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Abstract: Aspergillus flavus poses a threat to society economy and public health due to aflatoxin
production. aflN is a gene located in the aflatoxin gene cluster, but the function of AflN is undefined
in Aspergillus flavus. In this study, aflN is knocked out and overexpressed to study the function of AflN.
The results indicated that the loss of AflN leads to the defect of aflatoxin biosynthesis. AflN is also
found to play a role in conidiation but not hyphal growth and sclerotia development. Moreover, AlfN
is related to the response to environmental oxidative stress and intracellular levels of reactive oxygen
species. At last, AflN is involved in the pathogenicity of Aspergillus flavus to host. These results
suggested that AflN played important roles in aflatoxin biosynthesis, conidiation and reactive oxygen
species generation in Aspergillus flavus, which will be helpful for the understanding of aflN function,
and will be beneficial to the prevention and control of Aspergillus flavus and aflatoxins contamination.

Keywords: Aspergillus flavus; AflN; aflatoxin; conidiation

Key Contribution: Our study provides the genetic evidence of aflN involvement in the biosynthesis
of aflatoxin; conidiation and oxidative stress response in Aspergillus flavus; which contributes to the
better understanding of aflN functions in A. flavus.

1. Introduction

Aspergillus flavus (A. flavus) is a notorious pathogenic fungus, which can produce
aflatoxins (AFs) and contaminates many crop seeds, leading to the large economic losses [1].
It is worth noting that A. flavus is typically found in soil and distributed worldwide due to
its strong survival capability [1,2]. Therefore, A. flavus poses a threat to society economy and
public health. A lasting and deep study on A. flavus will help us better understanding and
controlling of A. flavus and AFs. As the main focus of A. flavus study, biosynthesis pathway
of AFs is constituted of more than 25 enzymatic reactions [3,4], and these enzyme genes are
mainly clustered on chromosome 3 [5]. Many other genes outside the AF gene cluster also
have effects on the biosynthesis of AF [6,7]. CreA, which is the master regulator of carbon
catabolite repression, was found to regulate the AF biosynthesis and conidia development.

aflN, located at the aflatoxin (AF) gene cluster, is a member of cytochrome P450
family [8]. Previous reports suggested that aflN in A. parasiticus and A. nidulans is involved
in the biosynthesis of aflatoxins (AFs), but the detailed functions are still undetermined [3,9].
Genetic disruption of stcS, a homolog of aflN in A. nidulans, led to the accumulation of
versicolorin A (VA) and blocked the formation of sterigmatocystin (ST) [9,10], which is an
important step for biosynthesis of aflatoxin. Although AflN is suggested to be involved in
the biosynthesis of aflatoxin, the direct evidence of AflN involved in AF biosynthesis in
A. flavus is absent, and the potential other function for AflN is still unclear. In this study,
genetic aflN mutants were constructed with homology recombination, and the effects of
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aflN on the development and metabolism were then investigated for better understanding
of AflN biofunctions in A. flavus.

2. Results

2.1. Identification and Analysis of AflN in A. flavus

A. flavus AflN protein was identified from the National Centre for Biotechnology
Information (NCBI) database with the sequence ID: XP_002379939.1 (G4B84_005799). Pro-
tein sequences from 9 fungi were aligned using MEGA X, and then a phylogenetic tree
was constructed. As shown in Figure 1A, A. flavus AflN protein shares a 99% similarity
with A. oryzae AflN, and high similarity with homologues from other 8 fungi, showing
that AflN probably plays a similar role in these species. A. flavus AlfN has a P450 super-
family domain, highly similar to P450 monooxygenases from other fungi (Figure 1B). To
further study the function of AflN, aflN knockout (ΔaflN), complementary (aflN-com) and
overexpression (OE::aflN) strains have been constructed using homology rearrangement
strategy (Figure 1C). The strains’ genotyping were verified with PCR method (Figure 1D).
Expression levels of aflN in various strains were confirmed using qRT-PCR (Figure 1E),
showing that aflN mutant strains were successfully constructed for further function study.

 

Figure 1. AflN identification and mutant strains construction. (A) Phylogenetic tree of AflN homologous proteins from
various fungi. The phylogenetic tree was constructed using MEGA X with protein sequences. (B) Conserved domain
analysis of AflN homologous proteins in different species. (C) A typical schematic describing the disruption strategy in
this study. UTR represents untranslation region. AP and BP represent A homology arm part and B homology arm part
respectively. (D) aflN mutant strains were verified with PCR. WT means wild type. AP and BP represent A homology arm
part and B homology arm part respectively. ORF represents open reading frame of aflN gene. (E) Expression of aflN was
examined by qRT-PCR in different A. flavus strains. ND means not detected. Different lowercase letters above the bars
represent significant difference (p < 0.05).
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2.2. AflN Plays a Role in the Aflatoxin Biosynthesis in Cytoplasm

To study the effect of AflN on the biosynthesis of AFB1, aflatoxin levels have been
assayed in various strains by TLC (thin layer chromatography) method. As shown in
Figure 2A, compared with WT and aflN-com, AFB1 was barely detected in ΔaflN but
significantly increased in OE::aflN, showing that AflN plays a positive role in the aflatoxin
biosynthesis. As known, the location of protein is related with its bio-function. To examine
the distribution of AflN, aflN fusing with gfp was inserted in chromosome using homology
rearrange method. As shown in Figure 2B, AflN was distributed in the cytoplasm at 8 h
post inoculation of conidia. To make clear whether AflN changed its location at hyphal
growth stage, the location of AflN at 24 h post inoculation was also examined. As shown
in Figure 2B, AflN was still distributed in the cytoplasm at 24 h. These results indicated
that AflN played a critical role in the biosynthesis of AFB1 in cytoplasm.

Figure 2. AflN was involved in biosynthesis of aflatoxins. (A)The relative quantity of aflatoxins AFB1 in WT, ΔaflN, aflN-com
and OE::aflN. ND means not detected. Different lowercase letters represent significant difference (p < 0.05). (B) Location of
AflN in A. flavus by examing alfN-gfp expression with fluorescent microscopy. DIC means differential interference contrast.
GFP represents green fluorescent protein.

2.3. AflN Is Involved in Conidiation but Not Hyphal Growth and Sclerotia Development

To study the role of AflN in conidia development, conidiation was studied in various
strains. As shown in Figure 3A, the morphology exhibits difference among WT, ΔaflN,
aflN-com and OE::aflN. At the same time, the conidia number was significantly decreased
in ΔaflN but increased in OE::aflN, compared with WT and aflN-com. This phenomenon
was observed both in YGT (yeast extract, glucose and trace elements) and PDA (potato
dextrose agar) medium (Figure 3B), which indicated that AflN played an important role
in the conidia development. As brlA gene plays a critical role in the conidiation [11], brlA
expression has been examined in this study. As in Figure 3D, brlA expression was decreased
in ΔaflN but increased in OE::aflN, compared with WT and aflN-com. At the same time,
conidiophores in various strains have been observed. As shown in Figure 3E, less conidia
and poorly developed conidiophores were observed in ΔaflN. These results suggested that
the decreased conidiation in ΔaflN may be due to the decreased brlA expression and poor
conidiophores. To investigate whether AflN plays a role in other developmental processes,
the hyphal growth was also been examined. The colony diameters were measured, and the
result in Figure 3C showed that there is no difference among ΔaflN, aflN-com and OE::aflN.
Sclerotia development was also assayed among various strains to determine the role of
AflN in this process. As shown in Figure 4A,B, equal levels of sclerotia were observed
among ΔaflN, aflN-com and OE::aflN strains. The expression of sclerotia related gene, nsdD,
exhibited a similar level among various strains (Figure 4C). Thus, AflN has no effect on
sclerotia development. All of the above results indicated that AflN has been involved in
conidiation but not hyphal growth and sclerotia development in A. flavus.
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Figure 3. The role of AflN in conidiation and hyphal growth. (A) Colony morphology of the WT, ΔaflN, aflN-com and
OE::aflN strains grown on YGT and PDA. (B) The comparison of conidia number in WT, ΔaflN, aflN-com and OE::aflN.
(C) The comparison of hyphal growth in WT, ΔaflN, aflN-com and OE::aflN. (D) BrlA expression in WT, ΔaflN, aflN-com and
OE::aflN. (E) Conidiophore morphology of WT, ΔaflN, aflN-com and OE:: aflN strains of A. flavus grown on PDA. Different
lowercase letters represent significant difference (p < 0.05).

2.4. Absence of aflN Leads to Less Response to Oxygen Stress

As cytochrome P450 enzyme, AflN is closely related to the oxygen-reduction sys-
tem [12]. To study the role of AflN in oxidative stress response, growth of A. flavus has been
examined in various strains with H2O2. As shown in Figure 5A,B, ΔaflN strain showed
less responsible to 2.5 mM H2O2 than WT and aflN-com; in contrast, OE::aflN showed
more sensitive to H2O2, indicating that aflN is involved in the response to oxygen stress.
Intracellular levels of reactive oxygen species (ROS) reflect the state of oxygen stress to
a certain extent [13]. Therefore, ROS levels were further examined using DCFH-DA (6-
carboxy-2,7-dichlorodihydrofluorescein diacetate) staining in this study [14]. As shown in
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Figure 5C,D, the ROS levels were significantly higher in ΔaflN than WT and aflN-com. In
contrast, the ROS levels were lower in OE::aflN strain. To study the reason for high ROS in
ΔaflN, the expression levels of ROS related genes have been examined. As shown in Figure
5E, compared with WT and aflN-com, the expression levels of ROS scavenging enzyme
genes, catalase-like and catA, were significantly decreased in ΔaflN but increased in OE::aflN.
This phenomenon indicated that the ROS scavenging enzymes are related to the increased
levels of ROS in ΔaflN.

Figure 4. Sclerotia analysis of A. flavus among WT, ΔaflN, aflN-com and OE::aflN strains. (A) Phenotypes of WT, ΔaflN,
aflN-com and OE::aflN strains were determined on CM (complete medium) medium. (B) The comparison of sclerotia
number among WT, ΔaflN, aflN-com and OE::aflN strains. The lowercase letter “a” represents no significant difference
(p > 0.05) among various strains. (C) Expression levels of nsdD involved in sclerotia production by qRT-PCR.

2.5. AflN Is Important for A. flavus Pathogenicity to Crops Seeds

In this study, the pathogenicity of A. flavus was assayed by the infection to peanuts
and maize [15]. As shown in Figure 6A, the infections of peanuts and maize were observed
at the 5th day post-inoculating, and the result indicated that the infection in ΔaflN was
less than that in WT and aflN-com, but the infection in OE::aflN was more than that in
WT and aflN-com. The aflatoxin levels have also been measured by TLC. As shown in
Figure 6B,C, compared with WT and aflN-com strain, AFB1 in ΔaflN infecting peanuts and
maize was barely detected, but AFB1 in OE::aflN infections significantly increased. At the

5



Toxins 2021, 13, 831

same time, conidia numbers from the infected peanuts and maize were quantified. As
shown in Figure 6B,C, conidia from ΔaflN infecting peanuts and maize were significantly
less than that in WT and aflN-com strain, while conidia from peanuts and maize infected
with OE::aflN were more than that in WT and aflN-com strain. These results indicated that
AflN is important for A. flavus pathogenicity to crops seeds, and absence of AflN leads to
the impairment of pathogenicity.

Figure 5. The role of aflN in oxidative stress. (A) Strains were treated with 1 mM H2O and 2.5 mM H2O2 stress. (B) The
comparison of the growth inhibition rate among WT, ΔaflN, aflN-com and OE::aflN strains treated with H2O2. (C) ROS
signal was indicated with DCFH-DA staining in various strains. (D) Quantitative analysis of ROS signals in various strains.
(E) Expression levels of oxidation-related enzyme genes (catalase like and catA) in various strains. Different lowercase letters
represent significant difference (p < 0.05).
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Figure 6. The effect of aflN gene on the pathogenicity of A. flavus. (A) Infection of peanuts and maize with various strains.
Mock represents a control without any AF strain’s infection. (B) The number of conidia and the relative quantity of AFB1 in
infected peanuts. (C) The number of conidia and the relative quantity AFB1 in infected maize. Different lowercase letters
represent significant difference (p < 0.05).

3. Discussion

Genetic disruption of stcS was found to block the conversion of VA to ST in A. nidu-
lans [9]. Then, StcS was suggested to be a homology of verA (aflN) based on the high
similarity of their protein sequences [3,10]. VerA (AflN) in A. parasiticus is proposed to be
involved in the conversion of VA to ST, one of undefined steps before ST formation. In
this study, AflN was identified in A. flavus by alignment of protein sequence with AflN in
other fungi. Phylogenetic tree analysis of AflN indicated that A.flavus AflN showed high
homology with AflN in A.oryzae and A.parasiticus (Figure 1A,B), suggesting a potential
function in the conversion of VA to ST, a step of AF biosynthesis. To study the function of
AflN in A.flavus, ΔaflN, aflN-com and OE::aflN strains were successfully constructed with
homology recombinant method. These mutant strains were confirmed with PCR, and aflN
expression were also quantified using qRT-PCR in various strains, which indicated that
ΔaflN, aflN-com and OE::aflN strains were successfully constructed (Figure 1D,E).

For A. flavus, AF biosynthesis is one of the main characteristics, which were under
intense investigation. During the biosynthesis, the conversion of VA to ST is one of
complicated and undefined steps, in which AflY, AflX, and AflM are all involved [16–18].
In A. nidulans, stcS, the homologues of aflN, was suggested to be involved in the conversion
of VA to ST [9]. In this study, AflN was found to play a role in AF biosynthesis (Figure 2A),
consistent with the function of the homology StcS in A. nidulans. As the homology of
StcS, the absence of AflN possibly causes the defect of the formation of ST, leading to the
undetected level of AF, which suggests a direct role of AflN in AF biosynthesis in A.flavus.
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AflN distribution is important for its function. As shown in Figure 2B, our result indicated
that AflN is located at the cytoplasm. The location of AflN is consistent and stationary at 8 h
and 24 h, suggesting the function of AflN will be concentrated at cytoplasm. As a member
of cytoplasmic P450 superfamily, AflN possibly plays its role at the cytoplasm [19,20].
Consistently, AflN was involved in aflatoxin biosynthesis (Figure 2), which is mainly taking
place in cytoplasm [7,21]. Moreover, aflatoxisomes (aflatoxin-synthesizing vesicles) were
proved to be units capable of synthesizing aflatoxins including AFB1 [22,23]. Ver-1 has been
found in cytoplasm, vesicles and vacuoles in A.parasiticus [22]. Thus, as a middle enzyme
of AFB1 biosynthesis, it is possible that AflN is also located at aflatoxisomes for aflatoxins
synthesis in A. flavus. Interestingly, AflN tends to aggregate at undefined places in hypal
cells (Figure 2B). To assume that these undefined places partly overlap with aflatoxisomes
is reasonable, although it needs further confirmation. Therefore, our results suggested that
AflN located in cytoplasm plays its role in the AF biosynthesis in A. flavus, beneficial to the
further function study of AflN. Moreover, our results provide the genetic evidence for the
role of aflN in the AF biosynthesis in A. flavus.

As known, conidia are the important form for the spread of A. flavus [24]. Our study
also found that AflN is involved in the conidiation. The poorly developed conidiophores
and decreased brlA expression were also observed in ΔaflN. Considering that conidia de-
velopment is mainly regulated by brlA [11], this impairment of conidiation is possibly due
to the decreased expression of brlA in ΔaflN. Moreover, BrlA is necessary and sufficient for
conidiophore development [11]. Therefore, decreased brlA expression plays a crucial role in
the abnormal development of conidia in ΔaflN. However, it is impossible to ignore the accu-
mulation of versicolorin A, the substrate of AflN [8], and the absence of AFB1 (Figure 2A)
in ΔaflN. Although no evidence suggests that versicolorin A inhibit conidiophore, the
possibility cannot be excluded. At the same time, reduced AFB1 is always associated with
poor conidiophores and impaired conidiogenesis [6,25]. Although the detailed mechanism
may be different, AFB1 seems to be a beneficial signal for conidiogenesis. The roles of
AflN in hyphal growth and sclerotia were also investigated in this study. Our results
demonstrated that AflN has no effect on the hyphal growth and sclerotial development in
A.flavus (Figure 4). All together, these results indicated that AflN plays an important role in
conidiation but not in hyphal growth and sclerotia development.

During the vegetative growth, A. flavus undergoes and responds to various environ-
mental stresses, which may be closely related to AF biosynthesis [26]. In this study, the
inhibiting effect of oxidative stress on A. flavus was decreased in ΔaflN (Figure 5A,B). At
the same time, the increased ROS has been observed in ΔaflN (Figure 5C,D), which poses
A. flavus the state of anti-ROS for the balance of oxygen-reducing system. The increased
ROS may be partly due to the decreased ROS scavenging enzymes, catA and catalase-like
in ΔaflN (Figure 5E), but this does not exclude other reasons. It is worth noting that afla-
toxins biosynthesis also has close relationship with ROS. It was proposed that aflatoxin
biosynthesis is part of the cellular response to oxidative stress [27,28]. High level of ROS
is able to trigger aflatoxin biosynthesis associated with increased expression of aflatoxin
cluster genes [28]. The upregulation of gene expression is regulated by transcription factors
including AtfB, SrrA, AP-1 and MsnA, which are triggered by the increased ROS [28]. fas-1,
omtA and ver-1 in AF gene cluster were proved to respond to the regulation factors [28].
Interesting, upregulation of aflP (omtA) and aflM (ver-1) have been observed in ΔaflN (un-
pulished data), although related transcriptional factors have not been examined. How the
absence of AflN affects the expression of ROS scavenging enzymes is unknown and this
demands further study. All of these results indicated that aflN is involved in anti-oxygen
stress in A. flavus.

The AFB1 contamination of food is usually concerned with prevention and control of
A. flavus in agriculture. In this study, AFB1 were undetected in peanuts and maize infected
with ΔaflN (Figure 6), significantly decreasing the virulence and pathogenicity of A.flavus.
At the same time, conidia number was decreased in ΔaflN infection, which will restrict
the dispersion of A.flavus [29], compared with WT. The impaired pathogenicity in ΔaflN is
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possibly due to the role of AflN in AFB1 biosynthesis and conidiation. These results also
suggested that study of aflN function has the potential value in the prevention and control
of A. flavus and aflatoxin contamination.

4. Conclusions

In conclusion, aflN is involved in the AF biosynthesis, oxidative stress response,
conidiation and pathogenicity, but not in growth and sclerotia formation. These findings
contribute to the better understanding of aflN functions in A. flavus, which potentially helps
to provide a reference for scientific prevention and control of A. flavus.

5. Materials and Methods

5.1. Mycelia Growth, Conidiation and Sclerotia Production

A. flavus strains were listed in Table 1. For mycelia growth assays, various strains were
cultured on solid YES (yeast extract-sucrose) and PDA (potato dextrose agar) at 37 ◦C for
indicated time. Then colony diameters were observed and measured [30]. For conidia assay,
YGT (yeast extract, glucose and trace elements) and PDA were used [6]. For sclerotial
production analysis, strains were grown on solid CM (complete medium) at 37 ◦C for
7 days in the dark [6].

Table 1. A. flavus strains used in this study.

Strain Genotype Description Reference

CA14 PTS Δku70, ΔniaD, ΔpyrG [31]
wild-type Δku70, ΔniaD, ΔpyrG:: pyrG This study

ΔaflN
aflN-com

Δku70, ΔniaD, ΔpyrG, ΔaflN:: pyrG
Δku70, ΔniaD, ΔpyrG::aflN, pyrG

This study
This study

OE::aflN Δku70, ΔniaD, ΔpyrG::Gpda(p)-aflN, pyrG This study
aflN-gfp Δku70, ΔniaD, ΔpyrG:: aflN-gfp, pyrG This study

5.2. Construction of Gene Mutants

The aflN deletion (ΔaflN), complementary (aflN-com) and overexpression (OE::aflN)
strains were constructed with the methods previously described [6,25,31]. Briefly, the up-
stream (AP, A homology arm part) and downstream (BP, B homology arm part) sequences
of aflN gene, as well as the pyrG gene from A. fumigatus, were fused into an interruption
fragment (AP-pyrG-BP) using fusion PCR strategy. The AP fragment was amplified using
primers aflN-a1 and aflN-a3, while the BP fragment was amplified using primers aflN-b6
and aflN-b8. pyrG gene was amplified using primers pyrG-F and pyrG-R. aflN-b2 and
aflN-b7 are nesting primers for further amplifing AP-pyrG-BP fragment, which is from
the overlap extension PCR of AP, BP, and pyrG. The fused fragment (AP-pyrG-BP) was
then transformed into A. flavus CA14 PTs protoplasts to construct aflN knockout strain
(ΔaflN). The ΔaflN strain was primarily confirmed with PCR method. AP, BP and ORF
(open reading frame for aflN) fragments were amplified using primers aflN-a1/P801-R,
P1020-F/aflN-b8, and aflN-F4/aflN-F5, respectively, to validate if the insertion takes place
at the designed site. For the construction of complementary strain (aflN-com), two steps
of homology recombination were used. First, the pyrG gene in ΔaflN was replaced with
aflN gene fragment, which is confirmed by PCR method. Second, pyrG gene was inserted
into the site between aflN ORF and 3′UTR of the intermediate strain for the selection of
aflN-com strain. For the construction of overexpression strain (OE::aflN), aflN gene with
gpdA promoter from A. nidulans was amplified, and the fused fragment (AP-pyrG-gpdA-BP)
was transformed into A. flavus CA14 PTs protoplasts to construct OE::aflN. All mutant
strains were confirmed by PCR, sequencing, and qRT-PCR. Primers used for aflN mutant
strains construction and verification are listed in Table 2. For the localization of AflN,
aflN-gfp fusion cassette was constructed as previously described [32].
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Table 2. Primers for strains construction.

Primer Name Sequence(5′→3′) Application

aflN-a1 AGGTATTCAGATATTTCGGTCTC

For ΔaflN construction
and verification

aflN-a3 GGGTGAAGAGCATTGTTTGAGGCG
GTCATGTCCCTAGTTCGT

aflN-b6 GCATCAGTGCCTCCTCTCAGAC
ATTTGTAAGAATGTCGTGCCT

aflN-b8 GTCGCGGGAGGAAATGA
aflN-a2 ATCCTGACCAGCTCTAA
aflN-b7 CCTTTCCAAACCCTAC
aflN-F4 TTCCTGACGGCGTTCTA
aflN-R5 CACGATGCCCATTGACTT

com-aflN-F GCAGCCACCCAAATACAAAAGT

For aflN-com construction
and verification

com-aflN-R GGGTGAAGAGCATTGTTTGAGGCC
ATGACCCTCACTAAAACTACCCT

P1020-F ATCGGCAATACCGTCCAGAAGC
P801-R CAGGAGTTCTCGGGTTGTCG
pyrG-F GCCTCAAACAATGCTCTTCACCC
pyrG-R GTCTGAGAGGAGGCACTGATGC

qPCR-aflN-F TCCTCTCGAGTCGCTCACCAC
qPCR-aflN-R ACCATAGTACCAACGGCCTAA

gpdA-F GCATCAGTGCCTCCTCTCAGACG
AGGACTGCAATCGCCATGAGGTTT

For OE::aflN construction
and verification

gpdA-R CAAGCTGCGATGAAGTGGGAAAG
aflN-OE-AF AGTGGTTGAACAGATCAAGGC

aflN-OE-AR GAAGAGCATTGTTTGAGGCC
TATACATCGTCAGCTTCAGGA

aflN-OE-BF CAAAGAGCAAACCTTC
CTATGCCAGAGTTCAAGCT

aflN-OE-BR TGAGAACAGGAGATAGACAGC

aflN-OE-MF CGCTTGAGCAGACATCACA
ATGTACCTTTCGCTCCTCAT

aflN-OE-MR GAACTCTGGCATAGGAA
GGTTTGCTCTTTGCAGC

aflN-OE-P2 GAGGCCTATCGCCATATGCG
aflN-OE-P7 CACTCATCGTATGCTGGCG

5.3. The Levels of Intracellular ROS

The intracellular ROS level was measured by using a ROS assay kit (Beyotime Institute
of Biotechnology, Shanghai, China) with the protocol manual. In brief, the harvested
mycelia were incubated with PBS (phosphate buffered saline) containing 10 μM DCFH-DA
(6-carboxy-2,7-dichlorodihydrofluorescein diacetate) for 30 min. The fluorescence signal of
ROS level was acquired by confocal microscope.

5.4. Stress Analysis

Various strains in this study were pointed onto solid PDA supplemented with oxida-
tive stress-inducing reagents (1 mM or 2.5 mM H2O2). Then the plates were incubated at
37 ◦C in the dark for 4 days before the calculation of relative inhibition.

5.5. AF Analysis

AF was extracted from liquid YES medium using chloroform [33]. TLC was used
to analyze the level of AF biosynthesis, as previously reported [30]. In brief, 5 μL of AF
suspension was loaded into a silica gel plate and separated by chromatographic solution
including acetone: chloroform (1:9, v/v). Silica gel plates were examined with Gel Doc
XR+(Bio-Rad) and captured at 312 nm wavelength. The AFB1 signal was analyzed and
quantified with Image J.
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5.6. The Infection of Peanuts and Maize Seeds

To assess the pathogenicity of A. flavus, peanut and maize seeds, which were kept
in our lab and used for the infection, were washed with sodium hypochlorite, ethanol
and sterile water. The washed seeds were then infected by immersing in a 107 spores
suspension for 30 min. Then, the seeds were placed in culture dishes lined with moist
sterile filter paper for 5 days. The infected seeds were pictured and collected for spores
count and AFB1 quantification.

5.7. qRT-PCR

Total RNA was prepared from the mycelia of A. flavus with the use of RNA extraction
kit (TIANMO BIOTECH, Beijing, China). SYBR Green Supermix (Takara) was used for
the qRT-PCR reaction with the PikoReal 96 Real-time PCR system. The 2−ΔΔCT method
was used to quantify the expression levels of the indicated genes [34]. PCR primers for
qRT-PCR were shown in Table 3.

Table 3. Primers for qRT-PCR.

Primers Name Sequence Application

brlA-F GCCTCCAGCGTCAACCTTC
brlAbrlA-R TCTCTTCAAATGCTCTTGCCTC

nsdD-F GGACTTGCGGGTCGTGCTA
nsdDnsdD-R AGAACGCTGGGTCTGGTGC

Catalase-F TCGAACAATTCCGTGGTATG
Catalase likeCatalase-R AGCTGGTCGCTCCCGATGGA

CatA-F CGCCATCATTATCGGCGACGGA
CatACatA-R TGAGGCTTTCGACGTGCGGAC

β-tublin-F TTGAGCCCTACAACGCCACT
β-tublin

β-tublin-R TGGTTCAGGTCACCGTAAGAGG
Actin-F ACGGTGTCGTCACAAACTGG

ActinActin-R CGGTTGGACTTAGGGTTGATAG

5.8. Statistical Analysis

Data are presented as means ± SD. All statistics were performed using Student’s t test
with SPSS 11.5 software. A p < 0.05 was considered statistically significant.
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Abstract: Ustiloxins are a group of mycotoxins produced by rice false smut pathogen.
Previous studies have shown that the false smut balls contain six types of ustiloxins, and these
toxins are toxic to living organisms. Thus, immunoassay for on-site monitoring of ustiloxins in
rice is urgently required. The current immunoassays are only for detecting single ustiloxin, and
they cannot meet the demand for synchronous and rapid detection of the group toxins. Therefore,
this study designed and synthesized a generic antigen with ustiloxin G as material based on the
common structure of the mycotoxins. Ustiloxin G was conjugated to two carrier proteins including
bovine serum albumin (BSA) and ovalbvmin (OVA) by carbon diimide method. The mice were
immunized with ustiloxin-G-BSA to generate the antibody serum, which was further purified to
obtain the generic antibody against ustiloxins. The conjugated ustiloxin G-OVA and generic anti-
bodies were used for establishing the enzyme-linked immunosorbent assay (ELISA) for ustiloxin
detection and optimizing experiment conditions. The characterization of the antibody showed that
the semi-inhibitory concentrations (IC50) of ustiloxin A, B, and G were 0.53, 0.34, and 0.06 μg/mL,
respectively, and that their corresponding cross-reactivities were 11.9%, 18.4%, and 100%, respectively.
To increase ELISA detection efficiency, generic antibody was combined with magnetic beads to obtain
sensitive and class-specific immune-magnetic beads. Based on these immuno-magnetic beads, a
high-efficiency enzyme-linked immunoassay method was developed for ustiloxin detection, whose
sensitivity to ustiloxin A, B, and G was improved to 0.15 μg/mL, 0.14 μg/mL, and 0.04 μg/mL,
respectively. The method accuracy was evaluated by spiking ustiloxin G as standard, and the spiked
samples were tested by the immune-magnetic bead-based ELISA. The result showed the ustiloxin G
recoveries ranged from 101.9% to 116.4% and were accepted by a standard HPLC method, indicating
that our developed method would be promising for on-site monitoring of ustiloxins in rice.

Keywords: rice false smut; ustiloxins; generic antigen; immuno-magnetic beads; enzyme-linked immunity

Key Contribution: We provided a new, sensitive and generic immunoassay which can be used for
on-site monitoring ustiloxins in rice.

1. Introduction

Rice false smut (RFS) has become an emerging and economically important fungal
disease in most rice-producing countries recently [1–6]. Since the 1970s, the harm of RFS
has been widely reported in the major planting areas in China. After the 1980s, with the
change of farming methods and the large-scale promotion of hybrid rice varieties, RFS has
exhibited an increasing trend year by year, and currently, it harms nearly one third of the
rice cultivation area [7–9]. The damage of RFS has been constantly investigated. In addition
to causing the obvious yield loss, it can also produce large amounts of toxins to pollute
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grains [10–13]. Of all the known toxins produced by RFS pathogen, ustiloxins are the most
widely concerned.

Ustiloxins are a group of cyclopeptides containing a 13-membered cyclic core structure
with an ether linkage. To date, six types of ustiloxins have been identified and named as
ustiloxin A, B, C, D, F, and G, respectively [11,14–16]. Among them, ustiloxin A and B are
the main species, accounting for about 90% of the total content of ustiloxins in mature false
smut balls (FSBs) [12]. Numerous studies have revealed that ustiloxins are widely toxic to
animals. When fed with contaminated rice grains or feeds for a short time, the domestic
animals show a variety of symptoms mainly including diarrhea, hemorrhage, vomiting,
ovarian atrophy, and abortion [17,18]. Both ustiloxin A and the crude water extract of
FSBs have been reported to cause acute necrosis of liver and kidney in mice [10,14,19,20].
The latest toxicology studies show that ustiloxin A can affect development of early-stage
zebrafish [21] and may reduce the population of Tetrahymena thermophila by disrupting the
cell cycle [22]. Since RFS is becoming increasingly serious in China, ustiloxin pollution has
posed a great threat for food safety.

Detection techniques toward mycotoxins are important for the safety of agricultural
products. At present, the main detection methods of mycotoxins include instrumental
analysis detection and immunoanalysis detection. Instrumental analysis is mainly applied
in laboratories, industries, and farmers’ enterprises. It is always accurate and reliable, but
tends to require expensive instruments and highly-skilled professionals. In recent years,
the research on rapid immune detection of small molecule targets has developed rapidly,
and immunoassays have been widely used for on-site rapid detection in food security field.
The mechanisms of antibody affinity and stability have been newly interpreted [23,24].
Many new antibodies have been developed, such as nanoantibodies and molecular en-
gineering antibodies [25,26]. A number of rapid detection devices and corresponding
analysis methods have emerged such as optical and electrochemical immune sensors, new
immune kits, and test paper strips [27–29].

