatography; HPLC-DAD: high-performance liquid chromatography-diode
array detector; HPLC-FLD: high-performance liquid chromatography-fluorescence detection; HPLC-MS: high-
performance liquid chromatography-mass spectrometry; HPTLC: high-performance thin-layer chromatography;
HPLC-UV: high-performance liquid chromatography-ultraviolet detection; HT-2: HT-2 toxin; IAC: immuno
affinity columns; LC-MS: liquid chromatography-mass spectrometry; MS/MS: tandem mass spectrometry;
NIV: nivalenol; OTA: ochratoxin A; PAT: patulin; QuEChERS: Quick, Easy, Cheap, Effective, Rugged, and
Safe; S-L extraction: solid–liquid extraction; STG: sterigmatocystin; T-2: T-2 toxin; UHPLC−HRMS: ultra-high-
performance liquid chromatography high-resolution mass spectrometry; UFLC-QTrap-MS/MS: ultra-fast liquid
chromatography coupled with triple quadrupole mass spectrometry; ZEA: zearalenone.

On the other hand, in a conventional SLE, a compound or a group of compounds that
are a part of a solid are dissolved in a solvent with the appropriate polarity. Most of the
mycotoxins in this situation can be effectively extracted using comparatively polar solvents
such as acetonitrile (MeCN), acetone, or methanol (MeOH) [60]. Additionally, it is practical
to use small quantities of acidified water to moisten the solid to improve the efficiency of
the extraction. By doing this, the latter’s contact surface with the solvent can be increased,
and the pH is made more acidic, which enhances the mycotoxins’ solubility [61]. Since this
kind of extraction is not very specific, it is frequently followed by purification or clean-up
to get rid of any interfering substances that can affect the analysis’s outcomes, such as
lipids, proteins, and coloring agents. Chelating chemicals (C18 and PSA) can be used to
eliminate them in significant quantities [58,61].

3.2. Analytical Determination

Among the different analytical tools for mycotoxin determination, the most com-
monly used include thin-layer chromatography (TLC), liquid chromatography (LC), high-
performance liquid chromatography (HPLC), and gas chromatography (GC) (Table 2) [62].
For quantification purposes, LC and GC can be coupled to different detectors, such as
ultraviolet (UV), fluorescence (FL), or mass spectrometry (MS) [22]. Initially, UV and FL
were widely used for mycotoxin determination [32,39,40,46]. These detection techniques
are based on the UV absorbance and fluorescence characteristics of mycotoxins. Generally,
the sensitivity of fluorescence is 10–1000 times higher than the sensitivity of the UV detector,
so FL is used conventionally in the determination of specific fluorescent compounds present
in cereal and pseudo-cereal samples. FL detection has been widely used in the analysis of
AFs, OTA, and ZEA in cereals and pseudo-cereals matrices with good accuracy and high
precision [63]. For instance, Torović (2018) [46] analyzed the presence of AFs and OTA
in samples of wheat, buckwheat, rye, oat, barley, rice, millet, and corn flour employing
HPLC with FL detection. The analytical method developed showed good performance,
with recoveries ranging from 53.1% to 85.0% for AFB1 and from 70.3% to 88.3% for OTA
and limits of detection (LODs) and quantification (LOQ) of 0.04/0.1 μg/Kg for AFB1 and
0.07/0.2 μg/Kg for OTA, respectively.

However, nowadays, LC or HPLC coupled to tandem mass spectrometry detectors
(LC–MS/MS) is the most widely used techniques as it allows one to obtain an accurate and
reliable determination of several mycotoxins at even low concentrations in complex matri-
ces. Moreover, it allows the simultaneous determination of mycotoxins belonging to differ-
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ent chemical families [64]. In this sense, Ramos-Diaz et al. [31] developed a multi-analyte
LC–MS/MS method to detect mycotoxins and fungal metabolites in pseudo-cereal grains
(quinoa and kăniwa). The study documented the detection of 101 analytes at varying levels
with recoveries ranging from 70 to 120% (Table 2). Moreover, Veršilovskis et al. (2008) [42]
previously developed a sensitive LC-MS/MS method for the analysis of STC in buckwheat
and other cereal grains. This method included sample extraction with acetonitrile/water
solution followed by SPE.

Another tool for mycotoxin determination commonly employed is ELISA, which
consists of an immunological assay for mycotoxin screening [24,44]. This assay provides
fast and economical measurements and does not require previous clean-up procedures.
ELISA formats (direct, indirect, competitive, and sandwich) are recognized as adequate for
mycotoxin screening. To favor field analysis, a transduction system with appropriate molec-
ular recognition elements has been integrated. In this sense, different analytical methods
have been developed for AFs, OTA, FB1, and TCs’ detection in cereals and pseudo-cereals
(Table 2) [63]. However, the number of matrices tested is limited, and at low concentrations,
method precision can be reduced. In addition, the presence of matrix interferents and
structurally related mycotoxins can alter antibody binding and, subsequently, mycotoxin
quantification. For instance, in buckwheat groats, Keriene et al. [44] reported limits of
detection (LODs) for ELISA determination of 3.5 μg/Kg for T-2, 2.5 μg/Kg for OTA, and
1 μg/Kg for AFB1. According to Sacco et al. (2020) [24], who used an ELISA for AFs and
FBs determination, in this case, the ELISA detection range was 2–200 μg/Kg for AFB1,
1.75–140 μg/Kg for total AFs, and 222–6000 μg/Kg for FBs.

Although ELISA and UV and FL detectors have been widely employed, nowadays,
the most employed technique is ultra-high-performance liquid chromatography coupled to
mass spectrometry, commonly used for quantitative multi-mycotoxin analysis. In general,
a low-resolution mass spectrometer (MS) is used for analysis or simply for compound iden-
tification purposes; however, it may not be enough to distinguish between two molecules
with the same molecular mass. In this sense, HRMS constitutes a more sensitive and
accurate detector able to distinguish between two substances with similar masses with a
high level of certainty and confidence.

In the studies carried out by Bessaire et al. (2021) [47] and Arroyo-Manzanares et al.
(2014) [22], HRMS and MS/MS techniques, respectively, were combined with QuEChERS
extraction, while in other surveys, they have been combined with other novel extraction
methods. Thus, Bochetto et al. (2021) [8] used an extraction/preconcentration procedure
that consisted of in-phase liquid–liquid microextraction based on the solidification of a
floating organic drop followed by double solvent-assisted back-extraction (DLLME-SFO-
SBE) followed by UHPLC-MS/MS determination, while Vásquez-Ocmín et al. (2022) [36]
used biphasic microextraction. These extraction techniques allowed one to extract even
small mycotoxin amounts which can be detected and quantified due to the high specificity
and sensitivity of the MS/MS and HRMS detectors. Both extraction methods allow one
to reduce the solvent amount used during the extraction step; thus, the future trend in
mycotoxin extraction is to develop green alternatives to conventional methods.

4. Conclusions

Mycotoxins are common chemical contaminants present mainly in cereal products
and their by-products. Nowadays, in both human and animal nutrition, nutritional habits
are changing towards healthier ingredient consumption; thus, in some cases, cereals are
being replaced by pseudo-cereal grains, such as quinoa, amaranth, and buckwheat, due
to their multifarious health benefits. These beneficial effects are due to the presence
in their composition of flavonoids, phenolic acids, fatty acids, vitamins, dietary fibers,
minerals, and other bioactive compounds that are present in pseudo-cereals. As cereals
and pseudo-cereals are similar, it is expected for mycotoxin contamination to be found
in pseudo-cereal samples; however, the investigation of their natural occurrence in these
matrices is still scarce. Despite this, some studies have reported the occurrence of some
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mycotoxins, such as AFs, OTA, FBs, TCs, and ZEA, among others, in quinoa, amaranth, and
buckwheat samples. The extraction methods and analytical tools employed for mycotoxin
determination in pseudo-cereal samples are the same employed for cereal analysis, with
SLE followed by SPE or clean-up being the most employed extraction techniques and LC or
GC coupled to different detectors, mainly UV, FL, and MS/MS, being the most employed
analytical equipment.
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58. Cigić, I.K.; Prosen, H. An overview of conventional and emerging analytical methods for the determination of mycotoxins. Int. J.

Mol. Sci. 2009, 10, 62–115. [CrossRef]
59. Iqbal, S.Z. Mycotoxins in food, recent development in food analysis and future challenges; a review. Curr. Opin. Food Sci. 2021,

42, 237–247. [CrossRef]
60. Bian, Y.; Zhang, Y.; Zhou, Y.; Wei, B.; Feng, X. Recent Insights into Sample Pretreatment Methods for Mycotoxins in Different

Food Matrices: A Critical Review on Novel Materials. Toxins 2023, 15, 215. [CrossRef]
61. Rahmani, A.; Jinap, S.; Soleimany, F. Qualitative and quantitative analysis of mycotoxins. Compr. Rev. Food Sci. Food Saf. 2009,

8, 202–251. [CrossRef]
62. Zheng, M.Z.; Richard, J.L.; Binder, J. A review of rapid methods for the analysis of mycotoxins. Mycopathologia 2006, 161, 261.