To the best of our knowledge, research on the rapid detection technology of ustiloxins
is still preliminary. A high-performance liquid chromatographic method for determing
ustiloxin A was described, and the limit of detection was 2.5 mg/kg [30]. Then, a HPLC-MS
method was developed for simultaneous detection of multiple ustiloxins. The detection
limit of ustiloxin A was 5.5 mg/g, while for total ustiloxins it was 0.2 mg/g [31]. In addi-
tion to the conventional instrumental detection, the monoclonal antibody enzyme-linked
immunoassays against ustiloxin A and B were also reported [32,33]. However, the available
monoclonal antibody immunoassays and the corresponding products only target single
ustiloxin, thus it is hard to meet the current requirement for simultaneous rapid screening
of multiple toxins. Considering this, it is urgent to develop a general rapid detection
technology. In the current work, generic hapten against ustiloxins was synthesized and
conjugated to protein to produce generic immunogen, which was further injected into
mice to generate generic antiserum. The magnetic bead-antibody complex was prepared
by immobilizating the general antibody on the surface of magnetic beads. Based on the
magnetic bead-antibody complex, an improved ELISA method for the rapid detection
of group ustiloxins was established. Our method has great potential to be applied for
multi-residue detection of ustiloxins.

2. Results and Discussion

2.1. Design, Synthesis, and Identification of Generic Antigen

Ustiloxins are a group of cyclopep-tides containing a 13-membered cyclic core struc-
ture with an ether linkage. The chemical structures of the six known ustiloxins are shown
in Figure 1.
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Figure 1. Chemical structures of ustiloxin A, B, C, D, F, and G.

As for the antigen design, we mainly considered the following three design principles
in reference to the previously reported method: (1) The group exposed to antigen should
be the common moieties, which contributes to high affinity interaction between hapten and
antibody; (2) the group exposed to antigen should exhibit similar polarity among analytes;
(3) steric hindrance of the substituents should be as small as possible [34].

It should be emphasized that phenyl, amino, and hydroxyl are the molecular basis
for the formation of high-affinity interaction between hapten and antibody. According
to the above design principle and the structures of the six ustiloxins, the exposure of
the common phenyl, amino, and hydroxyl groups of the ustiloxins to the surface of the
carrier protein will be conducive to the production of class-specific antibodies. Therefore,
we chose the carboxyl to couple with carrier protein so as to promote the exposure of
these groups. Additionally, considering the polar similarity of substituents (Residue 1 and
Residue 2 in Figure 1) and other factors, we finally chose ustiloxin G as the raw material for
antigen synthesis.

The generic antigen was synthesized through active ester method, and the small
molecules that did not bind to the carrier proteins were removed. The generic antigen
was identified by ultraviolet scanning method. The scanning spectra of the synthesized
antigen, the raw material ustiloxin G, and carrier protein BSA (Figure 2) showed that the
antigen had two characteristic absorption peaks at 254 nm and 291 nm, that ustiloxin G
had a unique absorption peak at 275 nm, and that BSA had a unique absorption peak at 280
nm. These results indicated that the conjugation reaction of the artificial antigen (ustiloxin
G-BSA) was successful. Following the same procedures, ustiloxin G-OVA was prepared as
a coating antigen.
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Figure 2. Ultraviolet scanning spectra of ustiloxin G (A), bovine serum albumin (B), and the generic
antigen of ustiloxins (C).

2.2. Preparation and Characterization of Generic Antibodies against Ustiloxins

In order to evaluate the above antigen, three mice were immunized with the generic
antigen ustiloxin G-BSA by a three-point immune methods. The antisera were collected
on the 7th day after each immunization, and the titers were determined by indirect non-
competitive ELISA. The titer was expressed as the dilution multiple when the OD value
was 1.0. The trends of the titers of the three antisera showed that the polyclonal antibody
from mouse 3 had the highest titer (Figure 3). Thus, this polyclonal antibody was selected
for the subsequent research.

Figure 3. Titer trends of three antisera against generic antigen of ustiloxins.

Using an optimized indirect competitive ELISA, the antibody’s sensitivity to ustiloxins
was determined, and the result (Table 1) showed that IC50 was 0.53 μg/mL for ustiloxin
A, 0.34 μg/mL for ustiloxin B, and 0.06 μg/mL for ustiloxin G. The cross-reactivity was
18.4%, 11.9%, and 100% for ustiloxin A, B, and G, respectively.
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Table 1. Specificity of generic antibody against ustiloxins.

Analytes IC50 (μg/mL) Cross-Reactivity (%)

AFB1 no inhibition 0
DON no inhibition 0
ZEN no inhibition 0
OTA no inhibition 0

UST-A 0.53 18.4
UST-B 0.34 11.9
UST-G 0.06 100

2.3. Establishment of Class-Specific Immuno-Magnetic Bead Enzyme-Linked Immunoassay

In order to develop an immuno-magnetic bead enzyme-linked immunoassay, we firstly
investigated the time length of magnetic bead activation by glutaraldehyde and the time
length of bead-antibody coupling reaction post the bead activation. The shortest coupling
time was determined once the OD value reached the maximum. The results indicated that
when the magnetic beads were activated by glutaraldehyde for 4 h and then reacted with
antibody for 10 min, the OD showed the highest value (Figure 4A). Under this condition,
the immuno-magnetic beads of ustiloxins were prepared for further study.According to
a classic chessboard titration method [35], the appropriate concentrations of the above
immuno-magnetic beads were calculated as 2.0 μg/mL in terms of antibody concentration
and that of the coated antigen (ustiloxin G-OVA) was determined as 2.5 μg/mL.

Figure 4. Optimization of immuno-magnetic bead-based enzyme-linked immunoassay conditions including the time length
of activation of magnetic beads by glutaraldehyde and the time length of bead-antibody coupling reaction post magnetic
activation (A), blocking regent types (B), antibody reaction time length in ELISA (C), and pH values (D).
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Several factors can affect antibody-antigen binding reaction such as blocking regent
types, pH value, and reaction time length. Compared with 5% skimmed milk and 5%
OVA, 5% BSA as a blocking reagent was the best selection to prevent nonspecific binding
(Figure 4B). Sixty minutes at 37 ◦C was found to be the optimal reaction time length
(Figure 4C). The pH value experiment showed that about 7.4 was the most suitable pH
value (Figure 4D).

Finally, based on the above optimized conditions, a generic immuno-magnetic bead
enzyme-linked immunoassay method was established for ustiloxin detection. The results
indicated that the sensitivity of the established method for ustiloxin A, B, and G was
0.15 μg/mL, 0.14 μg/mL, and 0.04 μg/mL, respectively (Figure 5). It is worth mentioning
that our immuno-magnetic bead-based ELISA method obviously improved sensitivity to
ustiloxins with the cross-reactivity of ustiloxin A increased to 27.4% and that of ustiloxin B
increased to 29.1%.

Figure 5. Immuno-magnetic bead-based enzyme-linked immunoassay curves for ustiloxin A, B,
and G.

2.4. Evaluation of Accuracy and Standard Deviation

In order to evaluate the accuracy and standard deviation of the developed method
above, clean rice was spiked with ustiloxin G as standard. The result (Table 2) showed
that the average ustiloxin G recoveries at the high-, mid-, and low-spiked concentration
in rice were 101.9%, 107.4%, and 116.4% respectively. These concentration results of
our developed method were very close to the theoretical concentrations. As shown in
Table 2, the relative standard deviations of our developed ELISA were below 15%, indicat-
ing a good repeatability.

We further validated our developed ELISA by using a standard HPLC method and
found that the results obtained from both methods were very similar, indicating that the
tested results from immuno-magnetic bead-based ELISA could be accepted by the standard
HPLC method. Additionally, our result also indicated that the sensitivity of our developed
immunoassay was higher than that of standard HPLC.
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Table 2. Evaluation of developed method’s accuracy and standard deviation using spiked ustiloxin G as standards.

Method
Theoretical

Concentration
(ng/mL)

Tested Concentration (±SD)/(ng/mL) Average Recovery
(%)Rice Brand 1 Rice Brand 2 Rice Brand 3

Immuno-magnetic
bead enzyme
immunoassay

0 no detection no detection no detection no calculation
10 10.96 ± 1.25 12.25 ± 0.92 11.70 ± 1.45 116.4
50 50.14 ± 4.81 56.09 ± 5.25 54.93 ± 4.38 107.4

100 101.36 ± 7.56 100.29 ± 8.92 104.00 ± 6.55 101.9

HPLC
10 no detection no detection no detection no calculation
50 no detection no detection no detection no calculation

100 105.49 ± 12.43 103.15 ± 7.92 105.81 ± 4.30 104.8

3. Conclusions

In view of the lack of universal rapid screening methods for ustiloxins in rice, we
synthesized a generic antigen BSA-ustiloxin G and a coating antigen OVA-ustiloxin. With
the conjugate of BSA-ustiloxin G as an immunogen, a generic polyclonal antibody against
ustiloxins was obtained and characterized. The result revealed that the generic antigen
was suitable for the preparation of generic antibodies against ustiloxins. With the generic
antigen and antibody, a sensitive and class-specific immuno-magnetic bead-based enzyme-
linked immunoassay was developed for ustiloxin detection, and its sensitivity to ustiloxin
A was 0.15 μg/mL, to ustiloxin B was 0.14 μg/mL, and to ustiloxin G was 0.04 μg/mL.
The accuracy and repeatability evaluation showed that the recoveries of our developed
method ranged from 101.9% to 116.4%, and the new method test result could be accepted
by a standard HPLC method. Notably, the sensitivity of the developed method was higher
than the standard HPLC, and cross-reactivity of our developed ELISA higher than that of
conventional ELISA. Here, we provided a new, sensitive, and generic immunoassay, which
can be used for on-site monitoring ustiloxins in rice. The schematic of the assay procedure
is shown in Figure 6.

Figure 6. Generic immuno-magnetic bead-based enzyme-linked immunoassay for ustiloxins.

4. Materials and Methods

4.1. Instruments and Experimental Equipment

Costar-clear 96-well culture plates were purchased from Costar (New York, NY, USA).
Wellwash 4MK2 automatic plate washer (Thermo, Waltham, MA, USA) and SpectraMax
M2e phosphase marker were from Molecular Instruments (Molecules, Los Angeles, CA,
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USA). Ultrasonic Cleaner (Jiangsu KH-500E) was from Kunshan Hehuang Ultrasonic
Instrument Co., Ltd. (Kunshan, China). Shimadzu Prominence LC-20AT high performance
liquid chromatography system (Kyoto, Japan) consisted of two LC-20AT solvent delivery
units, one SIL-20A autosampler, one SPD-M20A photodiode array detector, one CBM-
20Alite systemcontroller, and one Synergi reversed-phase Hydro-C18 column (250 mm,
4.6 mm, 10 mm) (Phenomenex, Torrance, CA, USA).

4.2. Materials and Reagents

The mycotoxins ustiloxin A (UST-A), ustiloxin B (UST-B), and ustiloxin G (UST-G)
used in this study were prepared in our laboratory, according to the previously reported
method [34,35]. 1-ethyl-(3-dimethylaminopropyl)-carbodiimide hydrochloride (EDC), N-
hydroxysuccinimide (NHS), Freund’s incomplete adjuvant (FIA, Freund’s incomplete adju-
vant), Freund’s complete adjuvant (FCA), bovine serum albumin (BSA), ovalbumin (OVA),
3, 3′, 5, 5′-tetramethylbenzidine (TMB), standards of aflatoxin B1 (AFB1), deoxynivalenol
(DON), zearalenone (ZEA), and ochratoxin (OTA) were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Horseradish peroxidase-labeled goat anti-mouse IgG antibody (HRP-
IgG) was purchased from Wuhan Boster Biological Co., Ltd. (Wuhan, China). Magnetic
beads (700 nm, with –NH2) were purchased from Hangzhou Kunteng Nano Technology
Co., Ltd. (Hangzhou, China).

Phosphate buffer (PBS) was prepared as follows. NaCl (16 g), KCl (0.4 g), Na2HPO4
12H2O (5.8 g), and KH2PO4 (0.4 g) were added simultaneously into a volumetric flask, and
then deionized water was added to reach a final volume of 2000 mL. The coating solution
was formulated as follows. Na2CO3 (3.18 g) and NaHCO3 (5.86 g) were added together
into a volumetric flask, and then deionized water was added to obtain carbonate buffer
with a volume of 2000 mL and concentration of 0.05 mol/L. ELISA detergent was prepared
as follows. One milliliter tween-20 was dissolved in 2 L PBS buffer (0.01 mol/L) and mixed
well to obtain 0.05% PBST. Citric acid buffer was obtained by the following procedures.
Na2HPO4·12H2O (9.205 g) and citric acid (4.665 g) were added into deionized water to
obtain 500 mL solution, which was stored at 4 ◦C. Urea peroxide (3.0 g) was dissolved
into 100 mL anhydrous ethanol to obtain urea peroxide solution, which was stored at 4 ◦C.
The 0.2 g TMB was dissolved into 100 mL anhydrous ethanol to obtain TMB solution, and it
was stored at −20 ◦C. The 0.5 mL TMB solution, 32 μL urea peroxide solution, and 9.5 mL
citric acid buffer were mixed to obtain TMB color solution. The 11 mL concentrated sulfuric
acid was dissolved into 89 mL deionized water to obtain stopping coloring solution, and it
was stored at room temperature.

4.3. Preparation of Immunogen and Coating Antigen

The 1.0 mg Ustiloxin G was dissolved in 1.0 mL N,N-dimethylformamide (DMF), and
then 2.485 mg N-hydroxysuccinimide (NHS) and 1.0 mg 1-ethyl-(3-dimethylaminopropyl)-
carbodiimidehydrochloride (EDC) were added and mixed well. The mixture was placed at
room temperature and stirred at 150 r/min for 2 h. The supernatant containing the active
ester of ustiloxin G was finally obtained for subsequent experiments.

The 1.0 mg carrier protein (BSA or OVA) was dissolved in 1.0 mL PBS (0.01 mol/L),
and then the active ester solution of ustiloxin G was added drop by drop into the protein
solution when stirring. The mixture was then placed into a shaker at 4 ◦C and shaken at
200 r/min overnight. Finally, those small molecules unbound to protein were removed
by ultrafiltration and centrifugation at 4000 g/min for 30 min, and the conjugates were
retained in the ultrafiltration tube and were re-dissolved with PBS.

4.4. Preparation of Polyclonal Antibody against Ustiloxins

In the initial immunization, 2 mg USTG-BSA conjugate was dissolved in a steril-
ized 0.5 mL NaCl solution (0.9%) and then emulsified with an equal volume of FCA.
Three 6-week-old female BALB/c mice were immunized by multiple-point subcutaneous
injection with the final water-in-oil emulsion described above. Booster injections were per-
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formed with an equal volume of the FIA-emulsified antigen three times at 3-week intervals.
To investigate the immune response to immunogen, the antisera were collected from the
tails of the four mice at day 9 post immunization and assayed with ustiloxin G-OVA by
indirect noncompetitive ELISA.

To examine the sensitivity and specificity of antibodies, the inhibition experiments
of mycotoxin AFB1; DON; ZEA; OTA; and UST-A, B, and G were conducted using a
traditional indirect competitive ELISA, and their 50% inhibition concentrations (IC50)
were calculated by the classic four-parameter equation [27]. The specificity was usually
expressed as cross-reactivity, which was calculated according to the following formula.

Cross-reactivity = (IC50 UST-G/IC50 UST-A, B, or other mycotoxin) ∗ 100%

Briefly, the procedures of the traditional indirect competitive ELISA were as follows:
(1) The plates were coated with 100 mL/well USTG-OVA at an appropriate concentration
in 0.05 M PBS (pH 7.4) and stood for 2 h at 37 ◦C (2). After washing three times with
300 mL 0.05% PBST, 200 mL of 5% OVA in the PBST solution was added to each well
and incubated for 1 h at 37 ◦C. (3) After another three washes, the 100 mL/well generic
polyclonal antibody against ustiloxins at an appropriate solution was added into each well
of the plates; (4) after 1-h incubation at 37 ◦C, the plates were rewashed, IgG-HRP (diluted
at 1/8000 in the PBST, 100 mL/well) was added, and then the plates were incubated for
45 min at 37 ◦C; (5). After six washes, the color was developed by adding 100 mL freshly
prepared substrate solution (containing 9.5 mL phosphate-citrate buffer (pH 5.0) and
0.5 mL TMB (2 mg/mL) dissolved in ethanol), and 32 mL urea-hydrogen peroxide (3%,
w/v)), and the mixture was incubated for 15 min at 37 ◦C in the dark; (6) the 50 mL of the
stopping coloring solution (H2SO4) was added to each well, and the absorbance at 450 nm
was measured with a microplate reader.

4.5. Preparation of Immuno-Magnetic Beads

The solvent of the magnetic bead solution (5 mg in 2 mL) was removed by magnetic
separation, and magnetic beads were washed with 5 mL PBS solution (0.05 M) three times.
Then 100 mL glutaraldehyde solution (50%) was added to the washed beads. The mixture
was shaken for 4 h at room temperature.

After the activation, the magnetic beads were magnetically separated and washed
three times with PBS solution. The beads were then added into the generic antibody
solution (0.5 mg in 2.5 mL PBS) for conjugation for 10 min. The sites where the beads were
unbound with the antibody were then blocked with 5% BSA for 1 h at room temperature.
Finally, the conjugates were magnetically separated for subsequent use, and the residue
antibodies in the reaction solution were tested by indirect noncompetitive ELISA.

4.6. Optimization of Generic Immuno-Magnetic Bead-Based Enzyme-Linked Immunoassay

OD value of indirect noncompetitive ELSA was used to evaluate immunoassay perfor-
mance and to reveal the influence of multiple factors on reaction of the antigen–antibody
complex. Multiple factors were investigated such as time length of the activation (1, 2, and
4 h) and the conjugation (1, 2, 3, 4, 5, 6, 8, and 10 min) between the immunomagnetic beads
and antibody, blocking regent (5% OVA, 5% BSA, and 5% skim milk powder), time length
of competitive reaction (30, 45, and 60 min) in the immuno-magnetic bead enzyme-linked
immunoassay procedures, and pH (5.0, 6.0, 7.0, 7.4, 8.0, 9.0, and 10.0) of the competitive
reaction solution.

It should be noted that the only difference between immuno-magnetic bead-based
ELISA and the traditional ELISA lay in that the generic antibody was used directly for
the traditional ELISA, whereas the immunomagnetic beads were used for the immuno-
magnetic bead-based ELISA.
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4.7. Evaluation on Accuracy and Repeatability of Usitloxin G Recovery

Three brands of clean rice uncontaminated by ustiloxin were collected from the local
market. Ustiloxin G was used as the standard to evaluate the accuracy of the developed
immunoassay. In the experiments, the uncontaminated rice was spiked with ustiloxin
G, and then the spiked samples were ground. The ground samples were sonicated with
ultrapure water for 4 h at room temperature. After centrifugation, the supernatant of
each sample was filtered with a 0.22 μm microporous filter and transferred into a new
tube before analysis. Theoretically, ustiloxin G at three final concentrations (10, 50, and
100 ng/mL) should be obtained. The extracts were finally detected by our developed
immuno-magnetic bead enzyme immunoassay method and conventional HPLC method
described previously [36,37].
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Abstract: Peanuts are frequently infected by Aspergillus strains and then contaminated by aflatoxins
(AF), which brings out economic losses and health risks. AF production is affected by diverse
environmental factors, especially water activity (aw). In this study, A. flavus was inoculated into
peanuts with different aw (0.90, 0.95, and 0.99). Both AFB1 yield and conidia production showed the
highest level in aw 0.90 treatment. Transcriptional level analyses indicated that AF biosynthesis genes,
especially the middle- and later-stage genes, were significantly up-regulated in aw 0.90 than aw 0.95
and 0.99. AtfB could be the pivotal regulator response to aw variations, and could further regulate
downstream genes, especially AF biosynthesis genes. The expressions of conidia genes and relevant
regulators were also more up-regulated at aw 0.90 than aw 0.95 and 0.99, suggesting that the relative
lower aw could increase A. flavus conidia development. Furthermore, transcription factors involved
in sexual development and nitrogen metabolism were also modulated by different aw. This research
partly clarified the regulatory mechanism of aw on AF biosynthesis and A. flavus development and it
would supply some advice for AF prevention in food storage.

Keywords: water activity; aflatoxin biosynthesis; conidia development; regulatory mechanism; AtfB

Key Contribution: This research revealed the regulatory mechanism of aw on AF biosynthesis and
A. flavus development, and transcription factor AtfB is involved in the regulation. These results will
provide some possible targets for AF prevention in food storage.

1. Introduction

Peanut is an important economical crop for oil production and nutritious addition in
human consumption. However, aflatoxigenic Aspergillus strains infection and aflatoxins
(AF) contamination bring out immense human health risks and huge economic losses for
the peanut industry. AF are the polyketide-derived furanocoumarins with strong carcino-
genicity that associated with both acute and chronic toxicity for animals and humans [1].
More than 28% hepatocellular carcinoma cases are induced by AF contamination in the
world [2]. Among the diverse AF, aflatoxin B1 (AFB1), as the most toxic and dangerous
one, is usually high-level-produced by some aflatoxigenic Aspergillus strains [3]. Therefore,
investigating A. flavus growth and metabolism, especially AF biosynthesis, is extremely
essential for controlling AF contamination.

Toxins 2021, 13, 431. https://doi.org/10.3390/toxins13060431 https://www.mdpi.com/journal/toxins27



Toxins 2021, 13, 431

The AF biosynthesis and fungal development of A. flavus are affected by diverse
environmental factors, such as water activity (aw), temperature, pH, carbon source, nitrogen
source, and oxidative stress. Based on the definition of U. S. Food and Drug Administration
(FDA), aw of a food is the ratio between the vapor pressure of the food itself, when in a
completely undisturbed balance with the surrounding air media, and the vapor pressure
of distilled water under identical conditions. So, aw as a parameter to measure the freely
available water in food or substrate is directly related to the food microbial growth in
a specific condition [4]. More importantly, aw was regarded as a central environmental
factor, and could co-modulate the fungal development and toxin production of Aspergillus
spp. with other environmental factors [5–7]. Previous studies reported that the proper
aw conditions for AF biosynthesis were dependent on the other environmental factors,
for example, temperature, pH, light, and especially culture substrates [5,8,9]. However,
few researchers focused on the effect of peanut substrates with different aw on A. flavus
development and AF production.

As the most important characters of A. flavus, AF biosynthesis has been well researched
in past decades. More than 20 structural genes, located in the 80-kb AF cluster, are involved
in the series enzymatic reactions, and transform acetyl-CoA to AFB1, AFB2, AFG1, and
AFG2 [10]. Two pathway specific regulators, DNA binding protein AflR and transcriptional
co-activator AflS, are affected by other regulators or environmental factors, and then
modulate the structural genes’ transcriptions [9,11]. AF production are also regulated by
plenty of global regulators including the velvet complex, MAPK pathway factors, oxidative-
stress-related regulators, G-protein receptors, oxylipin proteins, as well as many oxidative
stress transcription factors (TFs) [10,12]. All AF biosynthetic enzymes and AF regulators
constitute an extremely complicated system, and diverse environmental factors affect AF
production by adjusting the expression of the AF regulatory system. In previous studies,
the expression of AF structural genes could have been affected by diverse aw, and the ratio
of aflS/aflR was more down-regulated in aw 0.99 than aw 0.96 [6,8,9,13]. However, the
mechanism of aw on AF biosynthesis regulation is still unclear.

Transcriptome analysis is regarded as an effective and efficient method to discover
the new regulatory mechanisms. In previous studies, the optimal aw for AF biosynthesis
were in the range of 0.90–0.99 at the different environmental combinations [6,8,9,13]. In this
study, the aw of shelled peanuts were adjusted as 0.90, 0.95, 0.99, and the AF production
and fungal growth were confirmed at different aw. By comprehensive transcriptional
analysis, AF cluster genes, conidia development genes, and several TFs were significantly
up-regulated at aw 0.90, and AtfB was regarded as the critical TFs for AF regulation in
diverse aw. This work contributes to better understanding of the regulatory mechanism
of aw on A. flavus development and AF biosynthesis, and it is helpful to reduce the AF
contamination in peanuts storage.

2. Results

2.1. Water Activity Affects the Conidia Production and the AFB1 Production of A. flavus
in Peanuts

After 10 days cultivation, almost all of the peanuts at aw 0.90 were covered by the
green conidia and mycelia, while the conidia and the green color were significantly less at
aw 0.95 (Figure 1A,B). At aw 0.99, peanuts were only coated by white mycelia, but without
obvious conidia production (Figure 1A,B). After counting the peanut-washed suspensions
by hemocytometer, the conidia concentrations were more than 3800 conidia/mL in aw
0.90, and less than 800 conidia/mL in aw 0.95, but few conidia were in aw 0.99 treatment
(Figure 1C). The AFB1 levels in contaminated peanuts in different aw treatments were
also examined (Figure 1D). At aw 0.90, 568 μg/g AFB1 were detected, while AFB1 levels
were significantly decreased at aw 0.95 and 0.99, with 212 μg/g and 36 μg/g, respectively
(Figure 1D). So, these results concluded that in shelled peanuts with aw 0.90–0.99, the
conidia development and AFB1 production of A. flavus were increased in the relatively
lower aw conditions.
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Figure 1. The differences of AFB1 yield and conidia production in peanuts in different aw. (A) The inoculated peanuts with
different aw were placed in flasks for 10 days’ cultivation, and (B) 25 g treated peanuts were used for AFB1 detection and
conidia examination. (C) A. flavus conidia from peanuts were counted by hemocytometer, and (D) AFB1 levels in different
aw peanuts were detected by HPLC. All experiments were performed in three independent biological replicates, and results
were represented as means ± SD. Samples marked with different letters show a significant difference at p < 0.05.

2.2. Transcriptome Analyses of the A. flavus Genes Expressions in Different Water Activity

To explore the regulatory mechanisms of aw on A. flavus development and AF biosyn-
thesis in peanuts, transcriptome analyses were performed. A total of 14,472 genes were
mapped to the A. flavus NRRL3357 genome and 671 novel genes were identified from the
transcriptome data. Compared with aw 0.95 treatment, 834 DEGs of A. flavus in aw 0.90
were up-regulated, while 148 DEGs were down-regulated (Figure 2A). A total of 2667
DEGs with 1760 up-regulated and 907 down-regulated were identified in a comparison of
aw 0.90 vs. 0.99 (Figure 2B). In a comparison of aw 0.95 vs. 0.99, 233 genes were increased,
and 95 genes were decreased (Figure 2C). A heat map of the DEGs clustering also showed
the obviously differential expression pattern among the three aw conditions, of which the
most genes were up-regulated in aw 0.90 treatment, while two thirds of the genes were
down-regulated at aw 0.99 (Figure 2D). GO annotation analysis of the comparisons of aw
0.90 vs. 0.95 and aw 0.90 vs. 0.99 found that DEGs were enriched in oxidation-reduction
process and transmembrane transport in biological process, the intrinsic component of
the membrane, the integral component of the membrane, the membrane part, the mem-
brane in the cellular component, and catalytic activity in molecular function (Figure 3A,B).
DEGs in aw 0.95 vs. 0.99 were enriched in similar GO items, such as oxidation-reduction
process, single-organism transport, transmembrane transport in biological process, the
intrinsic component of membrane, the integral component of the membrane in the cel-
lular component, and oxidoreductase activity in molecular function (Figure 3C). KEGG
pathway annotation revealed DEGs of the different aw comparisons were mainly enriched
in biosynthesis of secondary metabolites, steroid biosynthesis, nitrogen metabolism, ri-
bosome, valine, leucine and isoleucine degradation, and starch and sucrose metabolism
(Figure 3D–F).
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Figure 2. Transcriptomic analyses of Aspergillus flavus in different aw. The volcano plots of the pairwise comparisons in (A)
aw 0.90 vs. 0.95, (B) aw 0.90 vs. 0.99, and (C) aw 0.95 vs. 0.99. Up-regulated and down-regulated genes were showed with
red spots and blue spots, respectively, and no significantly changed genes were presented with black spots. (D) Cluster
analysis of DEGs in diverse aw. Up-regulated and down-regulated genes were represented in red and blue, respectively.
The transcriptomic analyses were performed in three independent biological replicates.

 

Figure 3. GO annotation and KEGG enrichment of DEGs in different aw. Bar charts demonstrated the GO-enriched results
in comparisons of (A) aw 0.90 vs. 0.95, (B) aw 0.90 vs. 0.99, and (C) aw 0.95 vs. 0.99. The number of enriched genes and the
names of GO terms are showed in X-axis and Y-axis, respectively. Biological process, cellular components, and molecular
function were represented by the green bars, orange bars, and blue bars, respectively. The top 20 enriched KEGG pathways
were showed in (D) aw 0.90 vs. 0.95, (E) aw 0.90 vs. 0.99, and (F) aw 0.95 vs. 0.99. The rich factors and the pathway names
are showed in X-axis and Y-axis, respectively. The size of spots represented the number of enriched genes, and different
colors described the q-value.
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2.3. Expression Changes of AF Cluster Genes in Different aw Conditions

Based on transcriptomic analyses, the transcriptional variations of AF cluster genes
were listed in Table 1. In comparison of aw 0.90 vs. 0.95, 24 of 34 AF biosynthetic genes
were significantly up-regulated. The 25 genes of the AF cluster were apparently increased
in aw 0.90 than aw 0.99, and 15 AF biosynthesis genes were significantly up-regulated in
aw 0.95 than aw 0.99. Among these genes, aflV, aflO, aflI, aflLa, and aflL showed the most
obviously increased in aw 0.90, but the expression of initial steps genes, aflA and aflB, were
not increased in comparisons of aw 0.90 vs. 0.95 and aw 0.95 vs. 0.99. The expressions
in different aw treatments of the pathway-specific regulators, AflR and AflS, showed up-
regulations, but were not significantly changed in aw 0.90 vs. 0.95 and aw 0.95 vs. 0.99. All
these results suggested that transcriptional expressions of the AF cluster genes could be
affected by different aw levels.

Table 1. Comparisons of AF biosynthesis cluster genes in different aw by transcriptome analysis.