[CrossRef]
63. Singh, J.; Mehta, A. Rapid and sensitive detection of mycotoxins by advanced and emerging analytical methods: A review. Food

Sci. Nutr. 2020, 8, 2183–2204. [CrossRef]
64. Malachová, A.; Stránská, M.; Václavíková, M.; Elliott, C.T.; Black, C.; Meneely, J.; Hajšlová, J.; Ezekiel, C.N.; Schuhmacher, R.;

Krska, R. Advanced LC–MS-based methods to study the co-occurrence and metabolization of multiple mycotoxins in cereals and
cereal-based food. Anal. Bioanal. Chem. 2018, 410, 801–825. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

175



toxins

Review

Type A Trichothecene Metabolic Profile Differentiation,
Mechanisms, Biosynthetic Pathways, and Evolution in
Fusarium Species—A Mini Review

Jianhua Wang 1,*, Mengyuan Zhang 1,2, Junhua Yang 1, Xianli Yang 1, Jiahui Zhang 1 and Zhihui Zhao 1

1 Institute for Agro-Food Standards and Testing Technology, Ministry of Agriculture,
Shanghai Academy of Agricultural Sciences, 1000 Jinqi Road, Shanghai 201403, China;
m210300781@st.shou.edu.cn (M.Z.); yangjunhua@saas.sh.cn (J.Y.); yangxianli@saas.sh.cn (X.Y.);
jiahuizhang1224@163.com (J.Z.); 18918162068@163.com (Z.Z.)

2 College of Food Sciences & Technology, Shanghai Ocean University, Shanghai 201306, China
* Correspondence: wangjianhua@saas.sh.cn; Tel.: +86-21-67131637

Abstract: Trichothecenes are the most common Fusarium toxins detected in grains and related products.
Type A trichothecenes are among the mycotoxins of greatest concern to food and feed safety due to their
high toxicity. Recently, two different trichothecene genotypes within Fusarium species were reported.
The available information showed that Tri1 and Tri16 genes are the key determinants of the trichothecene
profiles of T-2 and DAS genotypes. In this review, polymorphisms in the Tri1 and Tri16 genes in the two
genotypes were investigated. Meanwhile, the functions of genes involved in DAS and NEO biosynthesis
are discussed. The possible biosynthetic pathways of DAS and NEO are proposed in this review, which
will facilitate the understanding of the synthesis process of trichothecenes in Fusarium strains and may
also inspire researchers to design and conduct further research. Together, the review provides insight into
trichothecene profile differentiation and Tri gene evolutionary processes responsible for the structural
diversification of trichothecene produced by Fusarium.

Keywords: mycotoxin; DAS; NEO; T-2; trichothecenes; Fusarium species

Key Contribution: Polymorphisms in the Tri1 and Tri16 genes in T-2 and DAS genotypes were
studied, and probable DAS and NEO biosynthetic pathways are proposed in this review.

1. Introduction

Filamentous fungi within the Fusarium genus are the most important etiological agents
of a variety of plant diseases worldwide, resulting in huge economic losses annually. Addi-
tionally, mycotoxins produced by these pathogens are also of concern due to their wide range
of toxicological effects [1–4]. Among these toxic secondary metabolites, trichothecenes are the
most commonly detected Fusarium mycotoxins, with relatively high contents compared with
other ones [1–4]. Trichothecene is a large family of non-volatile sesquiterpenes that are classi-
fied into four different groups (type A, B, C, and D) according to structural variations [5,6]. To
date, more than 200 trichothecenes have been identified in nature, which represent a major
threat to food and feed safety [7].

Fusarium trichothecenes are divided into two major types characterized by the absence
(type A trichothecenes) or presence (type B trichothecenes) of a keto group at carbon atom
8 (C-8). Type A trichothecenes contain an ester function (e.g., T-2 toxin), a hydroxyl group
(e.g., neosolaniol, NEO) at C-8 of the skeleton 12,13-epoxytrichothec-9-ene (EPT) molecule,
or no substituent at all at C-8 (e.g., 4,15-diacetoxyscirpenol, DAS) [5–7] (Figure 1). As
illustrated in Figure 1, type B trichothecenes, such as deoxynivalenol (DON) and its acety-
lated derivatives, possess a keto group at C-8 [5]. Trichothecenes have been shown to be
potent inhibitors of nucleotides and protein synthesis and can affect mitochondrial function,
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induce immunosuppression, etc., in eukaryotic organisms [8,9]. Trichothecenes can also act
as virulence factors in plants, which will facilitate the colonization and spreading of the
pathogens in host tissues [10–12]. The Fusarium trichothecenes of greatest concern are type
A trichothecenes, with their high toxicity.

  
DON (type B)  T-2 (type A) 

  
DAS (type A) NEO (type A) 

Figure 1. Chemical structures of Type A and B trichothecenes. Examples of type A trichothecenes
include T-2 toxin, DAS, and NEO. DON is an example of a type B trichothecene.