Gene_ID
(AFLA_)

Gene Gene Function
Log2

(90/95)
Log2

(90/99)
Log2

(95/99)

139100 aflYe Ser-Thr protein phosphatase
family protein −0.45 −1.21 −0.78

139110 aflYd sugar regulator −0.86 −0.33 0.50
139120 aflYc glucosidase −0.42 −0.59 −0.19
139130 aflYb putative hexose transporter −0.13 −0.59 −0.48
139140 aflYa NADH oxidase 3.94 * 4.05 * 0.09
139150 aflY hypothetical protein 4.96 * 5.20 * 0.24
139160 aflX monooxygenase 4.58 * 5.92 * 1.33
139170 aflW monooxygenase 4.42 * 6.23 * 1.81 *
139180 aflV cytochrome P450 monooxygenase 5.33 * 12.53 * 7.18 *
139190 aflK VERB synthase 4.79 * 11.23 * 6.43 *
139200 aflQ cytochrome P450 monooxigenase 5.14 * 11.79 * 6.65 *
139210 aflP O-methyltransferase A 5.05 * 11.05 * 5.99 *
139220 aflO O-methyltransferase B 5.03 * 12.05 * 10.83 *
139230 aflI cytochrome P450 monooxigenase 6.21 * 13.05 * 6.95 *
139240 aflLa hypothetical protein 5.40 * 14.05 * 8.11 *
139250 aflL P450 monooxygenase 4.73 * 13.77 * 9.03 *
139260 aflG cytochrome P450 monooxygenase 4.22 * 6.17 * 1.94 *
139270 aflNa hypothetical protein 0.83 1.32 0.48
139280 aflN monooxygenase 4.05* 7.46 * 3.39 *
139290 aflMa hypothetical protein 4.30 * 9.85 * 5.53 *
139300 aflM ketoreductase 4.53 * 12.29 * 7.74 *
139310 aflE NOR reductase 4.34 * 7.97 * 3.63 *
139320 aflJ esterase 4.06 * 6.95 * 2.89 *
139330 aflH short chain alcohol dehydrogenase 3.64 * 5.06 * 1.41
139340 aflS pathway regulator 0.54 3.51 * 0.96
139360 aflR transcription activator 0.43 1.82 * 1.37
139370 aflB fatty acid synthase beta subunit 1.22 2.59 * 1.36
139380 aflA fatty acid synthase alpha subunit 1.73 2.06 * 0.31
139390 aflD reductase 3.35 * 3.73 * 0.37
139400 aflCa hypothetical protein 4.19 * 4.46 * 0.26
139410 aflC polyketide synthase 2.85 * 2.73 * −0.14
139420 aflT transmembrane protein −0.10 0.22 0.31
139430 aflU P450 monooxygenase −0.83 0.15 0.96
139440 aflF dehydrogenase −0.61 −0.16 0.44

Transcriptome analyses were performed in three biological replicates. Data were calculated with read counts. The
values 90/95, 90/99, and 95/99 represented the comparisons of aw 0.90 vs. 0.95, aw 0.90 vs. 0.99, and aw 0.95 vs.
0.99, respectively. Significances were marked as * with padj < 0.05 and log2ratio ≥ 1 or ≤1.

2.4. Varying Expressions of Diverse Regulator-Associated AF Biosynthesis in Different
aw Conditions

The expression changes of AF biosynthesis-related regulators were listed in Table S1.
The majority regulators’ expressions, such as the velvet complex genes, the MAPK pathway
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genes, and the GPCRs genes, were not significantly different in diverse aw conditions.
However, the bZIP TF, AtfB, was obviously changed at different aw conditions, and the
atfB levels showed to be significantly up-regulated in comparisons of aw 0.90 vs. 0.99
and aw 0.95 vs. 0.99 (Table S1). The other AF production-related TFs were not noticed
any differently at different aw (Table S1). The transcriptional expressions of the oxylipin
genes ppoB were significantly up-regulated at lower aw, while ppoA and ppoC showed
similar levels in different aw comparisons (Table S1). The calcium-binding protein caleosin
gene, AfPXG, and the cAMP-dependent protein kinase gene, pkaC, were not apparently
changed in aw 0.90 vs. 0.95, whereas they showed significantly increased levels in aw 0.90
vs. 0.99 and aw 0.95 vs. 0.99 (Table S1). Concerning SakA, homologous with HogA in
Saccharomyces cerevisiae, its transcriptional expressions were down-regulated at the lower
aw, but significantly changed only in comparison of aw 0.90 vs. 0.99 (Table S1).

2.5. Different Expression of the Genes Controlling Conidia Production in Different
Water Activities

The transcriptional expressions of several conidia developmental and regulatory genes
were also analyzed in transcriptome analyses (Table 2). Six conidial development proteins,
including conidiation-specific family protein (AFLA_044790), conidiation proteins Con6
and Con10, conidial hydrophobin RodA and RodB, and conidial pigment biosynthesis
oxidase Arb2, showed significantly up-regulated transcription in the lower aw conditions
(Table 2). However, conidial-pigment-biosynthesis-related gene arp1 and conidiophore-
development-related gene hymA showed no difference at different aw (Table 2). Several
pieces of research reported that the velvet complex and the developmental signal biosyn-
thesis protein FluG could affect the conidia production. However, veA, laeA, velB, and fluG
showed similar expression in diverse aw (Table 2). The transcriptional expressions of the
developmental regulator FlbA and the conidiation-related TFs, FlbC and StuA, were also
not significantly different at aw 0.90, 0.95, and 0.99 conditions (Table 2). However, the C2H2
type conidia developmental TF gene brlA and the developmental regulator genes, vosA
and wetA, showed to be significantly more up-regulated at aw 0.90 than in aw 0.95 and
0.99 (Table 2). Taken together, the expressions of conidia developmental proteins and their
regulators could be affected by different aw conditions.

Table 2. Comparisons of conidia-development-related genes in different aw by transcriptome analysis.

Gene_ID
(AFLA_)

Gene Annotation
Log2

(90/95)
Log2

(90/99)
Log2

(95/99)

044790 conidiation-specific family protein 0.42 3.54 * 3.11 *
044800 conidiation protein Con6, putative 3.18 * 8.32 * 5.13 *
083110 conidiation-specific protein (Con10), putative 2.78 * 6.32 * 3.54 *
098380 conidial hydrophobin RodA/RolA 6.49 * 8.68 * 2.18 *
014260 conidial hydrophobin RodB/HypB 3.21 * 3.10 * −0.13
006180 conidial pigment biosynthesis oxidase Arb2/brown2 5.76 * 6.39 * 0.61

016140 conidial pigment biosynthesis scytalone
dehydratase Arp1 −1.57 −1.47 −0.08

079710 conidiophore development protein HymA −0.01 0.88 0.87
082850 C2H2 type conidiation transcription factor BrlA 3.62 * 5.90 * 2.27 *
029620 transcription factor AbaA 4.19 * 2.52 * −1.69
134030 developmental regulator FlbA −0.11 −1.10 −1.01
137320 C2H2 conidiation transcription factor FlbC −1.10 1.12 1.21
080170 MYB family conidiophore development protein FlbD −0.60 −0.87 0.28
026900 developmental regulator VosA 2.45 * 1.42 * −1.05
046990 APSES transcription factor StuA 0.24 1.07 0.81
052030 developmental regulatory protein WetA 2.10 * 2.60 * 0.48

101920 extracellular developmental signal biosynthesis
protein FluG 0.06 0.40 0.32

Transcriptome analyses were performed in three biological replicates. Data were calculated with read counts. The
values of 90/95, 90/99, and 95/99 represented the comparisons of aw 0.90 vs. 0.95, aw 0.90 vs. 0.99, and aw 0.95 vs.
0.99, respectively. Significances were marked as * with padj < 0.05 and log2ratio ≥ 1 or ≤1.
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2.6. The Effects of Diverse Water Activities on Transcription Factors

The TFs’ expressions in different aw were additionally analyzed in this study. In a
total of 271 TFs (annotated in this transcriptome data), 29 transcriptional factors showed
significant variations in the comparison of aw 0.90 vs. 0.99 (Table 3). Among them, 20 genes
were significantly up-regulated at aw 0.90, while the other nine genes were significantly
down-regulated. With the exception of the two mentioned TFs, BrlA and AtfB, the TFs,
including LeuB, RosA, NosA, AbaA, and MeaB, were also significantly increased at aw
0.90 compared to aw 0.99. In the comparison of aw 0.90 vs. 0.95, the expressions of TF
genes, AFLA_029620 (abaA), AFLA_040300, AFLA_082850 (brlA), and Novel 00457 were
up-regulated at aw 0.90. In the comparison of aw 0.95 vs. 0.99, only nosA, atfB, and brlA
levels were increased. So, several TFs genes were affected by aw conditions, and further
regulated the transcriptions of downstream genes.

Table 3. Comparisons of different TFs in different aw by transcriptome analysis.

Gene ID
(AFLA_)

Gene Description
log2

(90/95)
log2

(90/99)
log2

(95/99)

013240 C6 transcription factor, putative −2.41 −2.10 * 0.30
015790 C6 transcription factor (Leu3), putative 0.19 1.96 * 1.74
021930 C6 transcription factor RosA 0.53 1.74 * 1.19
023040 C6 transcription factor, putative −3.02 −4.27 * −1.25
025720 C6 transcription factor NosA 2.46 2.46 * 2.21 *
029620 transcription factor AbaA 4.19 * 2.52 * −1.69
030580 C2H2 transcription factor PacC, putative −0.50 −2.02 * −1.53
031790 bZIP transcription factor (MeaB), putative −0.56 −1.80 * −1.26
033480 C6 transcription factor, putative 1.02 1.85 * 0.81
035590 C6 transcription factor, putative −0.16 2.75 * 2.25
040300 C6 transcription factor, putative 2.36 * 2.75 0.37
051900 zinc knuckle transcription factor (CnjB), putative 0.48 2.73 * 2.23
056780 C6 transcription factor, putative −0.84 −2.27 * −1.44
059510 fungal specific transcription factor, putative −0.95 −1.76 * −0.84
070970 C6 transcription factor, putative 0.60 1.61 * 1.00
074200 C6 transcription factor, putative −0.76 −1.90 * −1.16
076320 C6 transcription factor, putative 1.24 2.61 * 1.35
078500 bZIP transcription factor, putative 0.92 2.65 * 1.72
082850 C2H2 type conidiation transcription factor BrlA 3.62 * 5.90 * 2.27 *
083460 C6 transcription factor RosA-like, putative −1.64 −1.91 * −0.28
083560 C6 transcription factor, putative 0.72 2.01 * 1.28
084720 C6 transcription factor, putative 0.68 2.56 * 1.87
085880 BTB domain transcription factor, putative 1.14 1.42 * 0.27
087810 bZIP transcription factor, putative 0.51 2.69 * 2.17
094010 bZIP transcription factor (Atf21), putative 1.06 3.69 * 2.60 *
095090 C6 transcription factor, putative 1.87 5.79 * 3.90
109220 C6 transcription factor, putative 0.77 1.95 * 1.16

Novel00457 fungal specific transcription factor [Aspergillus
oryzae RIB40] 1.72 * 2.25 * −0.52

Novel00611 transcription factor [Aspergillus oryzae RIB40] −1.08 −3.22 * −2.16
Transcriptome analyses were performed in three biological replicates. Data were calculated with read counts. The
values of 90/95, 90/99, and 95/99 represented the comparisons of aw 0.90 vs. 0.95, aw 0.90 vs. 0.99, and aw 0.95 vs.
0.99, respectively. Significances were marked as * with padj < 0.05 and log2ratio ≥ 1 or ≤1.

2.7. RT-qRCR Analyses of Genes Expressions Involved in AF Biosynthesis and
Conidia Development

RT-qPCR was performed for confirming the transcriptome results. Similar with
transcriptome data, aflA and aflC were up-regulated at aw 0.90 compared with aw 0.95
and 0.99, and aflK, aflO, and aflV were more drastically increased. Additionally, aflO in
comparison to aw, 0.90 vs. 0.99 showed the biggest difference with 4.04-log2FoldChange.
The aflR was only significantly changed in aw 0.90 vs. 0.99, while aflS levels were increased
at aw 0.90 and 0.95 compared to aw 0.99 (Figure 4A). The transcripts of atfB, ppoB, and
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AfPXG were significantly up-regulated under the lower aw conditions, but the expressions
of veA and atfA were not significantly changed (Figure 4A). The conidia developmental
genes, con6, con10, rodA, and rodB, were significantly up-regulated at aw 0.90 compared
with aw 0.95 and 0.99. The conidial regulators, brlA, abaA, and wetA were also obviously
increased at aw 0.90, but the other two regulators, flbA and stuA, had no obvious variations
(Figure 4B). In order to verify our results, we also investigated these genes’ expressions
in other Aspergillus strains at different aw conditions. In A. flavus CA14, all AF cluster
genes’ expressions were similar with A. flavus NRRL3357, but with the exception of atfB,
the expression of atfA was also up-regulated in aw 0.90 compared than aw 0.99 (Figure S1).
In A. flavus ACCC32656, both atfA and atfB were increased in the lower aw conditions,
but the aflA and aflC were not significantly changed (Figure S1). For the conidiation, the
conidial genes’ expressions were similar in different strains, while the wetA in ACC32656
were not significantly varied in diverse aw conditions.

Figure 4. Transcriptional expression analyses of diverse genes by RT-qPCR. The RT-qPCR analysis of (A) AF biosynthesis-
related genes and (B) conidia developmental genes in different aw conditions. The different aw comparisons were showed
as diverse bars. Three independent biological replicates were performed in each condition, and data were presented as
means ± SD. t tests were applied for significance analyses with * p < 0.05 and ** p < 0.01.

3. Discussion

In this paper, the aw 0.90 of peanuts showed the maximum AFB1 production after
10 days cultivation (Figure 1D). Abdel-Hadi et al. found that A. flavus in peanuts would
produce the maximum amounts of AFB1 at aw 0.90–0.95 after 3 weeks storage [13]. Liu
et al. indicated that AFB1 levels were obviously increased in aw 0.95, followed by aw
0.90, but were suppressed in aw 0.99 [6]. The relatively low peanut aw could be suitable
for AF production, and aw 0.99 could not be a proper condition for AF biosynthesis. We
believed that the condition of aw 0.99 could be a stress signal for A. flavus. However, in
other studies, the results could be opposite. Zhang et al. found that A. flavus produced
more AFB1 in aw 0.99 than at aw 0.93 in YES medium, and Medina et al. noticed that AFB1
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levels of maize were lower in aw 0.91 than 0.99 [8,9]. It seems like the suitable aw levels
could be varied depending on diverse substrates. Different temperatures also influence
the optimum aw for AF biosynthesis. The optimal aw for AF biosynthesis was 0.92 upon
28 ◦C, while it increased to 0.96 at the lower temperature [14]. Further, the effect of aw
on AF production was apparently modulated by the stages of cultivation, maturity, and
storage [15]. Strain-specificity is another important reason for different AF productions,
such as A. flavus CA14 showing the highest AF production in aw 0.95 [6], but A. flavus
NRRL3357 showing the most AF levels in aw 0.90. Taken all this, it is concluded that aw is
a crucial factor for AF biosynthesis, and the effect of aw on AF production is dependent
on other environmental factors, such as temperature, substrates, pH, cultivation time, and
different strains. Because of the diverse experiment conditions, it is hard to get a consistent
result. So, in this study, we focused our research on the regulatory mechanism of aw on
AF biosynthesis.

AF cluster gene expressions are directly related to AF biosynthesis. There are some
studies reporting the variations of AF gene expression in different aw. Most AF genes
had higher expression levels at lower aw [6], and aflD showed higher expression at aw
0.90 [13]. In this study, we examined the transcriptional expressions of AF cluster genes by
RNA-seq and RT-qPCR analyses (Table 1 and Figure 4A). The majority of genes (27/34) in
AF clusters were significantly up-regulated at the relatively lower aw (90 and 95) (Table 1).
These results differed from previous reports [16,17], but were similar with Liu et al. [6].
The AF biosynthetic initial-genes, aflA, aflB, aflC, and aflD, showed slight or moderate
variations at different aw (Table 1 and Figure 4A). Abdel-Hadi et al. suggested the initial
step gene aflD was a good indicator of AFB1 production [13]. However, in our study, aflD
expressions in aw 0.95 vs. 0.99 were not significantly different, and were mildly changed
in aw 0.95 vs. 0.99 and aw 0.95 vs. 0.99 (Table 1). Ehrlich suggested that the later stages of
AFB1 biosynthesis were more critical than the beginning stages [18]. In our study, the AF
cluster genes in medium or later stages, such as aflI, aflO, aflP, aflQ, aflK, and aflV, showed
more drastic variations in different aw conditions. All the above information indicated that
AF biosynthesis was influenced by different aw, especially the biosynthetic process from
norsolorinic acid (NOR) to O-methylsterigmatocystin (OMST).

Transcriptions of AF biosynthetic genes are mainly regulated by the cluster-specific reg-
ulators, AflR and AflS, which directly bind to the promoter region of AF cluster genes [19].
In our research, aflR and aflS levels in A. flavus NRRL3357 and ACCC32656 showed the
moderate increases at aw 0.90 vs. 0.95, while no significant variations of aflR and aflS were
noticed in the other two aw comparisons (Table 1 and Figure 4A). However, in A. flavus
CA14, aflR and aflS were increased in aw 0.90 compared with aw 0.99 (Figure S1), suggesting
the AF cluster-specific regulators might be affected in different strains upon the diverse aw.
There are also many studies that found that the ratio of aflS/aflR should have the closer
correlation with AF productions [9,11,17]. However, in this research, the ratios of aflS/aflR
were still similar in different aw treatments. So, the transcriptional changes of AF structural
genes could not be only caused by the changes of aflR and aflS, but other regulators could
play more important roles.

Furthermore, there are some papers reporting that the expressions of AF cluster genes
were influenced by different environmental factors. However, few of them focused on
how aw affected AF genes’ expression, and what the critical regulator response to aw is.
In this study, to deeply investigate the reasons of AF gene variations in different aw, the
comprehensive transcriptomic analysis was performed, and the oxidation-stress-related
TFs, AtfA, AtfB, AP-1, MsnA, MtfA, and SrrA, were also examined, which could control
the AF cluster gene transcriptions by directly binding [12,20,21]. However, in this study,
the above TF genes, with the exception of AtfB, showed similar transcriptional expressions
at different aw (Table S2 and Figure 4A). The atfB expression was significantly different
in different aw conditions (Table S2 and Figure 4A), suggesting AtfB should be a key
responder of aw conditions. AtfB, as a member of CREB family protein, could recognize
the CRE binding sites (5′-TG/TACGTC/AA-3′), and start the target gene transcript [12].
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In A. parasiticus, in the upstream noncoding regions of aflB, aflD, aflM, aflO, and aflR, were
found the CRE sites, which could be directly bound by AtfB [22]. So, their transcriptional
expressions were positively correlated with atfB expression. Suppression of AtfB could
significantly reduce the AF genes’ mRNA levels and the AF production [23]. Similarly,
in this study, significantly more down-regulation of atfB was found at aw 0.95 and 0.99
than aw 0.90; subsequently, most AF genes and AF productions also were decreased at the
higher aw conditions. In recent research, AtfB was suppressed by methyl jasmonate, and
subsequently, down-regulated AF gene expressions [24]. So, AtfB is a critical regulator for
sensing and response to environmental changes, and then could modulate downstream
genes, such as AF cluster genes in A. flavus. Additionally, we also tested the atfB expression
in other Aspergillus strains, of which the atfB in A. flavus CA14 and A. flavus ACCC 32656
were significantly up-regulated in aw 0.90 (Figure S1). All these results that confirmed
the differential expression of atfB in different aw treatments might play a vital role in the
changes of AF genes’ expressions and AF production.

The environmental signals could be sensed by the membrane protein, transferred by
the phosphorylation signal, and responded to by TFs. For example, the oxidation stresses
up-regulate SAPK/MAPK signaling cascade, and then activate AtfB for binding to the
target promoters [12]. In this study, sakA2 (AFLA_099500), a kinase of MAPK pathway,
is slightly down-regulated in aw 0.90 vs. 0.99, suggesting it could be affected by different
aw conditions (Table S2). However, we did not find other differential transcriptional
expressions of MAPK genes in different aw conditions (Table S2). It could be explained
that the MAPK cascade transmits the signal by phosphorylation, and the effect of different
aw on MAPK genes could be at a post-transcriptional level. pkaC, an encoding cAMP-
dependent protein kinase catalytic subunit, was significantly more down-regulated at
aw 0.99 than at aw 0.90 and 0.95 (Table S2). The cAMP/PKA pathway can also regulate
AF biosynthesis partly through AtfB [23,25], and AtfB responds to carbon sources and
oxidative stress through the cAMP pathway [22]. It is a reasonable hypothesis that pkaC
levels are modulated at different aw levels, and then affect AtfB expression by the cAMP
signaling pathway.

In previous studies, the conidia production and conidia germination of Aspergillus
strains and Penicillium strains were significantly affected by different aw levels [26,27].
We also noticed that the apparently decreased conidia production at aw 0.99 in peanuts
(Figure 1C), and transcriptions of conidial genes, were also significantly decreased at aw
0.99 (Table 2 and Figure 4B). The con6 and con10, as the representatives of conidiation
genes, are conserved in filamentous fungi and preferentially expressed during the conidia
development [28]. In A. nidulans, conF (homologous with con6) and conJ (homologous with
con10) were increased with light exposure [29]. Similarly, their expressions at different aw
were obviously changed (Table 2 and Figure 4B), suggesting that con genes may be affected
by diverse environmental factors. RodA and RodB, as the hydrophobin proteins, help
conidia dispersion and attachment [30], and their transcriptions were also increased at the
lower aw (Table 2 and Figure 4B). It is also noticed that the conidial pigment-related gene,
arb2, was significantly down-regulated in aw 0.99 (Table 2). It could partly explain why the
green color was faded in the higher aw conditions (Figure 1A,B).

Conidia-relevant regulators, BrlA, AbaA, VosA, and WetA, were also significantly
increased in aw 0.90, and decreased in aw 0.99 (Table 2 and Figure 4B). BrlA, as the C2H2
zinc finger TF, governs the wetA and abaA expressions, and positively regulates conidia
production [31]. The transcript of abaA is promoted by BrlA in the middle stages of conidia
development, and involved in the differentiation and functionality of phialides [32]. Lack
of AbaA leads to the decreased and aberrant conidia production [33]. wetA is regulated by
AbaA during the late phase of conidia development, and plays a role in the conidial wall
component biosynthesis [34]. Based on previous research, deletion of any of the three genes
could interfere with the conidial genes’ expression and conidial development. In this study,
few conidia were produced at aw 0.99, and conidiation-related genes were also significantly
down-regulated. It is supposed that aw might regulate conidia development through the

36



Toxins 2021, 13, 431

BrlA-AbaA-WetA cascade. In addition, the brlA expressions of both A. flavus CA14 and
A. flavus ACCC 32656 were significantly up-regulated in lower aw, but wetA in A. flavus
ACCC 32656 showed no change in different treatments (Figure S1), suggesting that other
regulators might be affected by wetA expression in A. flavus ACCC 32656. VosA is also a
multifunctional regulator, interacting with VelB and VelC, and controls conidial trehalose
amount and conidial germination in A. fumigatus [35,36]. We also noticed significantly in-
creased vosA expression at aw 0.90, but no obvious difference in other velvet complex genes
(veA, velB, and velC). The other conidial regulators, FluG, FlbA, FlbC, FlbD, and StuA, [37],
were not significantly regulated at diverse aw (Table 2 and Figure 4B). Furthermore, AtfB
was positively relevant with conidia production in A. oryzae [38], suggesting AtfB could
also be a conidial regulator. In this study, AF production, conidia development, as well
as atfB expression, showed similar changes in diverse aw conditions, suggesting that AtfB
might be a critical linker of fungal development and secondary metabolism.

Taken together, the deduced regulatory pathway of different aw effects on AF biosyn-
thesis and conidia development were presented in Figure 5. As Figure 5 shows, different
aw signals affect cellular signaling pathways by modulating the expressions of GPCRs
and oxylipins genes; then, several TFs, especially AtfB, are activated by SAPK/MAPK
and cAMP/PKA pathways through the multistep phosphorelay systems [12,25]; the up-
regulated AtfB can directly bind to the promoter regions of AflR, AflS, and AF biosynthetic
genes, and subsequently enhance AF production [12,22]. BrlA, as the central regulator
of conidiation, could be up-regulated by aw 0.90, then motivate AbaA and WetA, and
subsequently regulate conidial gene expressions. There are still a lot ambiguous spe-
cific regulations in this pathway, and more research is needed to clarify the regulatory
mechanism of aw on AF production and A. flavus development.

Figure 5. Hypothetical regulatory mechanism of aw on AF biosynthesis and conidia development. The confirmed regulatory
pathway and deduced regulatory pathway were presented as solid lines and dashed lines, respectively. TFs stands for
transcription factors.

For better revealing of the transcriptional regulations in different aw, we also detected
the expressions of diverse TFs. Among 271 annotated TFs, 29 TFs were significantly
changed, including leuB, rosA, nosA, abaA, meaB, brlA, atfB, etc. (Table 3). NosA and
RosA, as the Zn(II)6Cys6 class activators, are homologous with Pro1 in Sordaria macrospora,
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and regulate sexual development in Aspergillus [39]. However, RosA represses sexual
development in the early stage, while NosA is necessary for primordium maturation [40].
The significant increase of nosA and rosA was observed at aw 0.90 vs. 0.99, suggesting
that sexual development of A. flavus may be affected by diverse aw levels. MeaB as
the methylammonium-resistant protein, is involved in nitrogen metabolite repression,
and positively regulates sterigmatocystin production in A. nidulans [41]. However, in
A. flavus, meaB was up-regulated at the higher aw condition, and was negatively relevant
with AF production (Table 3). LeuB/Leu3 participates in branched-chain amino acids
biosynthesis, gdhA expression, as well as nitrogen metabolism, and physically interacts
with AreA [42,43]. Moreover, by KEGG analysis, DEGs were obviously enriched in nitrogen
metabolite (Figure 3). All information indicated that nitrogen metabolite of A. flavus in
peanuts was also affected by diverse aw levels.

4. Conclusions

In this study, A. flavus strain NRRL3357 was inoculated in peanuts with diverse aw
(0.90, 0.95, and 0.99). The changes of AFB1 yield and conidia production showed the
highest level in aw 0.90, followed by aw 0.95, and the minimal level in aw 0.99. Based on
transcriptome data and RT-qPCR analyses, we noticed that (1) most of the AF biosynthesis
genes were more up-regulated in aw 0.90 than aw 0.95 and 0.99; (2) the initial-step AF
genes were slightly or moderately changed, while the middle- or later-step genes showed
drastic responses to different aw conditions; (3) several kinases, membrane proteins, and
TFs were affected by different aw, and AtfB could be the central TF for regulating the
transcriptional expressions of downstream genes, especially AF structural genes; (4) conidia
development genes and the conidial regulator genes were up-regulated in aw 0.90; (5)
sexual-development-relevant TFs, NosA and RosA, and nitrogen-metabolite-relevant TFs,
MeaB and LeuB, were significantly changed at diverse aw.

5. Materials and Methods

5.1. Fungal Strain and Conidia Suspension Preparation

A. flavus NRRL3357 and ACCC32656 were kindly provided by Professor Wenbing
Yin (Institute of Microbiology, Chinese Academy of Sciences, Beijing, China). A. flavus
CA14 was kindly provided by Professor Shihua Wang (Fujian Agriculture and Forestry
University, Fujian, China). The strains were stored at −80 ◦C and re-cultivated on PDA
medium (200 g potato, 20 g glucose, and 20 g agar in 1 L distilled water) at 28 ◦C in the
dark. Conidia were harvested from PDA plates after 7 days inoculation by 0.01% Tween 20,
and the suspension concentration was counted by hemocytometer, and was adjusted as
107 conidia/mL.

5.2. Adjustment of Peanut Water Activities and Inoculation of A. flavus Conidia Suspension

The method of aw adjusting was followed as that by Liu et al. with some modifications.
The aw levels were detected by the Aqualab 4TE (Decagon Devices, Pullman, WA, USA),
and the aw curve of peanuts was performed in pre-experiment for accurately defining the
amount of water added into the peanuts [6]. For adjusting the specific aw, 100 g of peanuts
were put into zip-lock bags, irradiated with UV light for 2 h, and then the determined
amount of water was added to them to obtain targeted aw levels (aw 0.90, 0.95, and 0.99).
All treatments were placed in 4 ◦C overnight for the stable aw levels.

Then these treated peanuts were transferred into the 500 mL sterile flasks, and incu-
bated in 10 mL of the 107 conidia/mL conidia suspension. Fungi in different aw levels were
cultivated at 28 ◦C for 10 days in the polyethylene boxes, which contained the glycerol-
water solution for maintaining the relatively constant humidity. Peanut kernels without
inoculating conidia suspension were prepared as a negative control. Each flask was shaken
once a day. Three biological replicates were performed for all treatments.
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5.3. Conidia Assessment and AFB1 Detection

After 10 days cultivation, 25 g of inoculated peanuts with different aw were added
100 mL sterilized H2O, fiercely shaken for 30 min, filtered with non-woven fabric, and
conidia of the solution was counted by a hemocytometer.

AFB1 concentration was detected by HPLC analysis. An amount of 25 g of peanut
samples were finely grounded, 125 mL 70% methanol water and 5 g NaCl were added, and
fiercely vibrated for 30 min. AFB1 extractions was purified by ToxinFast immunoaffinity
columns as per the manufacturer’s instructions (Huaan Magnech Biotech, Beijing, China),
and were examined by an Agilent 1220 Infinity II HPLC system coupled with a fluorescence
detector and a post-column derivation system (Huaan Magnech Biotech, Beijing, China).
The excitation wavelength was 360 nm, and the emission wavelength was 430 nm. The
HPLC system was matched with the Agilent TC-C18 column (250 mm × 4.6 mm, 5 μm
particle size, Agilent). An amount of 20 μL AFB1 samples were injected each time, 70%
methanol solution was the mobile phase, and the retention time was about 5.7 min. AFB1
standards were purchased from Sigma-Aldrich (St. Louis, MO, USA).

5.4. Total RNA Extraction

RNA samples for transcriptome analysis and RT-qPCR were performed three times by
replications. Mycelia were harvested from the inoculated peanuts’ seed coats after 10 days
cultivation. An amount of 1 g samples (the mixture of peanut seed coat and A. flavus
mycelia) were grounded to powder after treated by liquid nitrogen, then 600 μL lysis buffer
was added, and then the RNA was extracted as per the manufacturer’s instructions (Aidlab,
Beijing, China). Genomic DNA was removed by DNase I (Takara, Dalian, China), and RNA
quality was evaluated by NanoDrop 2000 spectrophotometer (Thermo Fisher, Waltham,
MA, USA) and Agilent 2100 Bioanalyzer (Agilent, Santa Clara, CA, USA).

5.5. RNA Sequencing and Transcriptome Processing

The mRNA was sequenced by Novogene (Beijing, China). Briefly, mRNA was purified
from total RNA with oligo-dT magnetic beads. The non-strand-specific libraries were
constructed by NEB Next UltraTM RNA Library Prep Kit for Illumina (NEB, USA), and
sequenced by the Illumina Hiseq 4000 platform (Illumina Inc., San Diego, CA, USA). Clean
reads were harvested by removing the low-quality reads and adaptor, and then mapped to
the reference genome (BioProject: PRJNA13284) with HISAT 1.31 [44]. The read counts were
used to assess genes’ transcriptions [45]. The differentially expressed genes (DEGs) were
evaluated with padj ≤ 0.05 and log2ratio ≥ 1 or ≤1. The Gene Ontology (GO) functional
analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of
DEGs were performed with the FungiFun and KAAS, respectively [46,47].