This review seeks to outline recent findings on type-A-trichothecene-producing Fusarium
species, the Tri gene’s genetic diversity, and evolution. In addition, current gaps, advances,
and potential topics for future studies on Fusarium and trichothecenes are also mentioned.

2. Metabolic Profile Differentiation in Type-A-Trichothecene-Producing Fusarium

It is well known that comprehensive research on the differentiation of type B tri-
chothecenes has been conducted in the Fusarium graminearum species complex (FGSC),
with the most important Fusarium species causing fusarium head blight in wheat around
the world. In the FGSC, three different trichothecene genotypes (chemotypes) were distin-
guished according to their production of NIV (nivalenol), 3ADON (3-acetyldeoxynivalenol),
or 15ADON (15-acetyldeoxynivalenol) [13,14]. FGSC species and trichothecene genotype
diversity have been biogeographically structured worldwide. The statement suggests that
the diversity of Fusarium species and trichothecene genotypes is not randomly distributed
but instead follows geographic patterns [15–17]. This can have important implications for
understanding the evolution and ecology of these organisms as well as for developing
strategies for managing plant diseases caused by Fusarium species. Additionally, under-
standing the differences between different types of these mycotoxins is important for
assessing their potential impact on human and animal health as well as for developing
effective control and prevention strategies for reducing their occurrence in food and other
agricultural products.

Several Fusarium species, such as Fusarium sporotrichioides, Fusarium poae, Fusarium kyushuense,
and Fusarium langsethiae, are well-known type A trichothecene producers. Among these fungi,
different mycotoxin productivities were also observed. For example, F. sporotrichioides was
reported to consistently produce T-2, HT-2, DAS, and NEO and has been recognized as the main
source for T-2 and HT-2 [7,18,19]. The production of mycotoxins by 109 strains of F. langsethiae
(23 strains), F. poae (49 strains), F. sporotrichioides (35 strains), and F. kyushuense (2 strains) was
investigated independently in different laboratories [20]. From the compiled results, it was found
that F. langsethiae and F. sporotrichioides consistently produced type A trichothecene (T-2, HT-2,
and NEO). However, a different profile was observed in the 49 F. poae strains, and 41 of them
produced type B trichothecenes (NIV and 4ANIV) in addition to type A trichothecenes (DAS).
For the two F. kyushuense strains, no type A trichothecenes were detected from either of the
strains [20]. However, among the mycotoxins produced by F. poae, NIV, a type B trichothecene,
was cited as one of the most common mycotoxins produced by this species in the studies by [21–
24]. Fusarium armeniacum was also reported to produce type A trichothecenes, such as T-2, DAS,
and NEO [25].
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In the past decade, several novel Fusarium species that produce type A trichothecenes
have been reported, such as Fusarium sibiricum [26], Fusarium palustre [27], and
Fusarium goolgardi [28,29]. F. sibiricum was mainly recovered in Siberia and the Russian Far
East and formally described by Yli-Mattila et al. [26] in 2011. F. sibiricum is phylogenetically
more closely related to F. sporotrichioides but is morphologically more similar to F. poae and
F. langsethiae [26]. Analysis of trichothecene production revealed that all the tested F. sibiricum
isolates could produce type A trichothecene T-2 as well as DAS with mean concentrations of
17.4 ppm and 0.2 ppm, respectively [26]. F. palustre is a new Fusarium species associated with
the dieback of Spartina alterniflora in Atlantic salt marshes [27]. Subsequently, Rocha et al. [29]
proved that strains from F. palustre can produce type A trichothecenes, including DAS, NEO,
and T-2 toxin.

Despite the discovery of various metabolic profiles in type-A-trichothecene-producing
species, no particular genotypes were outlined. The identification of two distinct genotypes
within type A trichothecene producers was found in F. goolgardi [29]. F. goolgardi is an emerging
species identified by Laurence et al. [28] from Xanthorrhoea glauca in natural ecosystems in
Australia. Chemical analysis revealed the production of type A trichothecenes in F. goolgardi
cultures [29]. Among the eight F. goolgardi strains evaluated, four of them (RBG5411, 5417,
5419, and 5420) produced T-2 toxin, DAS, NEO, and 8-acetylneosolaniol (hereinafter referred
to as T-2 genotype in this work), while the other four strains (RBG6914, 6915, 5421, and 5422)
produced only DAS (hereinafter referred to as DAS genotype in this work) [29]. So, the study
by Rocha et al. [29] indicated that there were at least two distinct trichothecene genotypes in
F. goolgardi populations. It is worth noting that a novel group of type A trichothecenes (NX
toxins) produced by FGSC was identified by Varga et al. [30] in 2015. In this review, we will
not delve into details about FGSC. To our best knowledge, only a single genotype has been
reported for F. langsethiae, F. sibiricum, and F. sporotrichioides, and strains from these species can
produce T-2 and some other type A trichothecenes, such as DAS and NEO.

According to the present data, in general, type-A-trichothecene-producing Fusarium
species may be indigenous and possibly endemic to their origin at a low frequency. If these
strains become more abundant or are spread and exchanged widely through transportation
and trade, type A trichothecenes could become a common contaminant in cereals and
related products. For example, a high prevalence has been found for F. langsethiae on oats;
however, it is now spreading even to barley cultivated in Mediterranean environments [31].
So, it will be important to monitor whether Fusarium species, such as F. goolgardi, have a se-
lective advantage in specific ecosystems. Nevertheless, it is worth noting that the occurrence
of type-A-trichothecene-producing Fusarium species in different geographic locations in the
world suggests their wide distribution in nature. Novel type-A-trichothecene-producing
species may be identified in further studies with more extensive collections in the future.

3. Tri1 and Tri16 Genes Are the Key Determinants of Trichothecene Profiles

The biosynthetic pathway and molecular regulation mechanism of trichothecenes are
now relatively clear, and many studies have been conducted since the 1990s. Up until now,
15 trichothecene biosynthesis genes (Tri genes) have been identified and characterized in the
Fusarium genome (Table 1). Molecular genetics revealed that these Tri genes occur at three loci.
The 12-gene core locus on chromosome 2 is located within a 25 kb region as a cluster response
for the synthesis of the EPT skeleton molecule and subsequent modifications at C-3, C-4, and
C-15. The Tri1–Tri16 locus on chromosome 1 is essential for the hydroxylation and acylation of
C-8, respectively. The single-gene locus on chromosome 4, Tri101, is responsible for acetylation
of the hydroxyl group at C-3, converting isotrichodermol to isotrichodermin. This step has
been proven to serve as a mechanism for the self-protection of the trichothecene-producing
organism [32], which can significantly reduce the toxicity of trichothecenes.
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Table 1. Function of Tri genes and major phenotype of individual Tri gene disruption in Type A
trichothecene biosynthesis in F. sporotrichioides.

Tri Gene Function Mutant Phenotype

Tri8 C-3 deacetylase 3-acetyl T-2
Tri7 C-4 acetyltransferase HT-2
Tri3 C-15 acetyltransferase 15-decalonectrin, 3,15-didecalonectrin
Tri4 multifunctional oxygenase trichodiene
Tri6 zinc finger transcription factor low levels of trichodiene
Tri5 trichodiene synthase no trichothecenes
Tri10 regulatory gene no trichothecenes
Tri9 unknown not determined
Tri11 C-15 hydroxylase isotrichodermin
Tri12 trichothecene efflux pump no trichothecenes
Tri13 C-4 hydroxylase 8-hydroxycalonectrin, 4-deoxy T-2, 8-hydroxy-3-deacetylcalonectrin
Tri14 virulence factor T-2
Tri1 C-8 hydroxylase DAS

Tri16 C-8 acyltransferase NEO, DAS
Tri101 C-3 acetyltransferase isotrichodermol

In trichothecene-producing Fusarium species, the Tri1–Tri16 locus determines type A
versus type B trichothecene production. In T-2 producers, Tri1 and Tri16 are responsible for
the specific hydroxylation and acylation, respectively, at the C-8 position [33–35]. However,
in type B trichothecene producers, the enzyme encoded by the Tri1 gene catalyzes the
hydroxylation of trichothecenes at both C-7 and C-8, but the Tri16 gene is non-functional
due to the presence of frameshifts and stop codons in its coding region [36]. Meanwhile, a
non-functional Tri16 in type-A-trichothecene-producing Fusarium strains should prevent
the acylation of the hydroxyl of trichothecene intermediates at the C-8 position, and a
non-functional Tri1 gene should equally prevent hydroxylation of the C-8 and, of course,
prevent the later acylation reaction catalyzed by the Tri16 enzyme.

Sequence analysis of the Tri1–Tri16 locus in four F. sibiricum, seven F. langsethiae, and
six F. sporotrichioides revealed that the orientation and order of the two genes were the
same as previously characterized for F. sporotrichioides, although the length of the Tri1–Tri16
intergenic region varied among and within species [26]. According to the phylogenetic
analysis of the Tri1 and Tri16 gene coding sequences, the two genes in F. sibiricum strains
are more closely related to those of F. sporotrichioides. In F. sibiricum, the Tri1–Tri16 locus is
more similar in organization and sequence to those of F. langsethiae and F. sporotrichioides
than to that in the species of F. poae [26].