5.6. RT-qPCR Analysis

Total RNA was used for reverse transcription, and cDNA synthesis was with a two-
step cDNA synthesis kit (TaKaRa, Dalian, China). The Analytic Jena Q-tower system
(Analytik-Jena, Jena, Germany) was used for qPCR assays with the 20 μL reaction system,
including 5 μL cDNA product, 0.5 μL of each primer, and 10 μL SYBR Green mix (TaKaRa,
Dalian, China). All primers are listed in Table S2. The qPCR program was settled as before,
which is one cycle of 3 min at 95 ◦C followed by 40 cycles of 10 s at 95 ◦C and 40 s at 65 ◦C,
and the melting curve was analyzed from 60 ◦C to 90 ◦C with 0.5 ◦C incremental increases.
The internal reference was used with actin. The transcriptional expression was based on
the CT value, and the differences were calculated with the 2−ΔΔCT method.

5.7. Statistical Analysis

Three biological replicates were performed for all experiments. The means with
standard deviations represented the results. AFB1 yields and conidia productions in
different treatments were calculated with one-way analysis of variance (ANOVA) by SPSS
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18.0, and statistical differences were evaluated by Tukey’s test with p < 0.05. Student’s t test
was applied in RT-qPCR with * p < 0.05 and ** p < 0.01.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/toxins13060431/s1, Figure S1: Transcriptional expression analyses of diverse genes by RT-
qPCR, Table S1: Comparisons of several global regulators in different aw by transcriptome analysis,
Table S2: Primers used for qPCR analysis.
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Abstract: Background: Fumonisin B1 (FB1) is one of the most common mycotoxins contaminating
feed and food. Although regulatory limits about fumonisins have been established in some countries,
it is still very important to conduct research on lower doses of FB1 to determine the tolerance limits.
The aim of this study was to investigate the effects of different concentrations of FB1, provide further
evidence about the toxic doses- and exposure time-associated influence of FB1 on mice, especially low
levels of FB1 for long-term exposure. Methods: Female BALB/c mice were treated intragastrically (i.g.)
with fumonisin B1 (FB1) solutions (0 mg/kg body weight (BW), 0.018 mg/kg BW, 0.054 mg/kg BW,
0.162 mg/kg BW, 0.486 mg/kg BW, 1.458 mg/kg BW and 4.374 mg/kg BW) once a day for 8 weeks to
obtain dose- and time-dependent effects on body and organ weights, hematology, blood chemical
parameters and liver and kidney histopathology. Results: After the long-term administration of FB1,
the body weights of the mice tended to decrease. Over time, FB1 first increased the relative spleen
weight, then increased the relative kidney weight, and finally increased the relative liver weight.
The mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH), hemoglobin (HGB),
white blood cells (WBC), platelets (PLT), and mean platelet volume (MPV) were significantly elevated
after treatment with FB1 for 8 weeks. Moreover, exposure time-dependent responses were found for
aspartate aminotransferase (AST), alanine aminotransferase (ALT) and alkaline phosphatase (ALP)
level, which were coupled with hepatic histopathological findings, necroinflammation and vacuolar
degeneration and detrital necrosis. Linear dose response was also found for liver histopathology,
in which, even the minimum dose of FB1 exposure also caused changes. Renal alterations were
moderate compared to hepatic alterations. Conclusion: In conclusion, we demonstrated the systemic
toxic effects of different doses of FB1 in female BALB/c mice at different times. Our data indicated
that the effects observed in this study at the lowest dose tested are discussed in relation to the
currently established provisional maximum tolerable daily intake (PMTDI) for fumonisins. This
study suggested that recommendations for the concentration of FB1 in animals and humans are not
sufficiently protective and that regulatory doses should be modified to better protect animal and
human health. The toxicity of FB1 needs more attention.

Keywords: fumonisin B1; BALB/c mice; hepatotoxicity; nephrotoxicity; haematological toxicity;
regulatory limit

Key Contribution: This study suggests that recommendations for the concentration of FB1 in animals
and humans are not sufficiently protective and that regulatory doses should be modified to better
protect animal and human health.

1. Introduction

Mycotoxins, the secondary metabolites mainly produced by Aspergillus, Penicillium,
and Fusarium, are highly poisonous substances in animals and humans. They are capable
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of causing mycotoxicosis [1], involving acute toxic, carcinogenic, mutagenic, teratogenic,
immunotoxic, and estrogenic effects [2]. Since the discovery of the aflatoxins in the 1960s,
an increasing number of mycotoxins have been characterized, including deoxynivalenol,
T2 toxin, fumonisins, ochratoxin, and zearalenone [3].

Fumonisins (FBs) are a group of hydrophilic mycotoxins produced by Fusarium verticillioides
and its related species that commonly contaminate corn, sorghum, related grains and
even the traditional Chinese medicines (TCMs) throughout the world [4]. Until now, the
fumonisins characterized since 1988 can be divided into four major groups as fumonisin A,
B, C and P series [5]. Among these four groups, the most abundant and toxic fumonisin
analog is fumonisin B1 (FB1), which contributes to approximately 70% of FBs and is
one of the most common mycotoxins contaminating feed and food [6]. FB1 has been
classified by the International Agency for Research on Cancer (IARC) as a Group 2B
possibly carcinogenic to humans [2]. Regulatory limits on fumonisins have been established
in some countries. In the European Union, the maximum level of total FBs (FB1 + FB2)
range from 200 μg/kg in processed maize-based foods to 2000 μg/kg in unprocessed
corn products [7]. The Food and Agriculture Organization/World Health Organization
(FAO/WHO) specified a tolerable daily intake (TDI) of 2 μg/kg BW/day for fumonisins
(FB1, FB2 and FB3, alone or by combination) [8].

More evidence indicates that FB1 is neurotoxic [9], nephrotoxic, hepatotoxic [6], hep-
atocarcinogenic [10] and immunotoxic [11]. As a potential hazardous contaminant, FB1
has been shown to cause the production of equine leukoencephalomalacia (ELEM) and
porcine pulmonary edema (PPE) [4,12]. The association of the intake of fumonisins with
human neural tube defects (NTDs) in the fetus has also been shown in regions where maize
is consumed as a major food source [13]. It is also regarded as a high incidence of human
esophageal cancer [12]. The contamination of food [14,15], feed [16,17] and traditional
Chinese medicines (TCMs) [18] with fumonisins has been an increasingly serious concern
in our society.

The aim of this study was to investigate the effects of different concentrations of FB1,
including a concentration corresponding to the PMTDI (provisional maximum tolerable
daily intake) of 2 μg/kg BW for FB1, FB2 and FB3, alone or in combination by the Joint
FAO/WHO Expert Committee on Food Additives (JECFA) [8] on food. These six different
concentrations of FB1 solutions (0.018 mg/kg BW, 0.054 mg/kg BW, 0.162 mg/kg BW,
0.486 mg/kg BW, 1.458 mg/kg BW and 4.374 mg/kg BW) were continuously administered
to female BALB/c mice, which are more sensitive to the toxicity of FB1 [19,20].

2. Results

2.1. Effects of FB1 on the General Health and Body and Organ Weights of Mice

All mice were weighed once two weeks before being sacrificed. All of the body weights
(BWs) of the mice are shown in Figure 1A. When mice were fed with FB1 for 2 weeks, body
weights of FB1-5 (1.458 mg/kg BW) and FB1-6 (4.374 mg/kg BW) were higher than the
control group, whereas after 4 weeks exposure, FB1-3 and FB1-4 body weight resulted
notably lower when compared to the control. After 6 and 8 weeks of FB1 treatment, the
body weights of mice in the FB1-6 (4.374 mg/kg BW) group were significantly lower than
those in the control group.

As regards the organ weights, only spleen of FB1-5 (1.458 mg/kg BW) and FB1-6
(4.374 mg/kg BW) showed a significant increase in its weight after 2 weeks’ exposure
(Figure 1B). After 4 weeks, in addition to the relative spleen weights, the relative kid-
ney weights of mice also presented an obvious increase in the high dose of FB1 (FB1-5
(1.458 mg/kg BW) and FB1-6 (4.374 mg/kg BW)). For mice treated with FB1 for 6 weeks,
only the relative kidney weights in the FB1-6 group showed a significant increase compared
with the control group. For mice treated with FB1 for 8 weeks, the relative kidney weights
in the FB1-6 (4.374 mg/kg BW) group still showed a significant increase compared with the
control group (Figure 1C). In addition, there was an obvious change in relative liver weight.
The mice in all FB1-treated groups showed significantly higher relative liver weights than
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the control group (Figure 1D). From beginning to end, the relative heart weights of mice
in each FB1-treated group showed no obvious changes compared to the control group
(Figure 1E).

Figure 1. Effects of FB1 on body and organ weights of mice. (A) Mean body weight of mice exposed
to different levels of FB1 for 2, 4, 6, and 8 consecutive weeks. (B–E) Relative organ weights of mice
exposed to different levels of FB1 for 2, 4, 6 and 8 weeks. Values are shown as the mean ± SEM;
2 weeks (n = 5), 4 weeks (n = 6–7), 6 weeks (n = 5), and 8 weeks (n = 9). FB1-1 indicates 0.018 mg/kg BW,
FB1-2 indicates 0.054 mg/kg BW, FB1-3 indicates 0.162 mg/kg BW, FB1-4 indicates 0.486 mg/kg BW,
FB1-5 indicates 1.458 mg/kg BW and FB1-6 indicates groups 4.374 mg/kg BW; * indicates p < 0.05,
** indicates p < 0.01, *** indicates p < 0.001, vs. the control group.

2.2. Effects of FB1 on Hematology of Mice

After 8 weeks of administration of FB1, the changes of red blood cells (RBC) and
related parameters were shown in Figure 2A–G. Compared with the control group, the
levels of mean corpuscular volume (MCV) and hemoglobin (HGB) in all FB1-treated groups
were significantly increased (Figure 2C,G). Mean corpuscular hemoglobin (MCH) also
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presented a significant increase in the FB1-2 (0.054 mg/kg BW), FB1-3 (0.162 mg/kg BW),
FB1-4 (0.486 mg/kg BW), FB1-5 (1.458 mg/kg BW) and FB1-6 groups (4.374 mg/kg BW)
(Figure 2D). For red cell volume distribution width (RDW), its level was decreased in the
FB1-2 (0.054 mg/kg BW), FB1-3 (0.162 mg/kg BW), FB1-4 (0.486 mg/kg BW) and FB1-5
(1.458 mg/kg BW) groups (Figure 2F). However, there was no significant difference in the
levels of RBC, red blood cell specific volume (HCT) and mean corpuscular hemoglobin
concentration (MCHC) (Figure 2A,B,E).

Figure 2. Cont.
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Figure 2. Effects of FB1 on hematology and related parameters in mice after 8 weeks of administration
of FB1. (A–G): The changes of red blood cells (RBC) and related parameters. (H–J): The changes of
PLT and related parameters. K to M: The changes of white blood cells (WBC) and related parameters.
Values are shown as the mean ± SEM (n = 9); 2 weeks (n = 5), 4 weeks (n = 6–7), 6 weeks (n = 5), and
8 weeks (n = 9). FB1-1 indicates 0.018 mg/kg BW, FB1-2 indicates 0.054 mg/kg BW, FB1-3 indicates
0.162 mg/kg BW, FB1-4 indicates 0.486 mg/kg BW, FB1-5 indicates 1.458 mg/kg BW and FB1-6
indicates groups 4.374 mg/kg BW; * indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001, vs.
the control group.

There were also some significant changes in the levels of PLT and related parameters af-
ter treatment with FB1 for 8 weeks. In the FB1-3 (0.162 mg/kg BW), FB1-4 (0.486 mg/kg BW),
FB1-5 (1.458 mg/kg BW) and FB1-6 groups (4.374 mg/kg BW), platelet (PLT), platelet-
ocrit (PCT) and mean platelet volume (MPV) were higher than those of the control group
(Figure 2H–J).

The number of white blood cells (WBC) showed a dramatic increase in the FB1-1
(0.018 mg/kg BW), FB1-3 (0.162 mg/kg BW), FB1-5 (1.458 mg/kg BW) and FB1-6
(4.374 mg/kg BW) groups (Figure 2K), but the levels of lymphocytes (LYM) and neu-
trophils (NEUT) had no changes (Figure 2L,M).

2.3. Effects of FB1 on Blood Chemistry Parameters of Mice

As shown in Figure 3, the serum AST, ALT and ALP activities showed dose-associated
and exposure time-associated increases. All three enzymes reached peak values in the
FB1-6 (4.374 mg/kg BW) group, especially when FB1 was given for 8 weeks. Even the
value of AST in the FB1-2 (0.054 mg/kg BW) group after 8 weeks of FB1 treatment also
presented a significant increase. The ALP level increased significantly at the FB1-6 dose
after FB1 was administered to mice for only 2 weeks.

For blood urea nitrogen (BUN) and creatinine (CRE), during the first 4 weeks of exposure
to FB1, the levels of BUN in the FB1-5 (1.458 mg/kg BW) and FB1-6 (4.374 mg/kg BW) groups
were decreased significantly compared with those in the control group, whereas at the end
of the experiment, BUN in the FB1-5 (1.458 mg/kg BW) group was obviously increased.
The fluctuation of the CRE level during the whole experiment was obvious. CRE in mice
showed a significantly decreased tendency except for the FB1-1 group after 2 weeks of
exposure to FB1.
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Figure 3. (A–D) Effects of FB1 on the blood chemistry parameters of mice exposed to different levels
of FB1 for 2, 4, 6 and 8 weeks. Values are shown as the mean ± SEM; 2 weeks (n = 5), 4 weeks
(n = 6–7), 6 weeks (n = 5), and 8 weeks (n = 9). FB1-1 indicates 0.018 mg/kg BW, FB1-2 indicates
0.054 mg/kg BW, FB1-3 indicates 0.162 mg/kg BW, FB1-4 indicates 0.486 mg/kg BW, FB1-5 indicates
1.458 mg/kg BW and FB1-6 indicates groups 4.374 mg/kg BW; * indicates p < 0.05, ** indicates
p < 0.01, *** indicates p < 0.001, vs. the control group.

2.4. Effects of FB1 on Histopathologic Changes
2.4.1. Liver

Histological changes were found in the livers of mice in all FB1-treated groups.
The main histological lesions observed in the liver were necroinflammation, including
periportal necrosis and inflammation, intralobular necrosis and inflammation as well
as portal inflammation. As shown in Figure 4, in the group of mice exposed to FB1-1
(0.018 mg/kg BW) and (0.054 mg/kg BW) for 2 weeks, infiltration of scattered inflamma-
tory cells around the manifold area was already found. In the FB1-3 (0.162 mg/kg BW)
group, a small number of hepatocytes started to exhibit necrosis. The effects were more
severe in the FB1-5 (1.458 mg/kg BW) and FB1-6 (4.374 mg/kg BW) groups, as there were
hepatocytes with vacuolar degeneration and detrital necrosis. From the results of lesional
scores at 4, 6, and 8 weeks (Figures 4–7), we also found that the lesional scores of all FB1-
treated groups were significantly higher than those of the control group, even in the FB1-1
(0.018 mg/kg BW) group with the minimum dose of FB1. The lesional score increased in
parallel with the increasing exposure time of FB1, and the highest score was found in the
FB1-6 (4.374 mg/kg BW) group after 8 weeks of exposure to FB1.
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Figure 4. Histological changes in the liver in mice exposed to different doses of FB1 for 2 weeks.
(A) Typical histological picture in each group (HE. 200×). (B) Lesional score after histological exam-
ination based on the occurrence and severity of lesions. Values are shown as the mean ± SEM
(n = 5). FB1-1 indicates 0.018 mg/kg BW, FB1-2 indicates 0.054 mg/kg BW, FB1-3 indicates
0.162 mg/kg BW, FB1-4 indicates 0.486 mg/kg BW, FB1-5 indicates 1.458 mg/kg BW and FB1-6
indicates groups 4.374 mg/kg BW; * means p < 0.05, *** means p < 0.001, vs. control group.

Figure 5. Histological changes in the liver in mice exposed to different doses of FB1 for 4 weeks.
(A) Typical histological picture in each group (HE. 200×). (B) Lesional score after histological examination
based on the occurrence and severity of lesions. Values are shown as the mean ± SEM (n = 6–7). FB1-
1 indicates 0.018 mg/kg BW, FB1-2 indicates 0.054 mg/kg BW, FB1-3 indicates 0.162 mg/kg BW,
FB1-4 indicates 0.486 mg/kg BW, FB1-5 indicates 1.458 mg/kg BW and FB1-6 indicates groups
4.374 mg/kg BW; * indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001, vs. the control group.
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Figure 6. Histological changes in the liver in mice exposed to different doses of FB1 for 6 weeks.
(A) Typical histological picture in each group (HE. 200×). (B) Lesional score after histological exam-
ination based on the occurrence and severity of lesions. Values are shown as the mean ± SEM
(n = 5). FB1-1 indicates 0.018 mg/kg BW, FB1-2 indicates 0.054 mg/kg BW, FB1-3 indicates
0.162 mg/kg BW, FB1-4 indicates 0.486 mg/kg BW, FB1-5 indicates 1.458 mg/kg BW and FB1-6
indicates groups 4.374 mg/kg BW; * indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001, vs.
control group.

Figure 7. Histological changes in the liver in mice exposed to different doses of FB1 for 8 weeks.
(A) Typical histological picture in each group (HE. 200×). (B) Lesional score after histological exam-
ination based on the occurrence and severity of lesions. Values are shown as the mean ± SEM
(n = 9). FB1-1 indicates 0.018 mg/kg BW, FB1-2 indicates 0.054 mg/kg BW, FB1-3 indicates
0.162 mg/kg BW, FB1-4 indicates 0.486 mg/kg BW, FB1-5 indicates 1.458 mg/kg BW and FB1-6
indicates groups 4.374 mg/kg BW; * indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001, vs.
control group.

2.4.2. Kidneys

In mice treated with different FB1 concentrations for different time periods, the main
histological lesions observed in the kidneys were glomerular injury, renal tubular injury,
and renal interstitial inflammation. Typical histological pictures are shown in Figure 8,
and the corresponding lesional scores are shown in Table 1. Overall, vacuolar degenera-
tion of renal tubular epithelial cells was ubiquitous in all FB1-treated groups and wors-
ened over time. There was also tubular atrophy in some kidneys. For glomerular injury,
slight mesangial cell hyperplasia first appeared in mice in the FB1-4 (0.486 mg/kg BW)
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group after exposure to FB1 for 4 weeks (Figure 8B), and the worst case occurred in FB1-6
(4.374 mg/kg BW) after the 8 week experiment (Figure 8D and Table 1).

 

Figure 8. Histological changes in the kidneys in mice (HE. 200×). (A–D). Typical histological picture
of mice suffering from different doses of FB1 for 2, 4, 6 and 8 weeks; 2 weeks (n = 5), 4 weeks
(n = 6–7), 6 weeks (n = 5), and 8 weeks (n = 9). FB1-1 indicates 0.018 mg/kg BW, FB1-2 indicates
0.054 mg/kg BW, FB1-3 indicates 0.162 mg/kg BW, FB1-4 indicates 0.486 mg/kg BW, FB1-5 indicates
1.458 mg/kg BW and FB1-6 indicates groups 4.374 mg/kg BW.

Table 1. Lesional score of the kidneys in mice exposed to different levels of FB1 for 2, 4, 6 and 8 weeks.

2 Weeks Control FB1-1 FB1-2 FB1-3 FB1-4 FB1-5 FB1-6

Glomerulus 0.00 ± 0.00 0.00 ± 0.00 0.33 ± 0.58 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.67 ± 0.58
Renal tubule 0.00 ± 0.00 0.33 ± 0.58 0.67 ± 0.58 1.00 ± 0.00 1.00 ± 1.00 0.67 ± 0.58 1.00 ± 0.00
Intestitial in-
flammation 0.00 ± 0.00 0.00 ± 0.00 1.33 ± 0.58 * 1.33 ± 0.58 * 0.67 ± 0.58 1.00 ± 0.00 2.00 ± 0.00

4 Weeks Control FB1-1 FB1-2 FB1-3 FB1-4 FB1-5 FB1-6

Glomerulus 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.33 ± 0.58 0.00 ± 0.00 0.00 ± 0.00
Renal tubule 0.00 ± 0.00 0.67 ± 0.58 1.00 ± 0.00 1.00 ± 0.00 0.67 ± 0.58 1.33 ± 0.58 * 0.67 ± 0.58
Intestitial in-
flammation 0.00 ± 0.00 0.00 ± 0.00 1.00 ± 0.00 0.67 ± 0.58 0.67 ± 0.58 0.33 ± 0.58 1.00 ± 0.00

6 Weeks Control FB1-1 FB1-2 FB1-3 FB1-4 FB1-5 FB1-6

Glomerulus 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.67 ± 0.58 0.67 ± 0.58 0.67 ± 0.58 0.67 ± 0.58
Renal tubule 0.00 ± 0.00 0.67 ± 0.58 0.33 ± 0.58 1.00 ± 0.00 1.33 ± 0.58 * 0.67 ± 0.58 1.33 ± 0.58 *
Intestitial in-
flammation 0.00 ± 0.00 0.33 ± 0.58 1.00 ± 0.00 0.67 ± 0.58 0.00 ± 0.00 0.33 ± 0.58 0.67 ± 0.58
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Table 1. Cont.

8 Weeks Control FB1-1 FB1-2 FB1-3 FB1-4 FB1-5 FB1-6

Glomerulus 0.00 ± 0.00 0.00 ± 0.00 0.67 ± 0.58 0.67 ± 0.58 1.00 ± 0.00 1.00 ± 0.00 1.00 ± 0.00
Renal tubule 0.00 ± 0.00 1.00 ± 0.00 0.67 ± 0.58 1.33 ± 0.58 * 1.00 ± 0.00 1.00 ± 0.00 1.67 ± 0.58 *
Intestitial in-
flammation 0.00 ± 0.00 0.00 ± 0.00 0.33 ± 0.58 0.67 ± 0.58 0.00 ± 0.00 0.33 ± 0.58 1.00 ± 0.00

Values are shown as the mean ± SEM; 2 weeks (n = 5), 4 weeks (n = 6–7), 6 weeks (n = 5), and 8 weeks (n = 9).
FB1-1 indicates 0.018 mg/kg BW, FB1-2 indicates 0.054 mg/kg BW, FB1-3 indicates 0.162 mg/kg BW, FB1-4 indicates
0.486 mg/kg BW, FB1-5 indicates 1.458 mg/kg BW and FB1-6 indicates groups 4.374 mg/kg BW; Values are shown
as the mean ± SEM; 2 weeks (n = 5), 4 weeks (n = 6–7), 6 weeks (n = 5), and 8 weeks (n = 9); * indicates p < 0.05 vs.
control group.

3. Discussion

The liver and kidneys are the main target organs for the toxic effects of FB1 [21,22].
In this study, female BALB/c mice were exposed to different concentrations of FB1 by
intragastric administration based on the fact that FB1 was more frequently ingested by the
mouth. The liver and kidney toxicity of FB1 in mice was examined from two dimensions:
dose and exposure time. Through the transformation of body surface area based on animal
basal metabolic rate, the dose of 20 g mice is about 12.3 times that of 60 kg adults [23].
Therefore, the dose of FB1-1 (0.018 mg/kg BW) corresponds to the PMTDI (2 μg/kg BW) of
FB1, FB2 and FB3, which is applied by the Joint FAO/WHO Expert Committee on Food
Additives (JECFA). The results of this study suggested that the limit standard formulated
by the FAO/WHO and the U.S. Food and Drug Administration (USFDA) is insufficient to
protect humans and animals.

3.1. Body and Organ Weights

Since mice were exposed to FB1 for 4 weeks, there was a decreasing tendency in
the body weights of mice, which reflected the cumulative alterations of FB1 treatment.
Interestingly, exposure of FB1 for two weeks, high doses of FB1 (1.458 mg/kg BW and
4.374 mg/kg BW) actually increased the animal’s body weight. Previous studies have
shown that low-dose aflatoxin is a hormesis for chickens [24]. Whether the short-term
exposure of FB1 has the effect of increasing body weight may require further research.
Changes in relative organ weights can better reflect the animal’s state and be reliable
indicators of some physiological changes [25,26]. The results of this study showed that
FB1 exposure had no significant effect on the relative heart weights of mice. However,
the relative spleen weights increased first (2 weeks), and then the relative kidney weights
increased (4 weeks), and finally the relative liver weights increased (8 weeks). The long-
term effect of the minimum dose of FB1-1 (0.018 mg/kg BW) could also cause liver damage.
The results of relative organ weights also suggested that FB1 might damage the immune
system first and then damage the kidneys, finally leading to liver damage as the exposure
time increased. This finding requires further research for confirmation.

3.2. Blood Chemistry

ALT and AST in serum are important indicators for reflecting liver function. ALT
is an active enzyme mainly present in the liver, and AST has the highest content in the
myocardium, followed by the liver. Both ALT and AST are released from damaged hepato-
cytes into the blood after hepatocellular injury or death [27]. ALP is an important indicator
of cholestasis and hepatobiliary diseases in humans. Serum ALP levels can be elevated by
cholestatic or infiltrative diseases of the liver and by diseases causing obstruction to the
biliary system [27]. The results of this study showed that when FB1 was administered to
mice for 8 consecutive weeks at the FB1-4 (0.486 mg/kg BW) dose, which was lower than
the 4 mg/kg BW limit in corn flour and its products regulated by the USFDA, the ALT and
ALP of mice was also significantly higher than that in the control group. The above results
suggested that the dose of FB1 that is lower than the 4 mg/kg limit in corn flour and its products
regulated by the USFDA has induced significant alterations in biochemical indicators.

52



Toxins 2022, 14, 21

3.3. Hematology

Routine blood tests are the most accessible and fundamental examination and have
long been proposed as an essential assistant tool for disease diagnosis [28]. Changes in
the blood system can predict the occurrence of some diseases. From our results, there
were some significant hematological changes in female BALB/c mice after exposure to
FB1. In particular, the MCV of mice in the low-dose FB1-1 (0.018 mg/kg BW) group
changed significantly. The WBCs were estimated as an indicator of the immune response.
Thus, Khawla Ezdini suggested that an inflammatory reaction to fight against mycotoxins
impaired immunity [29]. In addition, MPV is a platelet volume index directly reflecting
the platelet function state [30] and its elevation usually leads to thrombocytosis [29]. In
our results, a significant increase in the number of WBCs existed in the low-dose FB1-1
(0.018 mg/kg BW) group and a significant increase in the number of PLTs and related
parameters PCT and MPV in the low-dose FB1-3 (0.162 mg/kg BW) group. The results
of hematology also suggested that the limit standard formulated by the FAO/WHO and
USFDA is insufficient to protect humans and animals.

3.4. Histopathological Analysis

Exposure to FB1 resulted in injuries to the liver and kidneys, which could be directly
reflected by histopathological analysis. After exposure to FB1 for 2 weeks, liver histological
alterations were already observed at a dose of FB1-1 (0.018 mg/kg BW), which is lower than
the limit standard formulated by the FAO/WHO. In terms of population, food consumption
risk assessments should be performed in order to question the limit set by the FAO/WHO.
In addition, the severity of lesions in the liver increased progressively, and dose-dependent
severity was observed. The degree of lesions in the kidneys was not as severe as liver
histological alterations, which was consistent with the finding that female mice were more
sensitive to the hepatotoxic effects of FB1 than their male counterparts [31].

4. Conclusions

FB1 can cause significant hepatotoxicity, nephrotoxicity and hematological toxicity.
Renal toxicity precedes hepatotoxicity, and the toxicity exhibits a certain dose dependence
and exposure time dependence, especially histological alterations in the liver. The limit of
the maximum tolerable daily intake of fumonisin in foods set by the FAO/WHO of 2 μg/kg
body weight/day does not seem to have sufficient protection. FB1-1 (0.018 mg/kg BW),
which is lower than this limit based on the dosage transformation of body surface area,
can cause obvious deleterious influences on the liver and kidneys in female BALB/c mice,
such as hepatocyte degeneration, necrosis and inflammation in the manifold and renal
tubular damage in the kidneys. The FB1-4 dose (0.486 mg/kg BW) is slightly lower than
the limit made by the USFDA for fumonisins in cornmeal and its products, and the FB1-1
(0.018 mg/kg BW), FB1-2 (0.054 mg/kg BW), and FB1-3 (0.162 mg/kg BW) doses are all
significantly lower than this limit. These four doses of FB1 showed more significant toxic
effects on mice. In short, the current regulatory limits for fumonisins are not sufficiently
protective. Therefore, there would be more interest and importance in conducting further
studies to determine the levels with the lack of observed adverse effects for fumonisins.

5. Materials and Methods

5.1. FB1 Solution Preparation

The FB1 solution was prepared by dissolving FB1 powder (Pribolab, Qingdao, China)
in distilled water. First, we obtained a 0.4374 mg/mL FB1 solution and then diluted it with
distilled water to reach concentrations of 0.1458 mg/mL, 0.0486 mg/mL, 0.0162 mg/mL,
0.0054 mg/mL and 0.0018 mg/mL.

5.2. Animal Trial

In this study, 181 female BALB/c mice (SPF grade, HFK Bioscience Co., Ltd. Beijing,
China) with a body weight of 16–18 g and no specific pathogens (SPF) were used. The mice
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were kept in the Animal Experimental Center, Institute of Materia Medica, CAMS & PUMC
with no restricted access to commercial feed and water. There were 4–5 mice kept in each
cage. They were maintained in an environment at 20 ± 3 ◦C, 50.0 ± 10.0% humidity and
a 12-h light/dark cycle. After acclimated for one week the mice were randomly divided
into 7 groups according to body weight, which were labeled as the FB1-1 (0.018 mg/kg BW,
26 mice), FB1-2 (0.054 mg/kg BW, 26 mice), FB1-3 (0.162 mg/kg BW, 26 mice), FB1-4
(0.486 mg/kg BW, 26 mice), FB1-5 (1.458 mg/kg BW, 26 mice), FB1-6 (4.374 mg/kg BW,
26 mice), and the control group (25 mice). The doses of FB1-4 (0.486 mg/kg BW) and
FB1-5 (1.458 mg/kg BW) crossed over the recommended levels of 4 mg/kg BW for total fu-
monisins (FB1 + FB2 + FB3) in whole or partially degermed dry milled corn products
(e.g., flaking grits, corn grits, corn meal, corn flour with fat content of >2.25%, dry
weight basis) by the USFDA. The control group was gavage with distilled water, and
the other groups were gavage with corresponding FB1 solution. The feeding volume was
10 mL/kg per mouse each time and once a day. These similar treatments lasted for 2 (n = 5),
4 (n = 6–7), 6 (n = 5), and 8 (n = 9) weeks. On the last day of the 2, 4, 6, and 8 week peri-
ods, the mice were anesthetized by pentobarbital (80 mg/kg BW, given intraperitoneally
(i.p.)). After collecting blood from the retro-orbital plexus, the animals were euthanasia by
cervical dislocation and immediately dissected. The study was conducted according to the
guidelines of the Declaration of Helsinki, and approved by The Animal Care & Welfare Com-
mittee, Institute of Materia Medica, CAMS & PUMC (protocol code 00003407. Approval Date:
30 October 2018).

5.3. Hematological Analysis

Exactly 20 μL of blood for hematological analysis were dispensed into test tubes
containing anticoagulant. This was used for whole-blood analysis using an automatic
blood analyzer following the instruction manual. The red blood cells (RBC), haemoglobin
(HGB) red blood cell specific volume (HCT), mean corpuscular volume (MCV), mean
corpuscular haemoglobin (MCH), mean corpuscular haemoglobin concentration (MCHC),
RBC distribution width (RDW), white blood cells (WBC), lymphocyte (LYM), neutrophil
(NEUT), platelets (PLT), plateletocrit (PCT), mean platelet volume (MPV) and platelet
distribution width (PDW) were determined.

5.4. Blood Chemistry Parameters Analysis

Whole blood from each mouse was centrifuged at 4000 rpm for 15 min to prepare
serum. The serum aspartate aminotransferase (AST) activity, alanine aminotransferase
(ALT) activity, alkaline phosphatase (ALP) activity, creatinine (CRE), and urea nitrogen
(BUN) were determined by a TBA-40FR Chemistry Analyzer (TOSHIBA, Tokyo, Japan)
with commercial diagnostic kits (Biosino Bio-Technology and Science Inc., Beijing, China).

5.5. Histopathological Analysis

After gross examination of the organs of mice at necropsy, the liver and kidneys were
fixed with 4% paraformaldehyde buffer, embedded in paraffin and blocked. The tissue blocks
were sectioned to 4 μm and stained with hematoxylin-eosin for light microscopic analysis.

For the liver, histopathological analysis was performed according to the Knodell
grading system, and the histological activity index (HAI) (range, 0–18) was used to grade
the histological changes in tissues [32]. The overall Knodell score is the sum of scores for
periportal ± bridging necrosis (0–10), intralobular degeneration and focal necrosis (0–4),
portal inflammation (0–4), and fibrosis (0–4). The lesional score in our results is the sum of
the first 3 components, which is used to reflect the necroinflammatory activity index. For
the kidneys, the main pathological alterations were described and scored according to their
extent and severity as follows: 0 indicated that a lesion was not present and 1–3 indicated
that lesions were slight, moderate and severe.
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5.6. Statistical Analysis

Statistical significance was determined following the test using either one-tailed t-test or
one-way analysis of variance (ANOVA) with Tukey’s multiple comparisons to compare the
means of multiple groups. Data are shown as the mean ± SEM and were considered statistically
significant at p < 0.05. GraphPad Prism 7 (GraphPad Software Inc., LaJolla, CA, USA) was used
for analysis and graphic building.
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Abstract: This study aims to investigate the effects of zearalenone (ZEA) on the localizations and
expressions of follicle stimulating hormone receptor (FSHR), luteinizing hormone receptor (LHR),
gonadotropin releasing hormone (GnRH) and gonadotropin releasing hormone receptor (GnRHR)
in the ovaries of weaned gilts. Twenty 42-day-old weaned gilts were randomly allocated into two
groups, and treated with a control diet and a ZEA-contaminated diet (ZEA 1.04 mg/kg), respectively.
After 7-day adjustment, gilts were fed individually for 35 days and euthanized for blood and ovarian
samples collection before morning feeding on the 36th day. Serum hormones of E2, PRG, FSH, LH and
GnRH were determined using radioimmunoassay kits. The ovaries were collected for relative mRNA
and protein expression, and immunohistochemical analysis of FSHR, LHR, GnRH and GnRHR. The
results revealed that ZEA exposure significantly increased the final vulva area (p < 0.05), significantly
elevated the serum concentrations of estradiol, follicle stimulating hormone and GnRH (p < 0.05),
and markedly up-regulated the mRNA and protein expressions of FSHR, LHR, GnRH and GnRHR
(p < 0.05). Besides, the results of immunohistochemistry showed that the immunoreactive substances
of ovarian FSHR, LHR, GnRH and GnRHR in the gilts fed the ZEA-contaminated diet were stronger
than the gilts fed the control diet. Our findings indicated that dietary ZEA (1.04 mg/kg) could cause
follicular proliferation by interfering with the localization and expression of FSHR, LHR, GnRH and
GnRHR, and then affect the follicular development of weaned gilts.

Keywords: zearalenone; gilts; ovary; hormone

Key Contribution: The results showed that ZEA up-regulated the expression of FSHR, LHR,
GnRH and GnRHR, and promoted the serum E2, FSH and GnRH, and thus affected the ovaries of
weaned gilts.

1. Introduction

Many toxigenic species of Fusarium are the main pathogens of cereal plants, causing
head blight in wheat and barley and ear rot in maize. Now, there is a lot of evidence that
cereals and animals all over the world are polluted by Fusarium mycotoxins, especially
ZEA. The trade in these commodities may contribute to the spread of this mycotoxin
around the world [1,2]. Zearalenone (ZEA) is a kind of exogenous endocrine disruptor
mainly produced by Fusarium fungi and widely distributed in maize, wheat, barley and
other grain crops [3,4]. ZEA-contaminated feed has posed a widespread threat to animals
and human beings due to its high stability during storage and heat treatment [5,6]. ZEA
can interfere with hormone metabolism by binding with estrogen receptors, and thereby
cause reproductive disorders [7,8]. Pigs are the most sensitive animals to ZEA [9]. During
the early ovarian development of piglets, the oocytes developed in the follicles are very
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vulnerable to the intake of nutrients and environmental estrogens. In turn, the intake
of nutrients and environmental estrogens affect the level of hormone metabolism, thus
changing the ovarian function [10]. Studies have shown that long-term intake of dietary
ZEA can result in swelling of reproductive organs, reproductive disruption, abortion and
reduction in litter size [11,12].

Reproductive hormones are an indispensable regulator of reproductive organs de-
velopment and female reproduction. Gonadotropin releasing hormone (GnRH) is a
10 amino acid peptide secreted by the hypothalamus. It is the initial trigger of hypothalamic-
pituitary-gonadal axis (HPG) and plays a crucial role in the occurrence of puberty [13]. It
can regulate the synthesis and release of follicle stimulating hormone (FSH) and luteinizing
hormone (LH), and then promote follicle maturation and gonadal steroid production [14,15].
Gonadotropin releasing hormone receptor (GnRHR) is a G protein coupled receptor. Previ-
ous studies have indicated that GnRH combines with GnRHR on the target cell membrane,
and activates the intracellular signaling pathway to complete its biological function [16,17].
Follicle stimulating hormone receptor (FSHR) is an important member of HPG axis, which
plays a vital role in granulosa cell (GC) proliferation, apoptosis and differentiation, as
well as follicle development and ovulation [18,19]. Luteinizing hormone receptor (LHR)
is obtained from growing follicles by the combined action of FSH and estradiol (E2). The
expression of LHR in the ovarian cycle changes significantly with the alteration of hormone
environment, mainly manifested by the changes in FSH and LH levels. It has been reported
that FSH, together with other paracrine factors, regulates the development of the primary
follicles toward the preantral and antral stages, and a large number of LHR appear under
the FSH stimulation [20]. Previous research has studied the localizations or expressions
of GnRHR, FSHR and LHR in the ovaries of rats, ewes and rabbits [21–25]. More and
more evidence showed that E2 and ZEA induced precocious puberty in female rats by
increasing the concentrations of serum FSH, LH and GnRH [26–28]. The localization of
hormone receptors in different cells can better understand the mechanism of early follicular
development induced by ZEA. However, the expressions and localizations of ovarian
FSHR, LHR, GnRH and GnRHR in the gilts induced by ZEA have not been elucidated.

Therefore, here, this study was conducted to assess the effects of 1.0 mg/kg ZEA
on the localizations and expressions of FSHR, LHR, GnRH and GnRHR in the ovaries of
weaned gilts, and we hypothesized that ZEA could change the localizations and expres-
sions of FSHR, LHR, GnRH and GnRHR, and then affect the follicular development of
weaned gilts.

2. Results

2.1. Vulva Size

There was no significant difference in the initial vulva area and the final weight
between control and the 1.04 mg/kg ZEA treatment (p > 0.05, Table 1). The final vulva area,
final area/initial area and the final area/final weight of gilts fed the ZEA diet were greater
than those of gilts fed the control diet (p < 0.05).

2.2. Serum Hormones

Serum E2, progesterone (PRG), FSH, LH and GnRH levels of gilts are shown in Table 1.
Compared with the gilts fed the control diet, gilts fed the 1.04 mg/kg ZEA diet had higher
serum levels of E2, FSH and GnRH (p < 0.05). However, ZEA treatment had no effect on
serum PRG and LH levels (p > 0.05).

2.3. Localizations of FSHR, LHR, GnRH and GnRHR

Immunohistochemical results showed that FSHR immunoreactive substances were
mainly localized in the oocytes, GCs and vessel endothelial cells of the ovaries of gilts
(Figure 1). Compared with the control group, the positive reactions of FSHR (Figure 1C–J)
in oocytes of primordial follicles and granulosa cells of growing follicles in ZEA group
were enhanced.
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Table 1. Effects of zearalenone (ZEA) on the vulva size and serum hormones of weaned gilts.

Items Control ZEA

Vulva size, cm2

Initial area 1.39 ± 0.14 1.27 ± 0.12
Final area 2.78 ± 0.09 b 4.89 ± 0.18 a

Final weight, kg 29.38 ± 2.60 28.66 ± 2.55
Final area/initial area 2.03 ± 0.25 b 3.89 ± 0.32 a

Final area/final weight, cm2/kg 0.10 ± 0.01 b 0.17 ± 0.02 a

Serum hormones
Estradiol, ng/mL 11.19 ± 0.11 b 14.27 ± 0.10 a

Progesterone, ng/mL 1.23 ± 0.08 1.19 ± 0.06
Follicle stimulating hormone, mIU/mL 2. 87 ± 0.09 b 4.19 ± 0.18 a

Luteinizing hormone, mIU/mL 3.39 ± 0.11 3.62 ± 0.21
Gonadotropin releasing hormone, ng/L 12.29 ± 0.27 b 17.52 ± 0.48 a

Treatments were basal diet supplemented with ZEA at the level of 0 and 1 mg/kg, with analyzed ZEA concentra-
tions of 0 and 1.04 ± 0.03 mg/kg, respectively. Data are mean value ± standard deviation (n = 10). a,b Means
differ significantly (p < 0.05).

 
Figure 1. Effects of zearalenone (ZEA) on the follicle stimulating hormone receptor (FSHR) localization in the ovary of
weaned gilts. Control (A,C–E) and ZEA (B,F–K) represent the basal diet with an addition of 0 and 1.0 mg/kg ZEA, and with
analyzed ZEA concentrations of 0 and 1.04 ± 0.03 mg/kg, respectively. The o, gc, tc, m and v represent oocyte, granulosa
cell, theca cell, smooth muscle and vessel, respectively. The hollow arrows indicate the healthy primordial follicle, the
dashed arrows indicate the atresia of the primordial follicle, and the black arrows indicate the FSHR localization in the
follicle. Scale bars were 100 μm for A and B, and 20 μm for C–K, respectively (n = 10).

The LHR immunoreactivities were mainly detected in the oocytes, GCs and theca
cells of the ovaries in gilts (Figure 2). The overall positive reactions of LHR were weaker
than those of FSHR, but the immunoreactive substances of LHR were more obviously
observed in the ZEA group compared with the control group (Figure 2C,D,F–H,J). Addi-
tionally, the LHR expression was higher in atresia follicles than in healthy growing follicles
(Figure 2E,I).
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Figure 2. Effects of zearalenone (ZEA) on the luteinizing hormone receptor (LHR) localization in the ovary of weaned gilts.
Control (A,C–F) and ZEA (B,G–J) represent the basal diet with an addition of 0 and 1.0 mg/kg ZEA, and with analyzed
ZEA concentrations of 0 and 1.04 ± 0.03 mg/kg, respectively. The o, gc and tc represent oocyte, granulosa cell and theca
cell, respectively. The hollow arrows indicate the healthy primordial follicle, the dashed arrows indicate the atresia of the
primordial follicle and the black arrows indicate the LHR localization in the follicle. Scale bars were 100 μm for (A,B), and
20 μm for (C–J), respectively (n = 10).

The immunoreactive substances of GnRH were also mainly detected in the oocytes,
GCs and vessel endothelial cells of the ovaries in gilts (Figure 3), which showed that the
ovary could secrete the GnRH. Zearalenone consumption increased the GnRH expression
in oocytes of primordial follicles and GCs of growing follicles, and the staining intensity in
the ovary of the ZEA-treated gilts was significantly stronger than that of the control gilts
(Figure 3C,D,G). Meanwhile, the GnRH expression in the atresia follicles was higher than
that in the growing follicles (Figure 3E,F,H,I).

 
Figure 3. Effects of zearalenone (ZEA) on the gonadotropin releasing hormone (GnRH) localization in the ovary of weaned
gilts. Control (A,C–F) and ZEA (B,G–J) represent the basal diet with an addition of 0 and 1.0 mg/kg ZEA, and with
analyzed ZEA concentrations of 0 and 1.04 ± 0.03 mg/kg, respectively. The o, gc, tc, m and v represent oocyte, granulosa
cell, theca cell, smooth muscle and vessel, respectively. The hollow arrows indicate the healthy primordial follicle, the
dashed arrows indicate the atresia of the primordial follicle, and the black arrows indicate the GnRH localization in the
follicle. Scale bars were 100 μm for (A,B), and 20 μm for (C–J), respectively (n = 10).

The GnRHR immunoreactivities were mainly detected in the oocytes, GCs and vessel
endothelial cells of the ovaries in gilts (Figure 4). Compared with the control group, the
positive reactions of GnRHR (Figure 4C–J) in oocytes of primordial follicles and granulosa
cells of growing follicles in ZEA group were enhanced.
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Figure 4. Effects of zearalenone (ZEA) on the gonadotropin releasing hormone receptor (GnRHR) localization in the ovary
of weaned gilts. Control (A,C–F) and ZEA (B,G–J) represent the basal diet with an addition of 0 and 1.0 mg/kg ZEA,
and with analyzed ZEA concentrations of 0 and 1.04 ± 0.03 mg/kg, respectively. The o, gc, tc, m and v represent oocyte,
granulosa cell, theca cell, smooth muscle and vessel, respectively. The hollow arrows indicate the healthy primordial follicle,
the dashed arrows indicate the atresia of the primordial follicle, and the black arrows indicate the GnRHR localization in the
follicle. Scale bars were 100 μm for (A,B), and 20 μm for (C–J), respectively (n = 10).

The results of integrated optic density (IOD) of ovarian FSHR, LHR, GnRH and
GnRHR in weaned gilts were consistent with the above results of immunochemical analysis
results (Table 2). In general, the IOD of FSHR, LHR, GnRH and GnRHR in the ZEA group
were higher than those in the control group (p < 0.05).

Table 2. Effects of zearalenone (ZEA) on the immunoreactive integrated optic density (IOD) and the
mRNA expression of ovarian hormones in weaned gilts.

Items
IOD ×103 (n = 10) mRNA Expression (n = 6)

Control ZEA Control ZEA

Estradiol 5.28 ± 0.36 b 11.33 ± 1.53 a 1.00 ± 0.12 b 3.19 ± 0.12 a

Progesterone 4.32 ± 0.35 b 4.72 ± 0.16 a 1.00 ± 0.09 b 1.53 ± 0.04 a

Follicle stimulating
hormone 2.11 ± 0.26 b 4.81 ± 0.34 a 1.00 ± 0.07 b 2.69 ± 0.21 a

Luteinizing hormone 2.89 ± 0.15 b 3.13 ± 0.21 a 1.00 ± 0.13 b 1.96 ± 0.17 a

Treatments were basal diet supplemented with ZEA at the level of 0 and 1 mg/kg, with analyzed ZEA con-
centrations of 0, 1.04 ± 0.03 mg/kg, respectively. Data are mean value ± standard deviation. a,b Means differ
significantly (p < 0.05).

2.4. The mRNA and Protein Expressions

The mRNA and protein expressions of FSHR, LHR, GnRH and GnRHR in ovaries of
weaned piglets are shown in Table 2 and Figure 5. The results were consistent with the
result of immunohistochemistry analysis. The relative mRNA and protein expressions of
FSHR, LHR, GnRH and GnRHR in the ZEA gilts were significantly higher than those in
the control gilts (p < 0.05).
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Figure 5. Effects of zearalenone (ZEA) on the protein expressions of follicle stimulating hormone
receptor (FSHR), luteinizing hormone receptor (LHR), gonadotropin releasing hormone (GnRH) and
gonadotropin releasing hormone receptor (GnRHR) in the ovary of weaned gilts (n = 3). Control
and ZEA represent the basal diet with an addition of 0 and 1.0 mg/kg ZEA, and with analyzed ZEA
concentrations of 0 and 1.04 ± 0.03 mg/kg, respectively. a,b Means differ significantly (p < 0.05).

3. Discussion

Various grains and feeds are pervasively polluted by mycotoxins, which causes serious
threats to human and animal wellbeing as well as global commercial trade [8]. It is
well-documented that as an exogenous estrogen, ZEA can cause hyperestrogenism in
pigs [12]. The clinical symptoms of hyperestrogenism were vulva swelling, prolonged
oestrus, anal prolapse and high incidence of stillbirth [29–31]. Fu et al. [32] reported
that dietary ZEA (1.20 mg/kg) significantly increased vulva width and length of piglets
compared to the control group. Similarly, the vulva size of gilts fed with 1.22 mg/kg ZEA
increased for a prolonged feeding time [33]. Our previous studies revealed that feeding
ZEA-contaminated diets to the gilts (0.96~3.2 mg/kg) could cause vulva swelling and
ovarian abnormalities [12,34]. The present results showed that the vulva of weaned gilts
fed a ZEA-contaminated diet (1.04 mg/kg) was obviously swollen, suggesting that dietary
ZEA may lead to precocious puberty. The most significant change in vulva is mediated
by estrogen, which is related to the onset of puberty and the gonadal maturation. In the
process of gonadal maturation, follicular development caused the increase in estrogen
secretion, which promoted the development of the vulva [35]. It has been reported that
endogenous estrogen binds to estrogen receptor subsets and participates in cell proliferation
and differentiation through ERK, NF-κB, PI3K/MAPK and other signal transduction
pathways [36,37]. However, it is still unclear that whether the mechanisms of ZEA and
estrogen leading to vulva swelling is the same, which needs further study.

In the current study, it was successfully observed that dietary ZEA could affect the
ovary development by disturbing the reproductive hormones in weaned gilts, which may
be highly significant. For early developing animals, mycotoxin poisoning can be deter-
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mined by examining the changes of serum parameters before clinical symptoms [38]. ZEA
and its derivatives can interfere with endocrine, which affects the secretion of steroid
hormones [32]. In the present study, we observed that serum E2 levels increased by ZEA
treated, which was similar to the study of Yang et al. [27]. The main role of E2 is to promote
the development of female reproductive organs. The increased serum E2 concentration
was consistent with the appearance of vulva swelling in the present study. The FSH
and LH synergistically promotes follicular development and induces the expression of
LH receptor on the granulosa cell membrane, which plays a crucial role in the E2 secre-
tion by the GCs [20]. A previous study indicated that ZEA (5 mg/kg bw) increased the
serum FSH level in female rats [27]. Another investigation in female rats also indicated
that ZEA (9 and 13.5 mg/kg BW/d) significantly increased serum FSH level in a dose-
dependent relationship [28]. Gao et al. [39] demonstrated the promotional effect of ZEA
(20 mg/kg) on FSH secretion in maternal rats. Previous study showed that the positive
feedback effect (surge) of E2 significantly increased the expression of proto-oncogene Fos
in GnRH cells, whereas short-term removal of negative feedback (ovariectomy) has little
and the release of GnRH increased in both states [40]. These changed sexual hormones
in weaned gilts are considered to be a marker of premature ovarian failure. These results
suggest that ZEA interferes with the normal hormone secretion, which is consistent with
our present results. However, there was no significant effect in LH concentration when
purified ZEA (1~4 mg/kg) was added to the diets of female rats [26]. Similarly, no signifi-
cant increase was observed in serum concentration of LH in piglets fed diets containing
596.86 μg/kg ZEA [41], which was consistent with our result. Evans et al. [42] found that E2
(1.20~7.10 pg/mL) inhibited hypothalamic GnRH secretion in a dose-dependent manner
during the time interval between preovulatory luteolysis and gonadotropin surge. It sug-
gests that ZEA interferes with hormone metabolism in a dose-dependent manner. However,
it still needs to be further confirmed whether ZEA induced the increased FSH and GnRH
by increasing E2 level first.

The FSHR, LHR, GnRH and GnRHR were mainly located in the ovarian granular layer
and follicular membrane [21]. Similarly, in the present study, the FSHR, LHR, GnRH and
GnRHR were found to be mainly located in oocytes and granulosa cells of gilts’ ovaries.
The localization and expression of hormone receptors are very important for a better and
clearer understanding of the molecular mechanisms and functions of FSHR, LHR, GnRH
and GnRHR. In addition, it is worth noting that FSHR, GnRH and GnRHR showed obvious
brown immunoreactive substances in the vascular endothelial cells, suggesting that FSHR,
GnRH and GnRHR might play roles in blood vessel generation or blood flow regulation in
gilts’ ovaries.

FSHR, LHR and GnRHR are all members of the G protein coupled receptor family.
Follicle stimulating hormone and LH bind to specific receptors in oocytes, activate in-
tracellular steroidogenic signaling pathway and negatively regulate FSH and LH, thus
induced the proliferation and differentiation of ovarian GCs [43–45]. The role of GnRHR
in ovarian development is mainly to promote the secretion of FSH and LH through the
activity of GnRH [46]. Wei et al. [24] reported that Alarelin immunization could stimulate
the production of GnRH antibody, inhibit the expression of GnRHR protein, enhance the
expressions of FSHR and LHR protein in the ovary, and increase the secretion of FSH, so as
to regulate the development of ovary and follicle in ewes. Other, similar research indicated
that FSH could promote the development of ovine oocytes, reduce the apoptosis rate,
increase the mRNA expressions of FSHR, LHR and GnRHR, and protein expressions of
FSHR and GnRHR [24]. ZEA can compete with endogenous estrogen to bind the estrogen
receptor, so as to interfere with ovarian gonadal hormone release, which directly affects
the expression and function of hormone receptor in female animals, especially animals
during reproductive cycle [47]. In our study, the mRNA and protein expressions of FSHR,
LHR and GnRHR in the oocytes and GCs of piglets significantly increased by 1.04 mg/kg
ZEA treated. In addition, the IOD of FSHR, LHR, GnRH and GnRHR in the ZEA group
were higher than those in the control group. To the best of our knowledge, the study is the
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first to suggest in vivo that dietary ZEA (1.04 mg/kg) can affect the expressions of FSHR,
LHR, GnRH and GnRHR, as observed by immunohistochemistry, in the ovary of weaned
gilts. Our immunohistochemistry results strongly indicated that hormone receptors play a
crucial role in ZEA-induced ovarian dysplasia. Therefore, we speculate that the mRNA
and protein expression of GnRHR in the primordial follicles and GCs of gilts are signifi-
cantly correlated with the protein expression of FSHR and LHR. However, the molecular
mechanism needs to be further verified.

In our study, it can be clear that dietary ZEA significantly increased the mRNA and
protein expression of GnRH in gilts in a dose-dependent relationship, which was consistent
with the previous studies in Kriszet et al. [48] and Yang et al. [27]. GnRH is an important
neuropeptide, which can enter pituitary via HPG axis, stimulate the synthesis of LH and
FSH, and then regulate the development and function of the gonad [49–51]. Therefore,
we speculate that ZEA first continuously activates the hypothalamus, upregulates GnRH
expression, then induces pituitary to release gonadotropin into serum, and finally leads to
vaginal swelling and ovarian weight increase. However, the mechanism of ZEA regulating
hypothalamus-pituitary-ovary axis remains to be further confirmed.

4. Conclusions

In conclusion, ZEA (1.04 mg/kg) can upregulate the expressions of FSHR, LHR,
GnRH and GnRHR in ovaries of weaned gilts, promote the secretion of E2, FSH and
GnRH, and thereby accelerate vulva swelling and follicular hyperplasia. Therefore, ZEA
regulates the development of the vulva and ovary by disordering with the reproductive
hormone pathway in gilts. This study laid a foundation for finding sensitive indexes and
prevention for targets of reproductive disorders caused by ZEA. However, the mechanisms
of ZEA-induced vulva swelling and ovarian development by regulating the hypothalamus-
pituitary-ovary axis remains to be further studied.

5. Materials and Methods

All agreements used were complied with the Guide for the Care and Use of Laboratory
Animals and approved by the Committee on the Ethics (Approval Number: S20180058) of
Shandong Agricultural University (Tai’an, China).

5.1. Animals, Treatments and Feeding Management

Twenty healthy weaned gilts (Duroc × Landrace × Yorkshire) at 42-day with an
average BW of 12.84 ± 0.26 kg were selected and randomly allocated into two treatments,
with 10 replicates per treatment. Gilts were housed individually in stainless-steel cages
(0.48 m2) fitted with plastic slatted floors, feed troughs and nipple drinkers for 35-day test
period after 7-day adjustment at the Animal Research Station of Shandong Agricultural
University (Tai’an, Shandong, China). During the experimental period, gilts were fed
a basal diet (control group) or a ZEA-contaminated diet (the basal diet supplemented
with 1.0 mg/kg ZEA). Zearalenone levels used in the present study were based on our
previous investigations in Shandong Province of China from 2007 to 2020 and recent
literature [12,52–54]. The basal diet (Table 3) used in the present study was prepared
according to the NRC (2012) [55]. Diets were completed in one batch, sampled and stored
in covered containers before feeding. Before the test, the house was cleaned and disinfected.
During the first week of the experiment, the room temperature was set to 30 ◦C, and then
maintained between 26 and 28 ◦C. The relative humidity was approximately 65%.
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Table 3. Ingredients and compositions of the basal diet (as fed basis).

Ingredients Content (%) Nutrients Analyzed Values (%)

Corn 53.00 Metabolizable energy,
MJ/kg 13.22

Wheat middling 5.00 Crude protein 19.40
Whey powder 6.50 Calcium 0.84

Soybean oil 2.50 Total phosphorus 0.73
Soybean meal 24.76 Lysine 1.36

Fish meal 5.50 Methionine 0.46
L-Lysine HCl 0.30 Sulfur amino acid 0.79

DL-methionine 0.10 Threonine 0.90
L-threonine 0.04 Tryptophan 0.25

Calcium phosphate 0.80
Limestone, Pulverized 0.30

Sodium chloride 0.20
Premix 1 1.00

Total 100
1 Supplied per kilogram of diet: vitamin A, 3300 IU; vitamin D3, 330 IU; vitamin E, 24 IU; vitamin K3,
0.75 mg; vitamin B1, 1.50 mg; vitamin B2, 5.25 mg; vitamin B6, 2.25 mg; vitamin B12, 0.02625 mg; pantothenic acid,
15.00 mg; niacin, 22.5 mg; biotin, 0.075 mg; folic acid, 0.45 mg; Mn (MnSO4·H2O), 6.00 mg; Fe (FeSO4·H2O),
150 mg; Zn (ZnSO4·H2O), 150 mg; Cu (CuSO4·5H2O), 9.00 mg; I (KIO3), 0.21 mg; Se (Na2SeO3), 0.45 mg.

The nutrients were analyzed according to AOAC (2012) [56]. Mycotoxins were de-
tected by the Qingdao Entry–Exit Inspection and Quarantine Bureau according to the
methods of Liu et al. [52], and the minimum detection concentration for ZEA, aflatoxin,
fumonisin and deoxynivalenol were 0.01 mg/kg, 1.0 μg/kg, 0.1 mg/kg and 0.05 mg/kg,
respectively. The analyzed ZEA contents in the basal diet and ZEA-contaminated diet were
<0.01 and 1.04 ± 0.03 mg/kg, respectively, and no other toxins were detected or below the
minimum detection concentration.

5.2. Vulva Measurement

The length and width of vulva were measured with Vernier caliper every three days
to determine the estrogenic effect of ZEA, and the vulva area was approximately calculated
as a diamond shape [(vulva length × vulva width)/2] as described by Jiang et al. [57] and
Zhou et al. [12].

5.3. Serum and Ovary Samples Collection

Gilts were fasted for 12 h on the last day of the feeding trial, and then about 10 mL
blood samples were taken from jugular vein into tubes without anticoagulant. The blood
was incubated at 37 ◦C for 2 h and then centrifuged at 3000× g for 15 min to obtain the
serum, followed by immediately stored in 1.5 mL Eppendorf tubes at −20 ◦C for the
analysis of E2, PRG, FSH, LH and GnRH.

Two ovarian samples were isolated from each pig under sterile conditions after eu-
thanasia by electrocution (head only, 110 V, 60 Hz). One of each pair was stored at −80 ◦C
for subsequent analysis of gene and protein expressions of FSHR, LHR, GnRH and GnRHR,
and the other was promptly fixed in Bouin’s solution for 24 to 48 h for immunohistochemi-
cal analysis. Six ovaries were randomly selected for mRNA expression analysis and three
ovaries for protein expression analysis.

5.4. Serum Hormone Measurement

Serum levels of E2, PRG, FSH, LH and GnRH were determined using radioimmunoas-
say kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to method
previously described by Jiang et al. [57].
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5.5. Immunohistochemistry (IHC)

Sections were processed in accordance with the standard IHC protocols. After dewax-
ing, rehydration and antigen retrieval was performed by microwaving for 20 min at full
power in sodium citrate buffer (0.01 mol/L, pH = 6.0). The sections were subsequently
treated with 10% hydrogen peroxide (H2O2) for 1.5 h to deactivate endogenous peroxidase
activity and incubated in 10% normal goat serum (ZSGB-BIO, Beijing, China) for 1 h to
block nonspecific binding.

The immunohistochemical analysis was performed using a commercial kit (Polink-2
plus® Polymer HRP Detection system for rabbit primary antibody, PV-9001, ZSGB-BIO,
Beijing, China) according to the manufacturer’s instructions. Briefly, after washing with
phosphate-buffered saline (PBS), the above prepared sections were incubated with anti-
FSHR (1:100, bs-0895R, BIOSS, Beijing, China), anti-LHR (1:100, bs-6431R, BIOSS, Beijing,
China), anti-GnRH (1:200, 26950-1-AP, Proteintech, Wuhan, China) and anti-GnRHR (1:200,
19950-1-AP, Proteintech, Wuhan China) at 4 ◦C. The sections were washed with PBS
the following day and were subsequently incubated in polymer helper for 1 h at 37 ◦C
followed by Polink-2 plus polymer HRP antirabbit at 37 ◦C for 1 h. After this incubation, the
sections were washed with PBS, followed by immersion in diaminobenzidine tetrachloride
(DAB) using a kit (DAB kit, TIANGEN PA110, Beijing, China) for 1~3 min to detect
immunostaining. The sections were then dehydrated, sealed in clear resin, mounted and
observed microscopically for the localization of immunoreactive substances using a bright
field of view.

5.6. Integrated Optical Density Measurement

The FSHR, LHR, GnRH and GnRHR labeling was examined by a microscope (Nikon
ELIPSE 80i, Tokyo, Japan). Three stained sections of each sample were randomly selected,
and three visual fields of each stained section were randomly selected for observation and
photography. To estimate the amount of cell staining, the pictures were analyzed using
an image analysis software (Image Pro-Plus 6.0, Media Cybernetics, Silver Spring, MD,
USA) [58]. Total cross-sectional IOD was acquired, which was used to compare the FSHR,
LHR, GnRHR and GnRH staining intensity between control and ZEA treatments. The IOD
of each sample is the average of three stained sections.