Recently, two different trichothecene metabolic profiles were identified in F. goolgardi
strains. To reveal the reason why this phenomenon exists, the nucleotide sequences of
different Tri genes from several type-A-trichothecene-producing Fusarium species were
analyzed and compared with the two F. goolgardi groups. The results showed that no
major differences were observed in the coding regions of the core cluster genes (including
Tri3–Tri8, Tri11, Tri13, and Tri101) among these strains [29]. However, significant differences
were identified in the Tri1 and Tri16 sequences. As shown in Figure 2, there is a transition
(C-to-T) in the coding region of the Tri1 gene, which resulted in a premature stop codon
in the gene of the F. goolgardi strain with the DAS genotype [29]. According to previous
studies, in T-2-producing Fusarium species, Tri16 is an intronless gene [26]. In comparison
with F. sporotrichioides, the Tri16 coding region of DAS-genotype strains exhibited a single-
nucleotide deletion, which introduced a frameshift mutation and caused two premature
stop codons in the gene of the F. goolgardi strain with the DAS genotype. However, Tri1
and Tri16 orthologs from all the T-2 producers, including the F. goolgardi T-2 genotype
strains, did not contain the same or any other similar nonsense or frameshift mutations in
the coding regions [29]. Overall, the results showed that the Tri1 gene is essential for the
hydroxylation of type A trichothecene at C-8, and this gene determines the production of
DAS, NEO, and T-2 toxins in F. goolgardi [29].
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Figure 2. Type A trichothecene biosynthetic loci in Fusarium species. (a) The 12-gene core Tri cluster.
(b) Comparison of the Tri1–Tri16 locus in Fusarium species with T-2, NEO, and DAS genotypes,
respectively. Tri6 and Tri10, the two transcription factors, are shown in red. Arrows indicate genes
and the direction of transcription. Filled arrows indicate that the Tri genes are functional, while the
non-functional genes are indicated with empty arrows. Premature stop codons are indicated by
vertical lines on the arrows; the frameshift that occurred in the Tri16 gene in the DAS genotype is
indicated above the panel by * and together with a vertical line on the arrow.

In the previous studies by Brown et al. [34], Peplow et al. [35], and Proctor et al. [36],
the Tri16 gene was found to be truncated in the F. poae strains examined, which would
explain why some F. poae strains cannot produce T-2 toxin. Moreover, the contradictory
reports about the ability of different geographically originated F. poae strains to produce
type A trichothecenes may also be the cause of the misidentification of Fusarium species
due to their high morphological similarity [18,19,26].

The organization and genomic context of the trichothecene biosynthetic locus Tri1–Tri16
are similar in F. langsethiae, F. sibiricum, F. sporotrichioides, and F. goolgardi (including both
the T-2 and DAS genotypes), but significantly different from those described for some of
F. poae [26,29,36]. On the other hand, the occurrences of nonsense mutation and frameshift
mutation in the coding region of Tri1 and Tri16 genes [29], respectively, led to the loss of
functions of the two genes in type A trichothecene producers, such as F. goolgardi strains that
possess a strict DAS genotype (Figure 2). These results indicate that we still have a lot to do
about trichothecene biosynthesis in the Fusarium genus and also suggest the necessity of re-
explaining the diversity of trichothecene production in these complicated fungi. Based on the
research of the past, we can hypothesize that Fusarium strains that produce only trichothecene
with a hydroxyl at C-8 may be identified in the future.

4. Proposed Biosynthetic Pathways of DAS and NEO and Comparisons with T-2

The biosynthesis of trichothecenes begins with the cyclization of the precursor sub-
stance trans-farnesyl pyrophosphate (FPP) to form trichodiene, followed by oxygenation,
isomerization, cyclization, and esterification to finally form trichothecene toxins with var-
ious structures. The types and chemical structures of trichothecene toxins are mainly
determined by the metabolic pathways involved and the genetic differences in Tri genes.
According to the chemical structures of trichothecenes and even some newly identified
trichothecene orthologs produced by Fusarium species, the biosynthetic pathways and gene
functions can probably be predicted based on our existing understanding of trichothecene
biosynthesis [37]. Comprehensive studies have been conducted to reveal the biosynthesis
of T-2 since the 1990s, and its biosynthetic pathway and molecular regulation mechanism
are now relatively clear. To our best knowledge, however, limited information is available
for the other type A trichothecenes, such as DAS and NEO.