5.7. The mRNA Expression Using Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

Total RNA was extracted from the ovaries of gilts using RNAiso Plus (Applied TaKaRa,
DaLian, China) according to manufacturer’s instructions and the literature of Song et al. [53]
and Zhou et al. [59], and the purity and concentration of the RNA were evaluated by
Eppendorf Biophotometer (DS-11, Denovix, Wilmington, DE, USA) at an absorbance ratio
of 260/280 nm (a range of 1.8~2.0 indicates a pure RNA sample). The RNA integrity
was verified by agarose gel electrophoresis. Total RNA was reverse transcribed to cDNA
using a Reverse Transcription System kit (PrimeScriptTM RT Master Mix, RR036A, Applied
TaKaRa, DaLian, China).

For qRT-PCR, the total volume of the PCR reaction mixture was 20 μL, which contained
10 μL of SYBR Premix Ex Taq-TIi RNaseH Plus (code: RR420A, Lot: AK7502; Applied
TaKaRa, DaLian, China), 0.4 μL of both forward and reverse primers, 0.4 μL DyeII, and
2 μL cDNA (<100 ng). The optimized qRT-PCR protocol included an initial denaturation
step at 95 ◦C for 30 s, followed by 43 cycles at 95 ◦C for 5 s, 60 ◦C for 34 s, 95 ◦C for 15 s and
60 ◦C for 60 s, with a final step at 95 ◦C for 15 s. The qRT-PCR reactions were conducted
in an ABI 7500 Real Time PCR System (Applied Biosystems, Foster City, CA, USA). The
relative mRNA was expressed and calculated as equal to 2−ΔΔCT [60]. The analysis was
repeated three times for each sample. The primer sequences and production lengths are
presented in Table 4.

66



Toxins 2021, 13, 626

Table 4. Primers sequences of glycerol triphosphate dehydrogenase (GAPDH), follicle stimulating hormone receptor (FSHR),
luteinizing hormone receptor (LHR), gonadotropin releasing hormone (GnRH) and gonadotropin releasing hormone
receptor (GnRHR).

Target Genes Primer Sequence (5′ to 3′) Product Size Accession No.

GADPH
F: ATGGTGAAGGTCGGAGTGAA

154 NM_001206359.1R: CGTGGGTGGAATCATACTGG

FSHR
F: ATGTCCTTGCTCCTGGTGTC

213 NM_214386.1R: GGTCCCCAAATCCAGAAAAT

LHR
F: GAAAGCACAGCAAGGAGACC

282 NM_214449.1R: ACATGAGGAAACGAGGCACT

GnRH
F: AGCCAACACTGGTCCTATCGATTG

206 NM_214274.1R: GTCTTCTGCCCAGTTTCCTCTTCA

GnRHR
F: AGCCAACCTGTTGGAGACTCTGAT

101 NM_214273R: AGCTGAGGACTTTGCAGAGGAACT

5.8. Western Blotting

Ovarian protein was extracted according to the lysate instructions (Beyotime, Shang-
hai, China), and concentrations were determined using a bicinchoninic acid (BCA) protein
assay kit (Beyotime, Shanghai, China) with protein content of each sample being adjusted
to 55 μg per sample. The proteins were separated by electrophoresis on polyacrylamide
gels and were transferred onto immobilon-p transfer membranes (Solarbio, Beijing, China).
The membranes were incubated in 10% skimmed milk for 2 h, washed three times with
Tris-buffered saline containing Tween (TBST), and then incubated with primary antibodies:
anti-FSHR (1:500, bs-0895R, BIOSS, Beijing, China), anti-LHR (1:500, bs-6431R, BIOSS, Bei-
jing, China), anti-GnRH (1:500, 26950-1-AP, Proteintech, Wuhan, China) and anti-GnRHR
(1:500, 19950-1-AP, Proteintech, Wuhan, China), diluted with primary antibody dilution
buffer (Beyotime, Shanghai, China), at 4 ◦C overnight. After washing with TBST, the
membranes were incubated with antirabbit IgG (1:1000, Beyotime, Shanghai, China), which
were diluted by secondary antibody dilution buffer (Beyotime, Shanghai, China) at 37 ◦C
for 2 h, immersed in a high-sensitivity luminescence reagent (BeyoECL Plus, Beyotime,
Shanghai, China), exposed to film using FusionCapt Advance FX7 (Beijing Oriental Science
and Technology Development Co. Ltd., Beijing, China), and then quantified using Image
software (Image Pro-Plus 6.0, Media Cybernetics, Silver Spring, MD, USA).

5.9. Statistical Analysis

Individual piglet was taken as the experimental unit. To determine the difference
between control and the ZEA treatment, the data were statistically analyzed using a
two-sample pairwise t-test with SAS 9.2 statistical software (SAS Institute Inc., Cary, NC,
USA). All data are expressed as the mean ± standard deviation (SD). The difference was
considered significant when p < 0.05.
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Abstract: The scientific rationality of farmers’ grain storage technology and equipment is crucial
for the biosecurity of grain in the main grain-producing areas represented by Northeast China. In
this paper, four farmer grain storage mock silos of different widths were used as a means to track
an experimental cycle of grain storage. The absolute water potential of corn in all four silos at the
beginning of the experiment was greater than the absolute water potential of air, prompting moisture
migration from the grain interior to the air and down to about 14%. Moisture was influenced by
wind direction, and moisture decreased faster with better ventilation on both sides of the grain silos.
Therefore, grain silo width has a significant effect on the drying effect under naturally ventilated
conditions of maize ears. This research focused on the determination and assessment of mycotoxin
contamination under farmers’ storage grain conditions and analyzed the effect of silo structure on
the distribution of mycotoxin contamination. When the width was too large, areas of high mycotoxin
infection existed in the middle of the grain silo, and ventilation and tipping could be used to reduce
the risk of toxin production. This study proved that reasonable farmer grain storage techniques and
devices in Northeast China can effectively protect grain from mycotoxin contamination.

Keywords: farmers’ grain storage silos; absolute water potential; ventilation and drying; mycotoxins;
contamination distribution

Key Contribution: The scientific rationality of farmers’ grain storage devices is significant in pro-
tecting grain from fungal toxins and promoting grain loss reduction. The central location of grain
storage silos often has a high incidence of mycotoxins, and this risk should be reduced by rational
design of the structure and dimensions of the storage silos.

1. Introduction

Maize is one of the most widely grown crops in the world and is cultivated in more
than 170 countries and regions worldwide. As the world’s most productive food crop, it can
be used in a wide variety of food and industrial products and is also the predominant forage
grain [1]. From 1967 to 2019, world maize production increased from 272 million tons to 1.11
billion tons. With the increase in world population, the demand for maize in developing
countries will also increase significantly. As a basic staple food, maize of excellent quality
needs to maintain high standards in terms of organoleptic, nutritional, and microbiological
quality. However, nutrient and dry matter losses are usually caused by spoilage molds,
and mycotoxin contamination may occur at the pre-harvest and post-harvest stages [2–4].
Important fungal toxins associated with maize include aflatoxins, which are produced by
Aspergillus flavus (AFs); deoxynivalenol (DON), which belongs to the monoterpene group
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of toxins and is mainly produced by Fusarium graminearum and Fusarium pink, also known
as vomitoxins due to their characteristic ability to induce vomiting in animals; fumonisins
(FMs), produced by Fusarium verticillioides and Fusarium proliferatum; and zearalenone
(ZEA), produced by Fusarium graminearum [5–7]. Climate and storage conditions have a
significant impact on the production of mycotoxins, and if maize is grown in the tropics
and subtropics with high temperatures and humidity, ear and grain rots caused by a
variety of fungi are prevalent, causing farmers to suffer substantial economic losses [8]. If
storage conditions are not well managed, the large increase in the number of insects and
microorganisms in maize makes it more susceptible to fungal attack, thus greatly increasing
the chance and extent of contamination by mycotoxins [2].

In response to the paradox of current and future food shortages, governments often
seek to increase food availability by increasing food production. However, another impor-
tant measure is to reduce food losses to balance the growing demand for food production,
which often does not receive the attention it deserves [9–12]. In East and Southern Africa,
for example, maize, the most important staple food, has experienced severe post-harvest
losses in the past, resulting in reduced income for farmers [13]. Maize is infested with
molds during storage, producing large amounts of fungal toxins, thereby losing its edible
value [14]. Farmers still use many traditional storage methods to preserve grains, such as
ground storage (ground-level grain), bags, baskets, or jars. However, these measures often
do not guarantee the grain’s protection from insects, pests, rodents, and molds [15].

Chinese farmers’ grain storage accounts for about 50% of the total national grain
production, about 250 million tons. The average grain storage per household is about
1200 kg, but there are large regional differences. In Jilin and Heilongjiang Provinces,
which are the main grain-producing areas in the northeast, the average grain storage of
farmers is more than 5000 kg, and in Liaoning Province, the average household storage is
3000–5000 kg. Due to the lack of suitable grain storage equipment and storage management
techniques in most areas of the country, the level of storage is low, and a large amount of
grain is lost due to factors such as rodents, insects, and mildew. According to a sample
survey conducted by the National Grain Bureau of China, the average loss rate of grain
stored by farmers nationwide is about 8%, with an annual loss of about 40 billion kg of
grain. Among the main varieties of grain stored by farmers, corn has the highest loss rate,
with an average of about 11%; rice is about 6.5% and wheat is about 4.7%. Therefore, safe
storage is crucial, and it directly affects the overall quality and safety of grain as well as the
income of the majority of farmers. The main causes of losses are mold (contributing about
30%) and insect damage (about 21%) [16]. Farmers’ grain storage losses in the northeast
are also more serious, with an average of about 10.2%. The poor storage conditions have
caused a serious deterioration in grain quality, which poses a great potential hazard to food
and food safety in China [17].

To facilitate grain storage, different grain storage devices have been designed for
farmers around the world. The metal silo is a cylindrical structure made of galvanized
iron. It has been shown to be effective in protecting harvested grain not only from storage
insects but also from pests such as rodents, insects, and birds [18,19]. Although metal silos
suffer from poor airtightness and high costs, they have become one of the key technologies
for effective post-harvest management of grains, thereby improving food security for
smallholder farmers [20]. In recent years, closed grain storage units have been increasingly
promoted in Asia and Africa [21,22]. This device prevents moisture loss from the grain and
limits gas exchange, thus changing the atmosphere inside the device. Purdue Improved
Crop Storage (PICS) storage bags have been developed and promoted as a way to address
the grain storage problems faced by farmers in developing countries. This is a sealing
technology that works by strictly limiting the inflow of oxygen into the bulk grain. PICS
bags can reduce the growth of insect populations in storage by 98% and can reduce grain
losses due to insects and molds in storage to less than 1% while maintaining their quality
for months or longer [23–25]. In addition to this, there are plastic silos [24], grain safety
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bags [26], and Grain Pro Super bags [27], which are containers with a multilayer composite
technology for better gas-tight storage.

The most used grain storage devices in Northeast China are assembled corn ear
storage silos. To meet the characteristics of rapid ventilation and water reduction, grain
storage silos are designed as a single-side ventilated steel skeleton metal mesh structure.
Such silos are conducive to natural ventilation and precipitation, and solve the problems of
high moisture and easy mildew of newly harvested maize ears [28,29]. To save the land
and increase corn storage capacity, corn ear storage silos can be designed with a hollow
central silo structure by combining the “chimney effect” of air convection heat transfer with
traditional natural ventilation [28]. The moisture content of corn at harvest is generally
25–33% and must be reduced to safe moisture before storage. The use of hot air drying can
reduce the moisture in a short period, but corn treated with hot air has flaky kernels and
reduced quality. Maize drying technology on silos has been greatly developed. Natural
low-temperature grain storage can be achieved by taking natural ventilation and freezing
precipitation in autumn and winter [30]. This can inhibit the respiration intensity of grain,
delay aging, and reduce the loss of stored grain. Reasonable control of the in-silo and
out-silo periods will affect the final quality of corn and the safety of grain storage.

Currently, there are few studies on the effects of farmer storage silos on maize my-
cotoxin production in Northeast China [31,32]. Therefore, this study conducted a natural
ventilation test on corn ears to analyze water diffusion and temperature distribution of
corn ears during natural precipitation and the effects of these factors on the production
of mycotoxins. Based on the mining of biosecurity data from previous farmers’ grain
storage, it is shown that farmers’ scientific grain storage can still adapt to the biosecurity
requirements of grain in the new era and is an effective means to ensure the supply of
high-quality grain materials to the market.

2. Results

2.1. Moisture Changes in Grain Piles

Table 1 shows the average moisture values of corn ears in each silo during the storage
period. From the data in the table, it could be seen that the average moisture in silos 2,
3, and 4 had dropped to the safe moisture level specified in the national standard. Silo 1,
which was wider and relatively poorly ventilated, also had its average moisture content
reduced to 15.06% at the end of the test. Therefore, the use of rectangular silos with a
reasonable structure for the storage of corn ears could reduce their moisture content to a
safe moisture level after about 4 months of natural ventilation.

Table 1. Average moisture change during grain storage (unit: %).

Time Silo 1 Silo 2 Silo 3 Silo 4

The second half of December 25.40 24.88 25.27 24.55
The first half of January 24.75 24.49 23.97 23.73

The second half of January 24.10 23.61 23.06 22.66
The first half of February 22.37 21.59 20.95 20.53

The second half of February 21.19 20.24 19.53 18.70
The first half of March 20.66 19.61 18.48 18.01

The second half of March 18.36 16.77 15.53 16.17
The first half of April 15.06 13.09 12.01 13.69

2.2. Variation and Distribution of Absolute Water Potential in Grain Piles

The concept of water potential was introduced into the field of grain drying in 2003 and
applied to construct a grain drying model. It is mainly due to the fact that water migration
is related to the existence of water potential difference between the inside and outside of
grain particles. In 2007, Wenfu Wu numerically solved a water potential-based model for
drying maize using a difference algorithm. The results of the solution were compared with
experimental data and showed that the model could be applied to the simulation of the
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vacuum drying process of maize [33]. Later, the Laplace transform was further applied to
derive an exact algebraic model from the dichotomous model of drying based on water
potential [34], and a theoretical model of water potential applied to the moisture change
process in naturally ventilated corn cob storage silos was established. In 2012, Zidan Wu
et al. proposed a method to manage and control mechanical ventilation operations in grain
silos using water potential maps. The concept and principle of water potential were further
introduced into the management of the mechanical ventilation of grain silos by drawing
an absolute water potential map of grain [35]. In 2016, Zhe Liu conducted a simulation
and experimental study of the deep bed drying process of grain based on the conceptual
model of water potential [36]. After the development of the above research work, the
absolute water potential of air in the grain pile, Eja (Equation (1)), and the absolute water
potential of grain, Ejg (Equation (2)), were defined. For the correlation coefficients in the
equations (i.e., A1, A2, B1, B2, and D0), data from the equilibrium moisture isotherm model
of maize were used [37,38]. These parameters were obtained by fitting desorption and
adsorption equations by nonlinear regression analysis using self-determined equilibrium
moisture/equilibrium relative humidity data of maize by the Academy of Sciences of China
Grain Bureau. This provides a theoretical basis for grain drying, grain depot ventilation
decision, and conditioning storage. The absolute water potential lines for air and grain can
be plotted in the water potential diagram. The absolute water potentials of air and grain
were used to calculate the absolute water potential of corn during natural ventilation and
the absolute water potential of air under experimental conditions, respectively, to assess
the absolute water potential variation and distribution of grain piles and the drying effect
of grain silos.

The evaporation of liquid water vaporization inside the grain needs to gain energy and
overcome the resistance of the grain for the moisture to migrate from the grain interior to
reach the grain surface. Additionally, the evaporative migration of water from the surface
of the grain to the air must overcome the binding energy between the water and the grain.
In this study, based on the previous theoretical basis, the absolute water potential was used
to characterize the water migration due to the energy exchange caused by any kind of
unbalanced potential between the inside of the grain and the external environment, such
as temperature, pressure, and moisture content. If the absolute water potential of the corn
is greater than the absolute water potential of the ambient air, the grain moisture migrates
to the air and the grain is in a state of desorption. If the absolute water potential of the
grain is less than the absolute water potential of the air, the moisture in the air migrates
into the grain kernels to produce adsorption.

The absolute water potential values of air and corn during the test were obtained
using Equations (1) and (2), as shown in Tables 2 and 3. The trend of the absolute water
potential of the corn and the external environment in each silo during the whole storage
process is shown in Figure 1. At the beginning of the experiment, the absolute water
potential of corn in all four silos was greater than the absolute water potential of air. Under
the action of the water potential, the moisture migrated from the inside of the grain to the
air, and the moisture content of the corn in the silos gradually decreased, with the average
moisture content dropping from about 25% at the beginning to about 14%. As the ambient
temperature rose, the absolute water potential of both air and corn gradually increased, but
the difference between the absolute water potential of corn and the absolute water potential
of air gradually decreased. When the absolute water potential of the corn was equal to
the absolute water potential of the air, the water molecules did not have enough energy to
diffuse from the surface to the surrounding air, and although the ambient temperature was
higher the corn moisture was no longer falling.
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Table 2. The absolute water potential energy of corn in each silo during natural ventilation (unit: kJ/kg).

Time Silo 1 Silo 2 Silo 3 Silo 4

The second half of December 635.37 637.27 652.04 647.72
The first half of January 649.13 652.46 650.66 650.36

The second half of January 653.21 655.01 654.25 652.44
The first half of February 672.39 667.69 656.38 670.88

The second half of February 697.12 698.42 695.99 693.21
The first half of March 746.15 747.81 743.61 744.14

The second half of March 798.69 791.33 798.22 792.23
The first half of April 830.02 814.49 807.11 827.47

Table 3. The absolute water potential energy of air (unit: kJ/kg).

Time
Average

Temperature (◦C)
Average Humidity

(%)
Average Wind

Speed (m/s)

Average Absolute
Potential Energy

(kJ/kg)

The second half of December −11.12 35 0.22 619.75
The first half of January −11.21 33 0.32 615.21

The second half of January −10.93 30 0.33 614.54
The first half of February −9.50 28 0.78 626.48

The second half of February −7.48 34 0.76 661.43
The first half of March −3.11 37 0.43 716.78

The second half of March 1.49 46 1.14 783.38
The first half of April 6.38 33 1.19 822.14

Average value −5.69 34 0.65 682.46

Figure 1. Comparison of water potential of corn in the silos with air water potential. The horizontal
numbers represent months, “∧” represents the first half of the month, and “∨” represents the second
half of the month.

2.3. Detection and Distribution of Mycotoxins in Grain Piles

In each of the four storage silos, 16 toxin sampling points were selected for each silo.
Table 4 shows the results of aflatoxin B1 and B2 measurements on the collected samples
(Before and after storage, aflatoxins G1 and G2 were not detected, so they were not shown
in the table. Aflatoxin B1 and B2 were both non-detected before storage). Table 5 shows
the results of the determination of deoxynivalenol (DON) content in the collected samples
(413.24 ± 3.57 μg/kg of DON before storage). Table 6 shows the results of the determination
of the zearalenone (ZEN) content of the collected samples (25.32 ± 1.36 μg/kg of ZEN
before storage).
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2.3.1. Aflatoxin Contents and Distribution

From Table 4, it could be calculated that the total aflatoxin content of each testing point
in each storage silo was between 0 and 1.70 μg/kg. The safe limit range of total aflatoxin
content in food in China is <5–10 μg/kg, so the aflatoxin is within the safe level, and the
total aflatoxin contamination level can be effectively controlled in farmers’ grain storage
silos. Table 7 reflects the average aflatoxin content of each layer in each storage silo. The
data for each layer were summed and averaged to obtain the average aflatoxin content.
From Table 8, it could be seen that silo 4 among the four storage silos had the best effect
in controlling the contamination level of total aflatoxin content. Combined with Figure 2,
it also could be seen that the middle layer (i.e., the third layer) and the middle column
samples of all silos had higher aflatoxin contents. There were significant differences in
aflatoxin levels between the layers of the silos, with a difference of 75.14% between the
minimum and maximum values (Table 9). The average aflatoxin level in the third layer of
silo 1 reached a maximum of 1.403 μg/kg; therefore, the middle area was more likely to
contribute to aflatoxin production during storage.

Table 7. Average aflatoxin levels in each layer of grain storage silos (unit: μg/kg).

Silo 1 Silo 2 Silo 3 Silo 4

Top 0.06 ± 0.01 0 0 0
Layer 1 0.38 ± 0.03 0.31 ± 0.01 0 0
Layer 2 0.88 ± 0.07 0.61 ± 0.05 0.45 ± 0.03 0.32 ± 0.02
Layer 3 1.40 ± 0.09 1.04 ± 0.11 0.78 ± 0.11 0.44 ± 0.05
Layer 4 1.07 ± 0.07 0.85 ± 0.09 0.55 ± 0.05 0.32 ± 0.02
Bottom 0.53 ± 0.03 0.45 ± 0.03 0.13 ± 0.01 0

Table 8. Levels of aflatoxin in each column of the grain storage silos (unit: μg/kg).

Silo 1 Silo 2 Silo 3 Silo 4

West 1 column 0.45 ± 0.03 0.31 ± 0.02 0.12 ± 0.01 0.09 ± 0.01
West 2 column 0.59 ± 0.02 0.43 ± 0.06 0.29 ± 0.03 0.17 ± 0.02
West 3 column 0.60 ± 0.04 0.48 ± 0.07 0.28 ± 0.04 0.14 ± 0.01
West 4 column 0.45 ± 0.04 0.36 ± 0.03 0.24 ± 0.03 0.13 ± 0.01

Figure 2. Aflatoxin contents of samples from different locations of grain storage silos.
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Table 9. The average contents of aflatoxin in each storage silo and the ratio of difference with the
content in silo 1.

Indicators Silo 1 Silo 2 Silo 3 Silo 4

Toxin content (μg/kg) 0.36 ± 0.02a 0.27 ± 0.03b 0.16 ± 0.02c 0.09 ± 0.01d
Ratio of difference (%) 0 25.14 56.08 75.14

Note: The differences between the values with different letters in the same row are significant (p < 0.05).

2.3.2. Deoxynivalenol (DON) Contents and Distribution

As can be seen from Table 5, the DON content of each testing point of each grain
storage silo was between 600 and 750 μg/kg. The safe limit range of DON in food is
<1000 μg/kg in China, so the DON content of each silo is within the safe level, and the
farmers’ grain storage silo can effectively control DON contamination. Table 10 reflects the
average DON content of each layer in each storage silo. The results obtained for each layer
in Table 10 were summed and averaged to obtain the average DON contents in Table 11.
The data showed that silo 4 had the best effect in controlling the DON contamination
level. As can be seen in Figure 3, the DON content of the middle (third) sample was
higher. Although silo 1 had the highest level of DON content, there was no significant
difference in DON contents between the silos, and the difference between the minimum
and maximum values was only 10.05% of the ratio (Table 12). This indicated that DON was
mainly produced before entering the silos (DON content was 413.24 ± 3.57 μg/kg before
storage), and it was advisable to use measures such as timely harvesting and drying into
the silos to mitigate mycotoxin production.

Table 10. Average deoxynivalenol levels in each layer of grain storage silos (unit: μg/kg).

Silo 1 Silo 2 Silo 3 Silo 4

Top 707.92 ± 0.81 689.30 ± 0.61 645.42 ± 1.71 620.44 ± 0.77
Layer 1 716.33 ± 4.82 693.24 ± 7.55 656.73 ± 6.17 648.54 ± 10.50
Layer 2 723.35 ± 7.79 704.51 ± 8.15 662.83 ± 6.09 653.63 ± 12.17
Layer 3 730.32 ± 8.45 720.91 ± 10.87 680.32 ± 8.78 665.48 ± 13.06
Layer 4 724.40 ± 5.83 713.30 ± 9.31 669.94 ± 8.47 656.67 ± 13.47
Bottom 697.77 ± 6.96 673.96 ± 7.76 624.20 ± 6.75 609.39 ± 7.50

Table 11. Contents of deoxynivalenol in each column of the grain storage silos (unit: μg/kg).

Silo 1 Silo 2 Silo 3 Silo 4

West 1 column 712.00 ± 5.35 700.82 ± 7.18 652.60 ± 6.16 644.41 ± 9.51
West 2 column 718.11 ± 7.18 708.86 ± 8.79 663.98 ± 5.96 659.42 ± 11.26
West 3 column 725.94 ± 7.16 699.74 ± 8.85 667.36 ± 6.84 643.98 ± 11.43
West 4 column 716.86 ± 6.48 691.61 ± 8.79 651.84 ± 7.16 634.46 ± 11.42

Table 12. The average contents of deoxynivalenol in each storage silo and the ratio of difference with
the content in silo 1.

Indicators Silo 1 Silo 2 Silo 3 Silo 4

Toxin content (μg/kg) 717.91 ± 12.95a 700.63 ± 18.31a 658.10 ± 20.25b 645.42 ± 22.68b
Ratio of difference (%) 0 2.12 8.23 10.05

Note: The differences between the values with different letters in the same row are significant (p < 0.05).
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Figure 3. Deoxynivalenol contents of samples from different locations of grain storage silos.

2.3.3. Zearalenone (ZEN) Contents and Distribution

From Table 6, it could be seen that the ZEN content of each testing point was between
30 and 47 μg/kg. The safe limit range of ZEN in food is <60 μg/kg in China, so the ZEN
content of each silo is within the safe level. Table 13 reflects the average content of ZEN
in each layer in each storage silo. The data for each layer were summed and averaged to
obtain the average level of ZEN content, as shown in Table 14, which showed that silo 4
has the best effect in controlling the ZEN contamination level. As can be seen in Figure 4,
the ZEN content of the sample from the middle layer (third layer) was higher. There is
a significant difference between the ZEN content levels in each layer of the silo, with a
minimum and maximum difference ratio of 17% (Table 15).

Table 13. Average zearalenone contents in each layer of grain storage silos (unit: μg/kg).

Silo 1 Silo 2 Silo 3 Silo 4

Top 36.61 ± 1.24 34.41 ± 2.03 33.34 ± 0.98 31.56 ± 1.01
Layer 1 37.21 ± 0.19 34.63 ± 0.51 34.31 ± 0.39 31.52 ± 0.48
Layer 2 41.61 ± 1.81 35.63 ± 0.63 35.64 ± 0.97 32.55 ± 1.03
Layer 3 43.39 ± 3.71 38.79 ± 2.38 37.17 ± 2.36 34.20 ± 2.00
Layer 4 38.45 ± 0.57 36.29 ± 1.40 36.15 ± 2.08 33.25 ± 1.48
Bottom 36.48 ± 0.80 32.76 ± 0.36 33.23 ± 0.28 30.77 ± 0.68

Table 14. Contents of zearalenone in each column of the grain storage silos (unit: μg/kg).

Silo 1 Silo 2 Silo 3 Silo 4

West 1 column 38.00 ± 1.25 35.07 ± 1.38 34.37 ± 1.33 31.64 ± 1.13
West 2 column 40.87 ± 1.66 37.00 ± 0.94 36.64 ± 1.39 33.56 ± 1.23
West 3 column 40.18 ± 1.30 35.71 ± 0.90 35.80 ± 1.00 33.23 ± 1.03
West 4 column 38.39 ± 1.45 34.60 ± 0.90 34.18 ± 1.07 31.37 ± 1.12

Table 15. The average contents of zearalenone in each storage silo and the ratio of difference with the
content in silo 1.

Indicators Silo 1 Silo 2 Silo 3 Silo 4

Toxin content (μg/kg) 38.96 ± 3.18a 35.42 ± 2.29ab 34.97 ± 1.93ab 32.31 ± 1.64b
Ratio of difference (%) 0 9.62 10.48 17.68

Note: The differences between the values with different letters in the same row are significant (p < 0.05).
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Figure 4. Zearalenone contents of samples from different locations of grain storage silos.

2.4. Mold Rate

The Chinese national standard GB1353–2009 makes clear provisions for mold rate, and
raw mold grains need to be ≤2%. Table 16 shows the mold rate of corn in the silos at the
end of the experiment. The data indicated that the mold rate in silos 1 and 2 was relatively
high and not uniform, while both indicators were better in silos 3 and 4. It could be seen
that the structure of the silo had a greater impact on the mold rate. The wider the width of
the silo, the more serious the mold, and the fluctuation range of the mold rate was large.
Therefore, the structure of the grain storage silo should be reasonably designed to reduce
the occurrence of mold. The level of corn mycotoxin content was mainly related to whether
the corn was infected with toxin-producing molds. Although there was no significant
positive correlation between the number of moldy grains and mycotoxin content, the mold
rate could be used to evaluate whether the storage silo design was reasonable from the
perspective of whether maize was susceptible to mold infection [39,40].

Table 16. The rate of corn mold in the silo at the time of leaving the warehouse (unit: %).

Silo 1 Silo 2 Silo 3 Silo 4

Maximum value 0.387 0.547 0.143 0.248
Minimum value 0 0.009 0 0

Difference 0.387 0.539 0.143 0.248
Average value 0.088 0.125 0.053 0.062

3. Discussion

The vaporization and evaporation of liquid water inside the grain require the acquisi-
tion of energy to overcome the internal resistance of the grain. Only then can the moisture
migrate from inside the grain to reach the surface of the grain. Additionally, the evaporative
migration of moisture from the grain surface to the air must overcome the binding energy
between the moisture and the grain. The presence of an imbalance between the inside of the
maize kernel and the external environment in terms of temperature, pressure, and moisture
can cause energy exchange and result in water migration. In this study, absolute water
potential was used to characterize this energy exchange. The activity of free water in corn
ears in a grain silo cannot be measured directly. The strategy of this study was to calculate
the average water change throughout the storage silo by detecting the initial water at the
time the grain enters the silo, combined with real-time monitoring of the overall weight
drop of the silo. The water potential was calculated by measuring the moisture distribution
of each layer at the exit of the silo, and the water potential was positively correlated with
the free water activity. If the absolute water potential of the corn was greater than the
absolute water potential of the ambient air, the grain moisture migrated to the air and the
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grain was in a state of desorption. If the situation was reversed, the moisture in the air
migrated into the grain kernels to produce adsorption.

At the end of the test, the gradient of water potential in each silo was obvious. Moisture
was affected by wind direction, with better ventilation on both sides and a faster rate of
moisture decline [41]. Tables 17–20 show the accumulated temperature values collected
by 84 temperature sensors in the four grain storage silos. These temperature sensors were
distributed in different locations of the grain silos (as shown in Figure 5). By examining the
accumulated temperatures, it can be broadly observed that the accumulated temperatures
are relatively high in the center of the silos. The corn in the middle had a higher moisture
content, which, combined with the fact that the temperature in the middle was also high,
made it easy to lead to the production of fungal toxins. It could be seen that the width of
the grain silo (grain layer thickness) had an impact on the water potential distribution of
corn under natural ventilation conditions, and an unreasonable silo structure could lead
to high moisture concentration zones. The high moisture and high heat zone could be
predicted by monitoring the absolute water potential in the silo during the grain storage
period to ensure the safety of grain storage.

Figure 5. Sensor distribution in grain storage silos (84 temperature sensors labeled 1–84 in four silos).
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The main contributing factors to the increase in corn mycotoxins in farmers’ grain
storage silos include temperature, wind speed, corn ear precipitation rate, and dryness. If
the temperature and humidity of agro products are too high, an increase in toxins is likely to
occur. Under natural ventilation, the precipitation rate of the corn ear is mainly influenced
by temperature and wind speed. During the grain storage process, the temperature changes
of the grain piles in the four silos were not very different. During the natural ventilation
process, the trend of the precipitation rate curve of grain was increasing with the ambient
wind speed, temperature, and absolute water potential curve of grain [41]. Among them,
the wind speed had the greatest effect on the precipitation rate of the grain piles. The
trends of ambient wind speed curve and precipitation rate curve were generally consistent,
both showing low values in January and February. Since the interior of the silo was a
large hysteresis system, the overall precipitation rate curve of the grain inside the silo
lagged behind the ambient wind speed curve. The absolute water potential of both grain
and air increased as the temperature inside the silo gradually increased from −15 ◦C
to 5 ◦C. The trend of the absolute water potential of corn was the same as that of the
ambient temperature, indicating that temperature had a large influence on the absolute
water potential. The difference in width caused a large difference in the precipitation rate
curves of the four silos. In general, the smaller the width, the greater the precipitation
rate. This is more conducive to the drying of the corn ear, thus inhibiting the increase
in mycotoxins. Regarding the mycotoxin contamination of maize in Jilin Province that
year, aflatoxin B1 was not detected; the highest value of deoxynivalenol was 966.9 μg/kg,
with a mean value of 108.2 μg/kg; and the highest value of zearalenone was 42.2 μg/kg,
with a mean value of 0.004 μg/kg (according to the Jilin Harvest Grain Quality Survey
report). The toxin levels in this experiment were all less than the highest values reported.
Mycotoxins in grain silos showed the characteristics of “inverted U-shaped” distribution,
indicating that aflatoxins and zearalenone had a tendency to increase in storage and were
sensitive to the width of grain silos. For example, regarding the concentration of ZEN in
the distribution area of silo 1, the toxin level was close to the maximum allowable value,
indicating that there was still a risk of grain storage in farmers’ grain storage silos. Grain
storage monitoring and control should be strengthened, and the width of the grain silo
design should not be too large (preferably not more than 1.5 m in this study).

4. Conclusions

When using rectangular steel mesh ventilated grain storage silos for corn ear storage,
the moisture content of corn ears could be reduced to a safe moisture level after 4 months
of natural ventilation. This shows that farmers’ scientific grain storage silos can ensure the
safety requirements of stored grain mycotoxins under reasonable structure and normal
year conditions. The absolute water potential of corn in all four silos at the beginning of
the experiment was greater than the absolute water potential of air. This prompted the
migration of moisture from the interior of the grain to the air, and the moisture of the
corn in the silos gradually decreased to about 14%. The ambient temperature rises so that
the absolute water potential of both air and corn gradually increases, but the difference
between the two gradually decreases, and finally reaches an equal. Water molecules do
not have enough energy to diffuse from the surface into the surrounding air. Moisture
is affected by the wind direction, so with better ventilation on both sides, the moisture
falls faster. Therefore, the width of the grain silo affects the distribution of water potential
and the drying effect of corn under natural ventilation conditions, which in turn affects
the production of mycotoxins. For the detection of three mycotoxins in the grain silo, it
was shown that the production of mycotoxins was related to the structure of the silos.
When the width is too large, there are areas of concentrated infection of mycotoxins such
as AFT, DON, and ZEN. Therefore, a reasonable range of silo dimensions should be fully
considered in the design of the parameters of grain storage silos. In the middle of the
grain silo, there is a potential risk area. It is appropriate to take mechanical ventilation,
mechanical turning, and other measures to destroy the opportunity and degree of toxin
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production in advance. For the sake of food security, scientific grain storage technology
and techniques for farmers should be vigorously developed, and this policy fosters the
application of scientific grain storage technology for farmers. The above conclusions apply
only to the mid-temperate zone at 40–55 degrees north latitude.

5. Materials and Methods

5.1. Materials

The maize variety was Centaur 335, the largest planted in Jilin Province, with an initial
moisture of 26%. The collected maize cobs were mixed samples from the edge and middle
of the farm field. They were peeled and left naturally for 48 h to remove ears with lesions,
mold, and damage. To ensure that all corn ears in the storage silos had the same level of
mycotoxins, the ears were well mixed before entering the silos. Three points in the mixed
grain pile were selected for sampling. The content of the three mycotoxins (Aflatoxin,
Deoxynivalenol, and Zearalenone) and the rate of mildew were measured separately, and
the average value was taken as the content of maize mycotoxins before storage. All samples
were stored in silos.

Main reagents and consumables: methanol (analytical purity), acetonitrile (analyt-
ical purity), sodium chloride (chemical purity), polyethylene glycol 8000 (analytical pu-
rity), glass fiber filter paper, aflatoxin immunoaffinity column (Clover Technology Group
Inc., Beijing, China), deoxynivalenol immunoaffinity column (Clover Technology Group
Inc., Beijing, China), zearalenone immunoaffinity column (Clover Technology Group Inc.,
Beijing, China), aflatoxin mixed standard (Sigma-Aldrich China Ltd., Shanghai, China),
deoxynivalenol standard (Sigma-Aldrich China Ltd., Shanghai, China), zearalenone stan-
dard (Sigma-Aldrich China Ltd., Shanghai, China), phosphate buffer for column crossing,
1.5 mL liquid phase vial set (Agilent), 0.45 um organic phase filtration membrane, 1 mL
disposable syringe.

Main instruments and equipment: High performance liquid chromatograph Agilent
1260 with fluorescence and UV detector, pulverizer, high-speed homogenizer, nitrogen
blowing apparatus, air pressure pump and pump flow rack, analytical balance (sensitivity
0.001 g), 20 mL glass syringe, 1 mm pore size test sieve.

5.2. Homemade Test Silos and Testing Systems

Four homemade naturally ventilated rectangular corn grain storage silos were used
for the experiment (Figure 6). The distribution of many sensors inside them is shown
in Figure 5. For the four rectangular steel mesh ventilation silos with different widths,
length × width × height were 1 m × 1.8 m × 2 m, 1 m × 1.6 m × 2 m, 1 m × 1.4 m × 2 m,
and 1 m × 1.2 m × 2 m, respectively. The tare weights of silos No. 1 to No. 4 were 115.44 kg,
106.08 kg, 96.72 kg, and 87.36 kg, respectively, loaded with 1.85 t, 1.56 t, 1.40 t, and 1.26 t of
corn cobs. To test the grain storage effect of various silo sizes in actual operation, the shape
of the silo with left and right closed impermeable panels and front and rear permeable
mesh panels was used, making the width of the ventilated silo the main factor affecting the
grain storage quality (width for left and right closed impermeable panels and length for
those with mesh panels).

The testing system mainly included: weighing sensor and meter (Model TQ-ST02,
Beijing Shitong Sci-Tech Co., Ltd., Beijing, China), grain moisture measuring instrument
(Model PM-8188, KETT, Japan), temperature patrol meter (TR-4, homemade), temperature
sensor (DS18B20).
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Figure 6. Natural ventilation corn ear storage silos. (A) Rectungular steel mesh facing east; (B) Rectungular steel mesh
facing west.

5.3. Test Method

The test silos were placed outdoors in a north–south direction. Load cells were added
to the foot of the silo to record the overall weight of the silo in real time. The moisture
content of the corn in the silo was calculated indirectly through the change in the silo
weight. There were 84 temperature sensors distributed in the four grain storage silos, and
the numbers were: 24 in silo 1 (the widest), 24 in silo 2, 20 in silo 3, and 16 in silo 4 (the
narrowest). The order of arrangement and location was from top to bottom, from west
to east. The test started on December 16 of the previous year and ended on April 15 of
the following year, with a storage period of about 4 months. During the test, the system
automatically collected and stored the data of temperature, weight, and climatic conditions
throughout the process. Table 3 shows the average climatic conditions at each stage of the
test process. When leaving the silo, samples were taken at each testing point according to
the placement of the silo and the height of the grain layer. During the sampling process,
the original weight of the silo and the thickness of the grain layer were recorded first,
and the corn was sorted out layer by layer starting from the top to the bottom until it
reached the temperature sensor position of each layer and then sampled. After reaching
the temperature sensor position, the mass of the storage silo (including the remaining corn)
and the corresponding thickness of the grain layer were weighed again. When sampling,
8–10 ears of corn were taken as samples near each temperature sensor in the order from
west to east. After threshing, samples were put it into the sample bags prepared in advance.
The samples were divided into two bags at each sampling point, with each bag containing
not less than 500 g. During the sampling process, the remaining corn samples should be
kept at the same level as the temperature sensor.

5.4. Calculation of the Absolute Water Potential of the Grain Pile

The absolute water potentials of air and grain were used to calculate the absolute
water potential of corn during natural ventilation and the absolute water potential of air
under experimental conditions, respectively, to assess the absolute water potential variation
and distribution of grain piles and the drying effect of grain silos.

Eja = 8.31 × (ta + 273)× ln(100 × exp(
87.72 × lg(RHa) + 0.9845 × (1737.1 − 474242

273+tg
)− 270.57

87.72
)× 133.3)/18 (1)
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Ejg = 8.31 × (tg + 273)× ln(exp(

(
D0
222×(e

B1−M
A1 −e

B2−M
A2 )+0.9845

)
×(1737.1− 474242

273+tg )+D0×(1−e
B1−M

A1 )−68.57

87.72 )× 133.3)/18 (2)

where Eja was the absolute water potential of air, kJ/kg; Ejg was the absolute water potential
of grain, kJ/kg; M was the wet basis moisture content of grain, %; tg was the temperature
of grain, ◦C; RHa was the relative humidity of air, %; ta was the temperature of air, ◦C; and
A1, A2, B1, B2, and D0 were the desorption parameters of corn, 4.393, 4.845, 7.843, 3.858,
and 203.892, respectively.

5.5. Determination of Aflatoxin Content

The aflatoxin content in food was determined regarding the Chinese national standard
GB 5009.22–2016. The sample was extracted with methanol–water, the extract was filtered
and diluted, and the filtrate was purified by immunoaffinity chromatography containing
aflatoxin-specific antibodies. This antibody was specific for aflatoxin B1, B2, G1, and G2.
Aflatoxin was cross-linked to the antibody in the chromatography medium. Impurities
were removed from the immunoaffinity column with water or Tween-20/phosphate-
buffered solution (PBS). Elution was performed with methanol through the immunoaffinity
chromatography column. The eluate was passed through the column of HPLC. It was
then derivatized using an AURA photochemical derivatization cell and detected by a
fluorescence detector and quantified by external standard method.

5.6. Determination of Deoxynivalenol Content

The determination of deoxynivalenol in food was carried out regarding the Chinese
national standard GB 5009.111–2016. Deoxynivalenol was extracted from the sample. After
purification and concentration by immunoaffinity column, the sample was determined by
HPLC with UV detector and quantified by external standard method.

5.7. Determination of Zearalenone Content

The determination of zearalenone in cereals was carried out regarding the national
standard GB 5009.209–2016. Zearalenone was extracted from the sample with acetonitrile–
water, and the extract was cleaned up and concentrated by an immunoaffinity column. The
determination was performed by HPLC with a fluorescence detector and quantified by
external standard method.

The method validation involved in the above six mycotoxin assays is shown in
Table 21.

Table 21. Summary of the method validation.

Mycotoxin a AFB1 AFB2 AFG1 AFG2 ZEN DON

Coefficient of correlation (R2) 0.999 0.999 1.000 0.999 0.999 0.999
Range (ng/mL) 0.1–40 0.03–12 0.1–40 0.03–12 10–500 100–5000

Spiked level (μg/kg) 10 10 10 10 30.0 300.0
Recovery (%) 93.7 105.3 96.9 101.1 97.5 96.6

RSD (%) * 10.2 17.8 11.4 16.1 2.7 2.2
LOD (μg/kg) 0.03 0.01 0.03 0.01 5 100
LOQ (μg/kg) 0.1 0.03 0.1 0.03 17 200

Note: a AFB1, AFB2, AFG1, AFG2: aflatoxins B1, B2, G1, and G2; ZEN: zearalenone; DON: deoxynivalenol. RSD:
relative standard deviation; LOD: limit of detection; LOQ: limit of quantification. * This value was calculated
from 3 replicates of mycotoxin analysis.

5.8. Mold Rate

Chinese national standard GB1353-2009 was used for the mold rate to make clear
provisions—raw mold particles need to be ≤2%.
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5.9. Statistical Analysis

Statistical analysis was performed using Origin 9.0, and data were expressed as mean
standard deviation SD (n = 3). Significant differences between means (p < 0.05) were
investigated by Tukey’s test, using one-way ANOVA with SPSS 17.0.
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Abstract: In view of the toxicological hazard and important applications in analgesics and cancer
chemotherapeutics of αB-CTX, it is urgent to develop an accurate, effective and feasible immunoassay
for the determination and analysis of αB-CTX in real samples. In this study, MBP-αB-CTX4 tandem
fusion protein was used as an immunogen to elicit a strong immune response, and a hybridoma cell
5E4 secreting IgG2b against αB-CTX was successfully screened by hybridoma technology. The affinity
of the purified 5E4 monoclonal antibody (mAb) was 1.02 × 108 L/mol, which showed high affinity
and specificity to αB-CTX. Epitope 1 of αB-CTX is the major binding region for 5E4 mAb recong-
nization, and two amino acid residues (14L and 15F) in αB-CTX were critical sites for the interaction
between αB-CTX and 5E4 mAb. Indirect competitive ELISA (ic-ELISA) based on 5E4 mAb was
developed to detect and analyze αB-CTX in real samples, and the linear range of ic-ELISA to αB-CTX
was 117–3798 ng/mL, with a limit of detection (LOD) of 81 ng/mL. All the above results indicated
that the developed ic-ELISA had high accuracy and repeatability, and it could be applied for αB-CTX
detection and drug analysis in real samples.

Keywords: αB-conotoxin VxXXIVA; epitope; hybridoma; monoclonal antibody; ELISA

Key Contribution: To our knowledge, this is the first report on the preparation of a specific mAb
against αB-CTX and the development of ic-ELISA to determine and analyze the content of αB-CTX
in real samples. αB-CTX (1–20) is the major binding region of αB-CTX in mAb 5E4 recognition,
and amino acids 14L and 15F were two critical sites for the interaction between mAb 5E4 and αB-
CTX. In view of the excellent signal stability, high repeatability and accuracy of detection method,
the developed ic-ELISA in this study could be used for drug identification and rapid detection of
αB-CTX in real seafood samples.

1. Introduction

Recently, cone snails have been regarded as one of the focuses for new drug discov-
ery [1], with the majority of their distribution throughout tropical and subtropical waters,
such as the South China Sea, Australia, and the Pacific Ocean [1,2]. Conotoxins, a diverse
array of unique bioactive neurotoxins, are mainly secreted by different kinds of cone
snails [3,4]. Conotoxins are often toxic to humans and animals and can cause convulsions
and paralysis, even to death [5]. More than 80,000 natural conotoxins have been estimated
to exist in various cone snails around the world [6–8], and all conotoxins can be divided into
26 gene superfamilies based on their conserved signal sequences and their characteristic
cysteine framework [5,9]. Among them, α-, μ- and ω-conotoxins are the most characterized
families so far for their high specificity and affinity to ion channels [1,10–12].
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αB-conotoxin VxXXIVA (αB-CTX) is a new conotoxin found in Conus vexillum, which
belongs to the B-gene superfamily. It is reported that the precursor of αB-CTX is different
from other conotoxins as it lacks a pro region responsible for enhancing oxidative folding
and secretion of hydrophobic O-superfamily conotoxins [12]. Specifically, such a mecha-
nism is not necessary for the more hydrophilic αB-CTX. The mature αB-CTX is a peptide
with 40 amino acid residues containing only 4 cysteine residues, and the most active disul-
phide linkages of αB-CTX are C-CC-C [12]. αB-CTX is a specific nicotinic acetylcholine
receptor (nAChR) antagonist with the greatest potency against the α9α10 subtype [12].
The α9α10 nAChR is an important target for the development of analgesics and cancer
chemotherapeutics [13–16], and αB-CTX represents a novel ligand with which to probe
the structure and function of this protein. Given the toxicological effects and potential
application value of αB-CTX, it is urgent to develop an accurate and sensitive method to
identify and detect αB-CTX in sea samples.

At present, the main analysis and detection methods for αB-CTX are analytical chem-
istry, including high-performance liquid chromatography (HPLC), nuclear magnetic res-
onance (NMR) and circular dichroism (CD) [12]. Although these methods have high
sensitivity and accuracy for analysis of the content and composition of αB-CTX, the main
disadvantages of these methods are that they are time-consuming, require complex sam-
ple pre-treatment and require expensive equipment and trained professionals [17,18].
Moreover, complicated and tedious operation steps, high requirement of samples and
detection practicability seriously limits their application in the detection of αB-CTX in real
samples [19]. In contrast, immunoassays with high sensitivity, accuracy and adaptability
have been widely used to detect the targets (toxins, pathogenic molecules and heavy metals)
in different samples [20–22]. In the previous study, we developed ELISA and colloidal
test strips based on monoclonal antibodies (mAb) against ω-CTX to detect ω-CTX MVIIA
residue in Conus samples [5]. Specifically, no related immunoassay was reported to detect
and analyze αB-CTX in real samples until now. This is may be due to the difficulty in
acquiring antigens or the low immunogenicity of antigens, which fail to induce a strong
immune response for antibody production. Fortunately, the antigen epitope analysis and
antigen tandem fusion expression established in this study can effectively solve these key
problems and can be used to solve these important limits. Therefore, the aim of this study
was to design and prepare an antigen with strong immunogenicity to elicit the antibody
production in mouse models and to screen an epitope-specific monoclonal antibody by
hybridoma technology. The key binding regions and sites between the resulted mAb and
αB-CTX were further analyzed. Finally, ic-ELISA based on epitope-specific mAb was
established and used to detect and analyze the content of αB-CTX toxin in actual samples.

2. Results and Discussion

2.1. Epitope Binding Pattern Evaluation

αB-CTX is a peptide consisting of 40 amino acid residues in length. The antigenic sites
on αB-CTX were first analyzed using the Bepipred B-cell linear epitope prediction tool [23].
As shown in Figure 1, this antigen contains two major epitopes located at positions 6–15
and 19–27 in the protein sequence, and the regions of the predicted antigenic sequences
were designated as EP1 and EP2, respectively (Figure 1A,B). Interestingly, the αB-CTX has
four Cys residues on its peptide sequence, and the specific disulfide bond arrangement
of this peptide is C-CC-C (Figure 1C, chocolate yellow) [12]. Meanwhile, the predicted
3D model of αB-CTX resembles a triangular clamp, with a helix at each end. The key
binding sites (Leu14 and Phe15) between antibody and antigen interactions were marked
as different colors in the predicted 3D model and linear amino acid sequences (Figure 1D,
dark blue and red).
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Figure 1. Antigen epitope prediction and 3D structure analysis. (A) Output graph of the predicted
B-cell linear epitopes showing the amino acid position (x-axis) and Bepipred score (Y-axis). Residues
(yellow) with scores above the default threshold of 0.35 have a higher probability of being part of an
epitope. The green indicates lower probability of being part of an epitope. (B) Two predicted epitopes
of lengths (start and end positions were indicated; 1: EP1 (6–15); 2: EP2: (19–27)). (C) Sequence and
disulfide connectivity of αB-CTX. (D) Swiss model of αB-CTX from Cys3 to Ser38 using Leishmania
Major mitochondrial ribosome (PDB entry 7ane.36.A) as template. Amino acid residues Leu14 and
Phe15 are shown in dark blue and red, respectively. The sequences upstream of Cys3 and downstream
of Ser38 were not modeled.

2.2. Preparation of αB-CTX and Animal Immunization

The connected tetramer fragments (αB-CTX4) and αB-CTX monomer were used
to construct three different expression vectors for protein expression and purification
(Figure 2A). The fusion protein MBP-LK-αB-CTX4 and the two other fusions (TRX-αB-CTX
and GST-αB-CTX) were shown in Figure 2B,C. These fusion proteins were successfully
expressed after IPTG induction and further purified by Ni2+-NTA affinity chromatography.
The band sizes of the purified MBP-LK-αB-CTX4 and TRX-αB-CTX with high purity on the
gel of SDS-PAGE were 60 kDa and 28 kDa, respectively, the same as the theoretical result [5].
Then, the purified MBP-LK-αB-CTX4 was used as the immunogen for animal immunization,
and the titer of serum was tested by ELISA with the TRX-αB-CTX as the detection antigen
(Figure 2D). Compared to the immunized mouse 2 and control, the immunized mouse 1
had the highest antiserum titer to the target antigen (reaching 1:16,000), indicating that a
strong immune response was induced by the MBP-LK-αB-CTX4 antigen.
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Figure 2. Purification of fusion proteins and animal immunization. (A) Construction of fusion
protein expression vectors (MBP-LK-αB-CTX4, TRX-αB-CTX and GST-αB-CTX). (B) Expression and
purification of fusion proteins MBP-LK-αB-CTX4. Lane M: middle molecular protein marker, Lane 1:
the expressed product of pBD-mbp/BL21(DE3), Lane 2: the expressed total proteins of pBD-mbp-
lk-αB-CTX4/BL21(DE3), Lane 3–4: the purified product of MBP-LK-αB-CTX4. (C) Expression and
purification of fusion proteins TRX-αB-CTX and GST-αB-CTX. Lane M: middle molecular protein
marker, Lane 1: the expressed product of pET-32a/BL21(DE3), Lane 2: the expressed total proteins of
pET-32a-αB-CTX/BL21(DE3), Lane 3: the purified product of TRX-αB-CTX, Lane 4: the expressed
product of pGEX-6P-1/BL21(DE3), Lane 5: total proteins of pGEX-6P-1-αB-CTX/BL21(DE3), Lane 6:
the purified product of GST-αB-CTX. (D) Titer determination of the immunized mouse by ELISA.

2.3. Screening and Identification of Positive Hybridoma

After fusion, the cells in the 96-well plate were composed of 3 kinds of cells: myeloma
cells, mouse spleen cells and feeder layer cells. These cells were cultured in a selective
medium containing 2% HAT and 20% FBS [20]. From the third day, the fusion cell colonies
could be obviously observed and gradually grown as time went on, and most of the
unfused cells were apoptotic (Figure 3A). On the 8th day after fusion, the supernatant of the
culture was taken to detect whether the cells secreted antibodies by ELISA, and 5 positive
hybridomas were screened out successfully. Combined with the growth status of cells and
antibody properties, the hybridoma 5E4 was finally selected for subsequent experiments
(Figure 3B). As shown in Figure 3C, the IgG2b subtype has the highest value, while the
values of other types are very low, further indicating that the subtype of the 5E4 cell line
belongs to IgG2b. The chromosome analysis result of hybridoma 5E4 in Figure 3D showed
that the chromosome numbers of hybridoma 5E4 were 106 ± 2, corresponding to the sum of
the chromosome number of myeloma cells and mouse spleen cells in theory [21]. The ideal
hybridoma should be selected based on multi-factors. Although the supernatant titer of
hybridoma 5E4 was not the best in Figure 3B, the antibody secreted by 5E4 exhibited the
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best specificity and stability to αB-CTX compared to other hybridomas. Hence, it was
chosen as the ideal cell line for further antibody purification.

 
Figure 3. Hybridoma screening and characterization. (A) Hybridoma cell culture after fusion. a: the
3rd day, b: the 5th day, c: the 7th day, d: the 9th day. (B) ELISA assay of the selected positive
hybridoma cell lines. Five positive hybridoma cell lines were obtained and named 2E9, 5E4, 5H8,
6C8 and 7C12. (C) Isotyping of 5E4 cells secreting anti-αB-CTX mAb by using an isotyping kit.
(D) Analysis of the chromosome of 5E4 cell line.

2.4. Purification and Identification of 5E4 mAb

To obtain the monoclonal antibody 5E4 with high affinity and purity, the cultured hy-
bridoma 5E4 cells were injected into the abdominal cavity of pre-sensitized mice to produce
ascites, and the anti-αB-CTX4 mAb was purified by Protein G affinity chromatography.
SDS-PAGE results, as shown in Figure 4A, indicated that the purified antibody has two
protein bands with molecular weights of 50 kDa and 25 kDa on gel, corresponding to
the heavy chain and light chain, respectively. The titer of ascites and purified antibody
were shown in Figure 4B, and the purified 5E4 mAb exhibited similar αB-CTX binding
activity to that of ascites. In this experiment, the affinity of the resulting 5E4 mAb was
determined by indirect ELISA (iELISA), and the affinity curve was drawn using Origin
8.0 software. The results, shown in Figure 4C demonstrated that the affinity of 5E4 mAb
was 1.02 × 108 L/mol, belonging to high affinity antibody. Meanwhile, the specificity of
5E4 mAb was further analyzed, and the result was shown in Figure 4D. As expected, the
prepared 5E4 mAb could specifically bind to the two different fusion proteins GST-αB-CTX
and TRX-αB-CTX in ELISA assay, but not react with the other antigens, such as GST-μ-CTX,
TRX-μ-CTX, TRX-ω-CTX, SN311 and SN285, indicating that this 5E4 mAb with high affinity
was specific to αB-CTX.
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Figure 4. Purification and characterization of anti-αB-CTX mAb. (A) SDS-PAGE analysis of the
purified mAb. Lane M: standard protein marker, Lane 1: the total protein of ascites, Lane 2: the
purified anti-αB-CTX mAb. (B) The titer of ascites and anti-αB-CTX mAb. (C) Affinity determination
of anti-αB-CTX mAb by iELISA. The affinity constant of the αB-CTX mAb is 1.02 × 108 L/mol.
(D) The specificity of anti-αB-CTX mAb was determined by ic-ELISA.

2.5. αB-CTX (1–20) Is the Major Binding Region by 5E4 mAb Recognition

After the preparation of the antibody, how to investigate the binding area for 5E4
mAb-αB-CTX interactions became one of the main concerns of this study. To achieve this
purpose, full-length αB-CTX and three different αB-CTX fragments including αB-CTX
(1–20), αB-CTX (10–30) and αB-CTX (20–40) were designed and synthesized (Figure 5A),
and ELISA was used to test the binding activity of these fragments. The ELISA results in
Figure 5C showed that the purified 5E4 mAb has a strong binding signal to αB-CTX (1–20),
similar to that of full-length αB-CTX, with the binding activity being far higher than others.
Compared to αB-CTX (1–20), αB-CTX (10–30) and αB-CTX (20–40) are not recognized by
the 5E4 mAb. The result derived from the ELISA indicated that αB-CTX (1–20) is the major
binding region for 5E4 mAb recognition. Interestingly, the predicted first epitope 1 (EP1) of
αB-CTX was just located in the region of 6–15 (Figure 1B), further suggesting that the EP1
may be the major region for 5E4 mAb recognition.
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Figure 5. Epitope identification for 5E4 anti-αB-CTX mAb interactions. (A) Three regions of αB-CTX,
including potential binding sites (Val1-Cys20, Gln10-Ser30 and Cys20-Glu40). (B) Epitope mapping of
region Val1-Cys20 by alanine-scan mutagenesis of the mAb binding site. Critical residues (highlighted
in red) are defined as those with alanine substitution. *: the unmutated amino acid site; A: the amino
acid was mutated to alanine. (C) The titer for various peptide regions and αB-CTX full-length peptide.
(D) The titer for various site mutants and αB-CTX full-length peptide.

2.6. L14 and F15 Are the Critical Sites between 5E4 mAb-αB-CTX Interactions

To further analyze the critical sites responsible for 5E4 mAb-αB-CTX interactions,
8 amino acids located at the epitope 1 (6–15) of αB-CTX, except for G8 and A9, were mutated
to alanine by site-directed mutagenesis (Figure 5B). The ELISA result in Figure 5D showed
that the binding activity of 5E4 mAb against 2 mutated amino acids (L14A and F15A)
was all obviously decreased, similar to the negative control. Other mutants (K6A, S7A,
Q10A, P11A, N12A and K13A) exhibited strong binding signals to 5E4 mAb recognition
as the maternal αB-CTX. The above results demonstrated that amino acids L14 and F15
located at the epitope 1 of αB-CTX were critical sites for the interaction between 5E4 mAb
and αB-CTX.

2.7. Establishment of ic-ELISA for αB-CTX

αB-CTX is a hapten with low molecular weight and limited epitopes, so it is very
difficult to develop a double antibody sandwich ELISA for αB-CTX detection and anal-
ysis. Combining the situation of 5E4 mAb and αB-CTX, indirect competitive ELISA (ic-
ELISA) was applied to detect αB-CTX in real samples after optimizing the antigen and
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antibody concentration. As shown in Figure 6, the typical calibration curve was drawn
by plotting (B/B0) against αB-CTX concentration, and the equation of the logistic curve
was y = 0.0728 + [(1.04855 − 0.0728)/(1 + x/504.72267)0.93828], with a correlation coefficient
(R2) of 0.98944 (Figure 6A). From the result shown in Figure 6B, the linear equation was
y = 1.97071 − 0.51887x, and the correlation coefficient (R2) was about 0.97819. In ic-ELISA,
the limit of detection (LOD) for αB-CTX was 81 ng/mL, which is defined as the concen-
tration of target antigen corresponding to the inhibition rate that reached 10% [19,24].
Furthermore, the linear range of detection was 117~3798 ng/mL with a half inhibitory
concentration (IC50) of 661 ng/mL.

Figure 6. Standard curves for αB-CTX detection. (A) A typical calibration curve illustrated by plotting
(B/B0) against αB-CTX. The data obtained with various inhibitor concentrations and without in-
hibitor are referred to as B and B0, respectively. The equation is y = 0.0728 + (1.04855 − 0.0728)/
((1 + (x/504.72267)0.93828), with a correlation coefficient (R2) of 0.98944. The limit of detection
(LOD) was 81 ng/mL for αB-CTX. (B) The linear portion of the standard curve. The equation
is y = 1.97071 − 0.51887x, with a correlation coefficient (R2) of 0.97819. The range of linear detection
for αB-CTX was 117–3798 ng/mL.

2.8. Detection of αB-CTX by ic-ELISA in Spiked and Real Samples

In this study, the recovery and variation coefficients for αB-CTX detection were cal-
culated by ic-ELISA, and the PBSM solution without any contamination was spiked with
different concentrations of αB-CTX [18]. All analyses were performed with three parallel
experiments. As shown in Table 1, the recovery of detection ranged from (86.62 ± 0.72)%
to (96.46 ± 6.09)%, with an average of (92.93 ± 3.69)%, and the average variation coef-
ficient (CV) was 3.87% in intra-assay. The average recovery and CV in inter-assay were
(96.31 ± 4.48)% and 4.52%, respectively. The results from ELISA detection indicated that
the developed ic-ELISA had high accuracy and repeatability, and it could be used to detect
the content of αB-CTX in real samples. Finally, five different shellfish seafood products
were purchased randomly from local supermarkets as experimental detection materials
by ic-ELISA. The detection results in Table 2 showed that the values of these real samples
were consistent with that of PBS, indicating that none of these actual samples contained
α-CTX toxin.
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Table 1. The determination of recovery from spiked samples.