Structurally, there are two hydrogen atoms at C-8 in the DAS molecule, while one of the
two hydrogen atoms is replaced by a hydroxyl group and an isovalerate group, respectively,
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in NEO and T-2. That means the DAS genotype strains do not have the ability to synthesize
the enzymes that can catalyze the hydroxylation and isovalerate addition to C-8. On the other
hand, co-occurrence of DAS, NEO, and T-2 toxins in a single strain demonstrated that all the
3-acetylneosolaniol, 3,4,15-triacetoxyscirpenol, and 3-acetyl T-2 can be served as substrates of
Tri8 (an esterase) by which the C-3 acetyl group is replaced by a hydroxyl [38]. The differential
activity of Tri8, as defined by the DNA sequence, determines the production of either 3ADON
or 15ADON in FGSC [39]. However, so far, it is still unclear whether strains with a type
A trichothecene genotype that produces only NEO but no trichothecene with isovalerate
function at C-8 naturally exist in the genus Fusarium.

As shown in Table 1, the specific functions of most Tri genes in trichothecene biosyn-
thesis have been studied in Fusarium species [33,35,40–48], which makes it possible to
predict the biosynthetic pathway of different trichothecene metabolites, such as DAS and
NEO. For example, the Tri1 genes in T-2 producers are responsible for oxidation at C-8 of
the trichothecene scaffold [33]. Target gene disruption of the Tri1 gene blocks production
of C-8-oxygenated trichothecenes and leads to the accumulation of DAS in F. sporotri-
chioides [33]. The recently identified DAS producer that carries a non-functional Tri1 gene
in F. goolgardi species further confirmed our thinking [29]. The data by Peplow et al. [35]
indicate that Tri16 encodes an acyltransferase that catalyzes the formation of ester side
groups at C-8 during T-2 biosynthesis in F. sporotrichioides. Similarly, Fusarium strains with
type A trichothecene genotypes containing a non-functional Tri16 gene may produce NEO.

Based on the findings of trichothecene biosynthesis in Fusarium, as shown in Figure 3,
we proposed the biosynthetic pathways of DAS and NEO and made a comparison with
the T-2 biosynthetic pathway. As reviewed by Chen et al. [37] and Chen et al. [49], in
trichothecene biosynthetic pathways, the reaction steps catalyzing FPP to calonectrin (CAL)
are shared among Fusarium species. For detailed information on type A and type B tri-
chothecene biosynthesis, please refer to previous publications [6,7,50–52]. In T-2 producers,
intermediate metabolite CAL, which is eventually converted to T-2 toxin, undergoes a
series of steps catalyzed by Tri13-Tri7-Tri1-Tri16-Tri8 sequentially. As we predicted, the
same reactions occurred in the immediate two following steps, catalyzed by Tri13 and Tri7,
respectively, after CAL during the biosynthesis of DAS, NEO, and T-2. CAL is hydroxylated
by Tri13 at the C-4 position to produce the intermediate metabolite 3,15-diacetoxyscirpenol,
and the hydroxyl group is subsequently converted to an acetyl group by the enzyme of Tri7
to produce 3,4,15-triacetoxyscirpenol (Figure 3). As mentioned above, the DAS strains have
a pseudo-Tri1 gene, so differences arise in the later steps after 3,4,15-triacetoxyscirpenol
during the biosynthesis of DAS, NEO, and T-2.

As shown in Figure 3, in DAS producers, 3,4,15-triacetoxyscirpenol is deacetylated
by esterase encoded by Tri8, leading to the formation of DAS. In NEO and T-2 producers,
3,4,15-triacetoxyscirpenol is further converted to 3-acetylenosolaniol through the activity
of the Tri1 enzyme. The product 3-acetylenosolaniol is deacetylated by the enzyme of Tri8
at C-3 to produce NEO. In light of this, we draw the conclusion that CAL is catalyzed via
the Tri13-Tri7-Tri8 and Tri13-Tri7-Tri1-Tri8 pathways, respectively, during the biosynthesis
of DAS and NEO. It is easy to understand that T-2 producers can also produce portions
of DAS and NEO which are the intermediates of T-2 biosynthesis, since the T-2 strains
contain all the functional Tri genes required for DAS and NEO biosynthesis. However, the
definite biosynthetic pathway and detailed regulation mechanisms of DAS and NEO are
unclear, and systematic studies still should be conducted, especially using the strict DAS
genotype strains identified, such as the DAS-genotype F. goolgardi strains. Moreover, the
proposed biosynthetic pathways of DAS and NEO in this work will provide new insights
into trichothecene biosynthesis and guide researchers to carry out more extensive studies
on this topic.
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Figure 3. The proposed biosynthetic pathways of DAS, NEO, and their comparison with T-2 in
Fusarium. Steps catalyzed by Tri enzymes are identified near the arrow showing the step. Unlabeled
arrows indicate steps for which the specific genes or enzymes are unknown.

5. Evolution Potential of Type A Trichothecene Metabolic Profile Differentiation in Fusarium

Studies of trichothecene-producing Fusarium species indicate that the evolutionary pro-
cess of the Tri loci is complex in fusaria and suggest that gain or loss functions, mutations,
translocations, and non-functionalization occurred within and between Tri loci [23,36,39,53].
The structure diversity of trichothecenes is the cause of genetic polymorphism in the Tri genes.
It was found that the evolution of Tri genes does not always correlate with the evolutionary
process of Fusarium species, which has been maintained through balancing selection and
accompanied by the evolution process of the fungi [54]. The studies by Proctor et al. [36]
and Kelly et al. [55] reported inconsistencies between species phylogenies and Tri1–Tri16-
based phylogenies. Specifically, trans-species evolution and genomic translocations of the
Tri1 gene have been identified, and this gene is found in at least four genomic contexts [36].
Recently, Kelly et al. [55] revealed that the evolution of a novel trichothecene-producing
population in FGSC was accompanied by a marked change in selective pressure on Tri1.
However, the genomic context and evolutionary affinities of the Tri1 variants from type-A-
trichothecene-producing strains have not been investigated. A wide range of sequencing and
phylogenetic analyses of Tri1 from diverse Fusarium strains is warranted to further reveal
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the origins and evolutionary processes of the type-A-trichothecene-producing strains with
different genotypes.

Proctor et al. [36] have also suggested that the Tri1–Tri16 locus was the ancestral
character state in the ancestral trichothecene-producing Fusarium species, and the gene was
probably functional in the ancestral strains, as it is more likely for a gene to lose functionality
than for a non-functional gene (such as due to deletions and nonsense mutations, etc.) to
become functional [29,36]. So, we hypothesize that the two genotypes within F. goolgardi
evolved from the same ancestor. The Tri1 gene in F. goolgardi strains with the T-2 genotype
is probably ancestral to the allele in strains with the DAS genotype.

Nevertheless, it is worth noting whether strains that primarily produce NEO or co-
occurrences of NEO and DAS without T-2 exist in nature or not. If this is the case, three
genotypes will be classified within type A trichothecene strains. To simplify the description of
type A trichothecene genotypes, we recommend using DAS, NEO, and T-2, respectively, for the
strains, which will facilitate the implementation of scientific research and academic exchanges.

The results of previous studies provide evidence for a complex evolutionary process
of Tri loci and specific Tri genes that included gain, loss, functional changes, rearrangement,
and trans-species polymorphism [23,36,39,53]. The structural diversity of trichothecenes
potentially reflects differences in selection pressure experienced by the fungi that produce
the analogs [54]. Ward et al. [54] concluded that trichothecene structural diversity in
the FGSC has been maintained through balancing selection. Thus, further investigations
are required to reveal the important evolutionary event that has given rise to type A
trichothecene structural differences through comparative analyses of different Fusarium
species. These results will provide new insights into genetic basis changes or biochemical
alterations that occurred in trichothecene biosynthesis and regulation as fungi with the
pathways adapt to various environmental conditions. Multispecies comparisons of Tri loci
and Tri genes may also provide key insights into the evolution process of trichothecene
metabolism in Fusarium.

6. Conclusions and Future Prospects

Two major type-A-trichothecene-producing Fusarium groups were identified in nature:
one group can produce trichothecene containing an ester function at the C-8 position and
is represented by T-2; the other group produces trichothecene without a substituent at C-7
and C-8 but not T-2 and is represented by DAS. The phylogenetic relationship assessment
of Tri genes provided important evidence for the genetic basis of chemotype differentiation
within this species. The Tri1–Tri16 locus is responsible for the chemical structure variation of
these two genotypes; both Tri1 and Tri16 are functional in the T-2 genotype but non-functional
in Fusarium strains with the DAS genotype due to the occurrence of premature stop codons
caused by a point mutation within their coding regions [29]. The apparent genetic changes
within type-A-trichothecene-producing Fusarium species highlight the need for monitoring
and more phenotypic characterization of trichothecene-producing populations.

As previously reviewed, the Fusarium genus and trichothecene genotype diversity vary
significantly among different hosts and geographic locations [15–17]. Further investiga-
tions are required to track the spread of different trichothecene genotypes and to elucidate
potential differences in their competitive abilities, including environmental adaptability
and aggressiveness in different plant hosts. The environmental drivers of trichothecene
metabolic profile differentiation in Fusarium are waiting to be further revealed, and con-
tinuous studies will be required to elucidate the ethology, host preference, economic loss
caused, forecast and prediction, and control methods of different Fusarium populations.
Most importantly, the molecular mechanisms of DAS and NEO biosynthesis should be
comprehensively clarified.
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