Spiked
Level

(ng/mL)

Intra-Assay Inter-Assay

Measured Recovery CV Measured Recovery CV
n (ng/mL) (%) (%) n (ng/mL) (%) (%)

2500 3 2165.54 ± 18.03 86.62 ± 0.72 0.83 3 2190.13 ± 42.49 87.6 ± 1.7 1.94
600 3 578.74 ± 36.56 96.46 ± 6.09 6.31 3 597.1 ± 24.89 99.5 ± 4.15 4.17
150 3 143.55 ± 6.39 95.7 ± 4.26 4.45 3 152.71 ± 11.39 101.8 ± 7.59 7.46

Average - - 92.93 ± 3.69 3.87 - - 96.31 ± 4.48 4.52

Table 2. The detection result of αB-CTX toxin in real samples.

Samples OD450 nm Value Detection Results

Oncomelania hupensis
Gredler

 

0.9983 ± 0.0366 -

Shellfish (qı̄ng é)

 

1.001 ± 0.0669 -

Ruditapes philippinarum

 

0.953 ± 0.0321 -

Viviparidae

 

1.0143 ± 0.0598 -

Thais clavigera Kuster

 

0.968 ± 0.0363 -

αB-CTX 0.0545 ± 0.0048 +
PBS 0.9805 ± 0.1158 -

Detection results of αB-CTX in real samples (n = 3). +: indicates that αB-CTX is detected in real samples. -: indicates
that no αB-CTX is detected in real samples.

3. Discussion

The previous study in our laboratory has shown that the monomer αB-CTX cannot
induce the production of an antiserum with high binding activity, failing to stimulate a
strong immune effect (data not shown). When smaller antigens, especially the ploy-peptides
with low molecular weights, were used, the immunogenicity was often limited or invalid [5].
To effectively solve this critical problem, the four original genes of αB-CTX were connected
in series to form tetramers in this study, and the purified MBP-LK-αB-CTX4 fusion protein
was used as an immunogen to elicit a strong response for antibody production. Compared
to the control, the titer of serum from mice immunized by MBP-LK-αB-CTX4 was very
high. In theory, the polymerization state of the antigen is an important factor affecting the
immunogenicity, and the immunogenicity of the polymer is usually stronger than that of
the monomer. The fusion protein MBP-LK-αB-CTX4 containing tetramer form has a larger
molecular weight and better protein folding, which is easier to stimulate the immune effect
of the body. As expected, the ELISA result from the antiserum titer also strongly confirmed
this judgment. Therefore, the method used in this study by connecting antigens with a
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linker to form a multimer is feasible for improving the immunogenicity of the antigen, and
it may provide a useful idea for solving similar critical problems in polypeptide antigens.

In the process of fusion, it should be noted that the spleen and connective tissue
should be stripped clearly in a clean environment, and the optimal ratio of spleen cells and
myeloma cells was controlled at 3:1~5:1. The addition of feeder layer cells is necessary for
cell fusion, and the growth-promoting factors and nutrients secreted by the feeding layer of
cells provide a comfortable and favorable environment for the growth of hybridomas [24].
How to maintain high activity of antibody has been a topic of constant concern. According
to our experience, low temperature (0 ◦C~4 ◦C) and a solution with an accurate pH value
(pH 7.2) are two necessary conditions to ensure the activity of antibody in the process of
antibody purification.

To ensure the accurancy of ic-ELISA, it is necessary that the concentration of antigen
and antibody should be accurately measured during the experiments by using multiple
checkerboard iELISA experiments, and the dilution should be as accurate as possible.
In fact, the accuracy of ic-ELISA can be affected by many factors, including the coating time,
the choice of coating and block buffer, and the concentration of substrate and antibody [5].
To improve the accuracy of the ic-ELISA detection, the above factors should be maintained
at the same condition throughout the system when the optimal conditions and reagents are
explored clearly. The best coating time in this study is at 4 ◦C overnight, and the optimal
dilution ratio of HPR-goat anti-mouse IgG antibody and antigen coating concentrations
were 1:16,000 and 10 μg/mL, respectively.

4. Conclusions

In the present study, an effective antigen tandem design and expression format was
used to increase the immunogenicity of the target antigen, further solving the key problem
of antibody preparation. A hybridoma 5E4 stably generating mAb against αB-CTX was
prepared for the first time through hybridoma technology. The resulting 5E4 mAb was
specific to epitope 1 of αB-CTX, and the amino acids L14 and F15 were two critical sites for
5E4 recognition. The affinity of the purified 5E4 mAb was 1.02 × 108 L/mol, belonging to a
high-affinity antibody. The developed ic-ELISA in this study based on 5E4 mAb has good
specificity and accuracy, and the average recovery and CV were (92.93 ± 3.69)% and 3.87%,
respectively. Under optimal conditions, the LOD of ic-ELISA was 81 ng/mL, with a linear
range of 117–3798 ng/mL. Lastly, no αB-CTX was detected in five different actual shellfish
seafood products. In conclusion, the developed ic-ELISA could be used as a useful and
feasible method for the analysis and detection of αB-CTX in real samples.

5. Materials and Methods

5.1. Materials

Balb/c mice were purchased from Wushi Animal Laboratory (Shanghai, China).
Hypoxanthine, aminopterin and thymidine supplement (HAT) was obtained from Sigma-
Aldrich Chemical (St. Louis, MO, USA). BCA protein assay kit (CAT: PC0020) was pur-
chased from Solarbio Life Science (Beijing, China). All other used chemicals were of
analytical grade. All the animal experiments in the present study complied with the Re-
search Ethics Committee of Fujian Agriculture and Forestry University, China (Permit No.
PFMFAFU201610) [5,17].

5.2. Epitope Predication and 3D Structure Simulation

The mature peptide sequence and cysteine framework of αB-CTX were referred to
as in the previous report [12], and the possible epitopes of αB-CTX were further ana-
lyzed using the B-Cell Linear Epitope Prediction tool on the Immune Epitope Database
Analysis Resource server (http://tools.immuneepitope.org/bcell/) (accessed on 6 January
2022) [23,25]. Meanwhile, the 3D structure of αB-CTX was predicated on the basis of
homology modeling using SWISS-MODEL (http://swiss.model.expasy.org/) (accessed on
6 January 2022) [26–28].
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5.3. Protein Expression and Purification

To achieve high expression and purification of αB-CTX in E. coli BL21 (DE3), the DNA
fragment encoding mature αB-CTX peptide was synthesized by Shanghai Biotech Co., Ltd.
(Shanghai, China) after codon optimization [29]. The resulting DNA fragment was inserted
into the plasmids pET32a and pBD-mbp for the construction of recombinant expression
vectors, and the target proteins were expressed in E. coli BL21 (DE3) by IPTG induction
(a final concentration of 1.0 mM) when the cultures reached an OD600 of 1.0 [30]. After
cultivation, the fusion proteins were purified by Ni2+-NTA affinity chromatography, and the
protein concentration was determined by SDS-PAGE and BCA methods [18].

5.4. Animal Immunization and Titer Determination

To effectively activate the immune response of the mouse model, the purified MBP-
LK-αB-CTX4 fusion protein was used as the immunogen, and the procedures of animal
immunization and titer determination were performed as described with minor modifica-
tions [17,31]. Balb/C mice at the age of 7 weeks were immunized subcutaneously (100 μg
MBP-LK-αB-CTX4 emulsified in Freund’s complete adjuvant) with an interval of 2 weeks.
A total of 5 days after the 5th immunization, the ELISA was used to test the titer of serum
from the control and each immunized mouse. The mouse with the highest antibody titer
was regarded as the spleen donor for cell fusion and hybridoma screening.

5.5. Screening and Identification of Positive Hybridoma

The detailed protocols of cell fusion and hybridoma selection were carried out as
described in the referred methods [5,12]. The subclass of the antibody secreted by the posi-
tive hybridoma was identified by using Mouse Monoclonal Antibody Subtyping Kit [21],
and the chromosome numbers of selected hybridoma cells were observed and counted
using Jimsey staining solution as described [5].

5.6. Purification and Identification of mAb against αB-CTX

To obtain a monoclonal antibody (mAb) with high binding activity and specificity for
further investigation, healthy Balb/C mice aged 8–12 weeks were sensitized by paraffin at
the abdominal cavity, and then the cultured positive hybridoma (about 106 cells) was in-
jected into the abdominal cavity of the mice for ascites production. The caprylic/ammonium
sulfate precipitation and protein A/G methods were used to purify the IgG mAb against
αB-CTX from ascites fluid, and the concentration and fineness of purified antibody were
analyzed by the SDS-PAGE and BCA kits [5]. The binding activity (affinity) and specificity
of the purified anti-αB-CTX mAb were determined by indirect ELISA as described [19].

5.7. Analysis of Different Binding Epitopes

To investigate the binding epitope of the prepared mAb to αB-CTX, αB-CTX was
divided into three different fragments according to the protein sequence, and the result-
ing fragments were designated as αB-CTX (1–20), αB-CTX (10–30) and αB-CTX (20–40),
respectively. These three polypeptides were synthesized by Shanghai Biotech Co., Ltd.
(Shanghai, China) and then characterized by HPLC. Furthermore, 3 different peptides
and the full-length αB-CTX protein were used as the antigen to coat the 96-well plates
(10 μg/mL), and the purified 5E4 mAb in PBSM solution (1:4000 dilution) was added to
the reaction wells after blocking and washing. The binding validation was then performed
by ELISA as described [32].

5.8. Analysis of Specific Sites between mAb and αB-CTX Interaction

In view of the research results of antibody binding to a specific epitope, the critical
residues for mAb-αB-CTX binding were further determined. A total of 8 amino acids lo-
cated on epitope 1 of αB-CTX, regarded as the specific binding epitope for antigen-antibody
interactions, were individually mutated to alanine [32]. In the same way, the constructed
αB-CTX mutants were synthesized by Shanghai Biotech Co., Ltd. (Shanghai, China) and
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then characterized by HPLC. Then, 8 mutated αB-CTX proteins and αB-CTX were used
as the antigen to coat the 96-well plates (10 μg/mL), and the purified 5E4 mAb in PBSM
solution (1:4000 dilution) was added to the reaction wells after blocking and washing.
The binding activities of mAb to αB-CTX mutants were determined by ELISA according to
the instructions described above.

5.9. Establishment of ic-ELISA and Standard Curve

To effectively detect and analyze the content of αB-CTX in samples, indirect com-
petitive ELISA (ic-ELISA) was established via a specific antibody-antigen reaction [24].
For testing the best concentration on the calibration curve, the standard αB-CTX protein
(as a complete antigen) was 2-fold serially diluted (10~1.25 μg/mL, 625~1.2125 ng/mL
and 606~1.18 pg/mL, respectively) to react with the anti-αB-CTX mAb in a tube at 37 ◦C
for 30 min. Then, the reaction mixtures were added into the reaction wells with three
replicates of each concentration standard. The data from ic-ELISA was calculated and
analyzed, and the typical calibration curve and linear portion of the standard curve were
illustrated by using Origin 8.0 software according to the value of plotting (B/B0) against
the αB-CTX concentration [24]. In ic-ELISA, B0 is the OD450 nm value of the control well
without inhibitor, and B is the OD450 nm value of the well with inhibitor. B/B0 is called
the inhibition rate. IC50 indicates the concentration of inhibitor when the inhibition rate
reaches 50%.

5.10. αB-CTX Detection in Spiked and Real Samples by ic-ELISA

To further assess the accuracy and recovery of the developed ic-ELISA method,
the PBSM (PBS containing 5% skim milk powder) solution (no αB-CTX protein) was
treated with different concentrations of standard αB-CTX as spiked samples. To test and
assess the recovery and accuracy of ic-ELISA detection, the inter-assay and intra-assay were
performed with three replicates of each concentration standard, and the average recovery
and coefficient of variation (CV) were defined as the ratio of standard deviation to the mean
in recovery test [5]. At last, five different snail and shell samples purchased randomly from
Fuzhou supermarkets were detected using the ic-ELISA developed in this study.

5.11. Statistical Analysis

All the experimental data were processed and analyzed by ORIGIN 8.0 (OriginLab,
Northampton, MA, USA). Curve fitting and variance analysis were conducted to describe
the relationship between variables. All analyses were performed with three parallel tests.
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Abstract: This study explored and investigated how zearalenone (ZEA) affects the morphology of
small intestine and the distribution and expression of ghrelin and proliferating cell nuclear antigen
(PCNA) in the small intestine of weaned gilts. A total of 20 weaned gilts (42-day-old, D × L × Y,
weighing 12.84 ± 0.26 kg) were divided into the control and ZEA groups (ZEA at 1.04 mg/kg in
diet) in a 35-d study. Histological observations of the small intestines revealed that villus injuries of
the duodenum, jejunum and ileum, such as atrophy, retardation and branching dysfunction, were
observed in the ZEA treatment. The villi branch of the ileum in the ZEA group was obviously
decreased compared to that of the ileum, jejunum and duodenum, and the number of lymphoid
nodules of the ileum was increased. Additionally, the effect of ZEA (1.04 mg/kg) was decreased by
the immunoreactivity and distribution of ghrelin and PCNA in the duodenal and jejunal mucosal
epithelial cells. Interestingly, ZEA increased the immunoreactivity of ghrelin in the ileal mucosal
epithelial cells and decreased the immunoreactivity expression of PCNA in the gland epithelium of
the small intestine. In conclusion, ZEA (1.04 mg/kg) had adverse effects on the development and the
absorptive capacity of the villi of the intestines; yet, the small intestine could resist or ameliorate the
adverse effects of ZEA by changing the autocrine of ghrelin in intestinal epithelial cells.

Keywords: zearalenone; weaned gilt; intestinal morphology; ghrelin; PCNA

Key Contribution: The results showed that ZEA (1.04 mg/kg) in a diet could damage the intestinal
structure and significantly affect the expression of PCNA and ghrelin in weaned gilt.

1. Introduction

Fusarium, a kind of fungi, is widely distributed in nature and is common in North
America, Asia and Europe with mild climates [1]. Mycotoxins are produced by Fusarium,
which is a major and serious threat to animal and human health, as well as livestock pro-
duction [2–4]. In terms of animal health and productivity, the most important mycotoxins
were trichothecenes, zearalenone (ZEA), deoxynivalenol and fumonisins B1 [5,6]. The gas-
trointestinal tract is one of the most sensitive tissues to these mycotoxins [1]. Studies have
shown that mycotoxins can damage animal intestines through impairing the reduction–
oxidation reaction balance of the body, affecting the digestive tract function and causing
intestinal villus atrophy and an inflammatory response in the intestinal epithelial cells of
piglets [3,7,8]. Some in vitro studies have shown that food contaminated by ZEA and ZEA
metabolites can affect the synthesis of porcine cytokines and the structural integrity of the
intestinal epithelium [9,10]. The results of the differential gene expression and microarrays
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showed that there were 190 differently expressed genes in isolated IPEC-1 (porcine epithe-
lial cells) treated with ZEA, of which 70% were upregulated [11]. A low dose (40-μg/kg
BW) of ZEA did not change the mucosa thickness, villus length and villus-to-crypt of the
duodenum [12]. As far as we know, there are few published in vivo studies available on
the evaluation of the impacts of ZEA exposure on the intestinal structure and function
of gilts.

The small intestine is a critical place where nutrients are absorbed. Intestinal epithelial
cells are the first important and physical barrier to avoid the gastrointestinal absorption
of toxins [13], as well as the first target of toxins [14,15]. Ghrelin is a pleiotropic hormone,
which can promote growth hormone secretion [16], increase food intake [17], regulate
the energy metabolism and intracellular homeostasis [18,19] and is even involved in the
immune regulation of the intestinal mucosa [20]. Blood ghrelin mainly comes from the
gastrointestinal tract; a small amount of circulating ghrelin comes from the immune system,
kidney, pancreas, testis, ovary and placenta [21]. Research in pigs showed that ghrelin also
influenced or regulated their growth and development [22]. The results from Willemen
illustrated that the amount of expressing active ghrelin in gastric cells in the normal weight
neonates was higher compared with the small-for-gestational age piglets [23]. A previous
study reported that a diet containing ZEA could affect the ovarian histology and follicular
development by affecting the expression of PCNA and ghrelin in the ovaries [24] and
increasing the PCNA expression of granulosa cells and then accelerate the changes in
ovarian histology and the development of ovaries in the weaned gilts [24]. However,
information was limited on the effects of a diet containing ZEA exposure on the expression
and distribution of ghrelin and PCNA in the small intestine of weaned gilts.

The purpose of this research was to evaluate the impacts of ZEA in the diet on the
histological structure and the mRNA and protein expressions of ghrelin and PCNA in the
small intestine of weaned gilts. The results will be helpful to evaluate the impacts of a
1.04-mg/kg dose of ZEA in a diet on the subsequent damage and the digestive capacity of
the small intestines in weaned gilts.

2. Results

2.1. Serum ZEA, α-ZOL, and β-ZOL

The results showed that the serum α-ZOL (α-zearalenol), β-ZOL (β-zearalenol) and
ZEA contents in the ZEA group were higher than those in the control group (Table 1,
p < 0.05). These confirmed that ZEA could be absorbed and partially degraded into β-ZOL
and α-ZOL by the liver.

Table 1. Zearalenone contents in the serum of weaned gilts (μg/mL).

Items Zearalenone α-Zearalenol β-Zearalenol

Control 0.00 ± 0.00 b 0.291 ± 0.02 b 0.035 ± 0.01 b

ZEA1.0 0.15 ± 0.04 a 0.91 ± 0.10 a 0.77 ± 0.01 a

Data were presented by the mean ± SD (n = 6). a,b Means in the same column were significantly different (p < 0.05).

2.2. Morphological Structure and Measurement

Compared with the gilts in the control treatment, the gilts in the ZEA treatment
showed intestinal villus injuries, such as shortening, retardation and branching dysfunction,
and more obvious morphological changes of the villus branch in the jejunum and ileum
(Figure 1B1–C4). The duodenal villi in the ZEA treatment displayed a finger-like structure
(Figure 1A3,A4), but the duodenal villus length of the gilts in the control treatment was
longer than those of the ZEA treatment (Figure 1A1–A4). The jejunal villi of the gilts in
ZEA treatment group were stubby and leaf-like (Figure 1B3,B4), but the jejunal villi of the
gilts in the control treatment were finger-like (Figure 1B1,B2). The branches of the ileal villi
in the ZEA treatment were obviously incomplete (Figure 1C3,C4), and the number and the
area of the ileal submucosal lymph nodes were increased.
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Figure 1. Representative hematoxylin and eosin staining images of the small intestine in weaned gilts
(n = 6). (A1,A2,B1,B2,C1,C2) were the control treatment, and (A3,A4,B3,B4,C3,C4) were the ZEA1.0
treatment. Scale bars were 200 μm for (A1,A3,B1,B3,C1,C3) and 100 μm for (A2,A4,B2,B4,C2,C4),
respectively. ig represented intestinal gland, iv represented intestinal villus, g represented duodenal
gland, l represented lymphoid nodule and m represented musculari.

The parameters of the morphometric analysis of the small intestine in the control and
ZEA treatment are listed in Table 2. The results showed that the villi lengths-to-crypt depth
and villus length of ZEA exposure were significantly reduced (p < 0.05), and the crypt
depth of the ZEA treatment became thick (p < 0.05) compared to the control treatment in
the intestinal three segments.

Table 2. Morphometric analysis of the small intestine in weaned gilts.

Items
Villus Length

(μm)
Crypt Depth

(μm)
VL/CD

Duodenum
Control 515.91 ± 7.43 a 713.31 ± 7.58 b 0.73 ± 0.01 a

ZEA1.0 355.86 ± 7.66 b 880.36 ± 12.76 a 0.41 ± 0.01 b

Jejunum Control 1059.37 ± 19.13 a 493.21 ± 7.03 b 2.16 ± 0.05 a

ZEA1.0 376.12 ± 13.49 b 847.03±7.01 a 0.59 ± 0.03 b

Ileum
Control 334.67 ± 9.85 a 895.51 ± 10.68 b 0.48 ± 0.01 a

ZEA1.0 178.83 ± 8.68 b 1759.83 ± 23.93 a 0.10 ± 0.01 b

Data were presented by the mean ± SD (n = 6). a,b Means in the same column were significantly different (p < 0.05).
VL/CD, villus length/crypt depth.

2.3. The Ghrelin Immunoreactive Cells Distribution

The distribution and expression of ghrelin in the small intestine were presented
in Figure 2. The immunohistochemical results showed that ghrelin-positive substances
were distributed in the cytoplasm of the villi and glandular epithelium. The ghrelin
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immunoreactivity was stronger in the villi mucosal epithelium adjacent to the intesti-
nal lumen at the apical surface of the folds, but it was gradually reduced and weak-
ened in epithelial cells on both sides and near the base. The ghrelin localization pat-
tern of the duodenum (Figure 2A1–B3) and jejunum (Figure 2C1–D3) in the control treat-
ment (Figure 2A1–A3,C1–C3) was essentially the same as that in the ZEA treatment
(Figure 2B1–B3,D1–D3), but in the ileal mucosal epithelial cells, ZEA increased the ghre-
lin immunoreactivity compared to the control (Figure 2E1–F3). The results of a single
villus’ integrated optic density (SIOD) of duodenal and jejunal ghrelin in weaned gilts
were consistent with the above results of the immunochemical analysis. The SIOD of
the ZEA group were obviously decreased compared to those in the control treatment
(p < 0.05, Figure 3B). However, the IOD and SIOD of the ileal ghrelin in the ZEA group
were increased significantly compared to those in the control group (Figure 3A,B, p < 0.05).

Figure 2. Representative distribution of ghrelin immuno-positive cells in the small intestine of
weaned gilts (n = 6). (A1–A3,C1–C3,E1–E3) were the control, and (B1–B3,D1–D3,F1–F3) were the
ZEA1.0 treatment. Scale bars of (A1,B1,C1,D1,E1,F1) were 200 μm, of (A2,B2,C2,D2,E2,F2) were
100 μm and of (A3,B3,C3,D3,E3,F3) were 20 μm. ig represented the intestinal glands, iv represented
the intestinal villus, dg represented the duodenal gland, ie represented the intestinal villus epithelium,
l represented the lymphoid nodule and m represented the muscularis.

2.4. The Distribution of PCNA Immunoreactive Cells

The expression and distribution of PCNA in the small intestines of gilts were detected
(Figure 4). The immunohistochemical results showed that PCNA-positive substances were
distributed in small intestinal villi and intestinal glands. The PCNA immunoreactivity
was stronger in villus epithelial cells, especially at the bottom of the small intestinal villi,
but weakened gradually in the villus epithelial cells of both sides and at the top of the
small intestinal villi. The location pattern of PCNA in the duodenum (Figure 4A1–A4),
jejunum (Figure 4C1–C4) and ileum (Figure 4E1–E4) of the control treatment were basically
the same as those in the ZEA treatment (Figure 4B1–B4,D1–D4,F1–F4). The results of the
ZEA treatment showed that the PCNA immunoreactivity of the intestinal gland cells in
the duodenum, jejunum, ileum (Figure 4A4,B4,C4,D4,E4,F4) and villus epithelial cells at
the base of the small intestinal villi (Figure 4A3,B3,C3,D3,E3,F3) were significantly weaker
than those of the control treatment. The results of the IOD of duodenal and jejunal PCNA
and SIOD in the duodenal, jejunal and ileal PCNA revealed that those of the ZEA group
were significantly lower than those of the control group (Figure 3C,D, p < 0.05).
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Figure 3. The IOD and SIOD of ghrelin and PCNA of the small intestine in weaned gilts (n = 6). * Means were significantly
different (p < 0.05). (A) The IOD of ghrelin, (B) the SIOD of ghrelin, (C) the IOD of PCNA and (D) the SIOD of PCNA.

Figure 4. Representative distribution of PCNA immuno-positive cells of the small intestine in weaned gilts. (A1–A4,C1–
C4,E1–E4) were the control treatment, and (B1–B4,D1–D4,F1–F4) were the ZEA1.0 treatment. Scale bars were 200 μm
for (A1,B1,C1,D1,E1,F1), 100 μm for (A2,B2,C2,D2,E2,F2) and 20 μm for (A3,A4,B3,B4,C3,C4,D3,D4,E3,E4,F3,F4). ig rep-
resented the intestinal gland, iv represented the intestinal villus, dg represented the duodenal gland, ie represented the
intestinal villus epithelium, l represented the lymphoid nodule and m represented the muscularis.
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2.5. The mRNA and Protein Relative Expressions of Ghrelin and PCNA

The mRNA relative expression of ghrelin was consistent with the immunohistochem-
istry analysis above. Compared to the control treatment, the decreased mRNA relative
expression of the ileal and jejunal PCNA (Figure 5A, p < 0.05) were also observed in the
ZEA treatment, but there were no obvious differences in the duodenal ghrelin and PCNA
mRNA relative expressions that were observed (p > 0.05) between the control and ZEA
treatments (Figure 5A).

Figure 5. The protein and mRNA relative expressions of ghrelin and PCNA in the small intestine (duodenum, jejunum and
ileum) in weaned gilts (n = 4). (A) The mRNA relative expressions of ghrelin and PCNA, and (B) the protein expressions of
ghrelin and PCNA. a,b Means differ significantly (p < 0.05).

The results from the protein expressions of ghrelin and PCNA in the jejunum and
ileum showed that the ZEA-treated gilts were significantly decreased compared to the
control gilts (p < 0.05, Figure 5B).

3. Discussion

The meaningful findings of this study were that ZEA might damage the intestinal
structure by changing the expression of ghrelin and PCNA. It was found that prepubertal
pigs might be very sensitive animals to ZEA toxicity [25]. The estrogenic properties of ZEA
have been reported extensively in the literature. Yang et al. [26] and Zinedine et al. [27]
found that ZEA caused a high estrogen syndrome in animals, leading to reproductive
disorders and infertility, ovarian and uterine dilation and decreased pregnancy rates in
pigs and cattle [26,27]. Importantly, the small intestine acts as the first line of defense for
ZEA, which is mainly absorbed into the intestinal tract and can cause intestinal damage.
Liu et al. [28] reported that HSP70 expression and MDA content in the small intestine
(duodenum, jejunum and ileum) were increased in weaned gilts fed a 1.04-mg/kg ZEA
diet. The meaningful findings of this study were that ZEA might damage the intestinal
structure by changing the expression of ghrelin and PCNA.

3.1. Morphological Structure of Small Intestine and Serum ZEA, α-ZOL and β-ZOL

Studies have shown that the small intestine is the key and main part of the absorption
of most nutrients. Therefore, the changes in the structure and function of the small intestinal
mucosa are closely related to the digestion and absorption of nutrients. Moreover, the villi,
finger-like protrusions of the small intestine expand the surface area of the mucosa and
are arranged within the intestinal mucosa epithelial cell layer facing the lumen to form a
protective barrier to protect the body from direct contact with microorganisms and food
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antigens [29]. ZEA can cause intestinal damage, which would lead to the impairment of the
intestinal absorption capacity and barrier function [30,31]. Intestinal morphology changes
caused by mycotoxins (deoxynivalenol and ZEA) affected the defense mechanisms of the
large intestine, and the number of plasma cells and lymphocytes also increased [8,32–35].
The report confirmed that immature gilts were administered ZEA (40-μg/kg BW) orally
one week, and the number of lymphocytes and goblet cells in the intestinal villus mucosal
epithelium obviously increased [36–38]. Especially the results of the ileum and jejunum in
this study, ZEA exposure damaged the structure of the small intestine by shortening the
villi and destroying the branching function of the ileum and jejunum and the decreased
villus length of the duodenum, jejunum and ileum treated with ZEA. In the current study,
it was hinted that 1.04-mg/kg ZEA resulted in the reduction of the functional mucosal
epithelial surface area; the nutrient absorption capacity might decrease in a short time
period. However, Liu et al. [28] found no significant difference in the ADFI, ADG or feed
efficiency (ADG/ADFI) in gilts when the gilts were treated with ZEA at 1.04 mg/kg in
a diet) for 35 days. Therefore, the grow performance index was not a sensitive index of
short-term intestinal injury, the morphological structure and the index of the length of
the small intestine villi, and the depth of the crypts was more accurate for evaluating
the effect of ZEA on the intestinal morphology. This result also prompted that ZEA was
mainly absorbed through small intestinal cells; after enterohepatic circulation, ZEA was
degraded into β-ZOL and α-ZOL by the liver and then combined with glucuronic acid.
Although ZEA and its metabolites were finally excreted through feces, urine or milk, ZEA
and its metabolites would still accumulate in target organs in animals and endanger animal
health [39]. The higher contents of α-ZOL, β-ZOL and ZEA in the serum of the ZEA
treatment indicated that dietary 1.04-mg/kg ZEA could be absorbed by intestinal epithelial
cells and degraded in the liver and act on reproductive organs and other target organs
through blood circulation.

3.2. The Distribution and Expression of Ghrelin

Ghrelin, a brain–gut peptide consisting of 26 amino acids, has attracted widespread
attention since it was discovered and plays a protective role in animal gastrointestinal
injury [40]. Ghrelin is most densely distributed in the gastric and intestine mucosa of
various vertebrates (mammals and nonmammals) [41,42]. The intestinal recess and villous
cells greatly reduce the number of ghrelin with the backward extension of the digestive
tract [43]. Reports were confirmed that the main secretory segment of ghrelin was the
duodenum [44]; the number of ghrelin results in this research showed that the secretion of
ghrelin in the duodenal and jejunal mucosa of the ZEA treatment decreased, which might
be the normal physiological defense response of intestinal epithelial cells to a reduced
ZEA absorption. The function of the jejunum is to digest and absorb food. Moreover,
ghrelin was found to affect the food intake, endocrine regulation of intestinal emptying
and motility in rats/mice [45], and in human metabolic activities, it has been reported
that ghrelin is associated with intestinal mucosa [21,46,47]. The domestic research showed
that ghrelin acted as a gastrointestinal hormone to stimulate the appetite, increase the
feed intake and regulate the energy balance [48,49]. However, the high expression of
ghrelin (IOD and SIOD) in the ileum of the control was lower than those of the ZEA
treatment, which we believed that might be related the immune function of the ileum to
resist the toxicity of ZEA. Our results prompted us to relate the results of the Keap1–Nrf2
signaling pathway, which was likely activated by ZEA in the ileum [50]. ZEA may have
exerted influence on the hormone/signal molecule secretion rule of the small intestine.
Previous studies showed that ghrelin is potentially therapeutic for mucosal injuries and
intestinal permeability [51,52]. Hatoya et al. [53] found that higher estrogen receptor levels
caused lower ghrelin mRNA levels. This study hinted that ZEA could cause a decrease in
the secretion of ghrelin in the duodenal and jejunal mucosa, which might be the normal
physiological defense response of intestinal epithelial cells to a reduced ZEA absorption.
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However, its molecular mechanism needs to be further confirmed and further studied,
because the effects of ghrelin on ZEA induced the toxicity of the ileum in vitro.

3.3. The Distribution and Expression of PCNA

It had been confirmed that the renewal and proliferation of intestinal villi epithelial
cells were migrated from the crypt to the top of the villi and that the continuous proliferation
and differentiation of intestinal stem cells in the intestinal crypts could achieve a renewal
of the intestinal epithelium, so the proliferation rate of the epithelial cells and the rate
of apoptosis and shedding of the epithelial cells were closely related to the growth of
the intestinal villi [54]. The PCNA exists in normal proliferative cells and tumor cells,
PCNA was also a major endogenous marker for testing the cell proliferation ability [55]. In
addition, PCNA also plays an important role in the post-traumatic repair of many intestinal
diseases. Liu et al. [56] confirmed that ZEA at 1.04 mg/kg in a diet exerted immunotoxicity
and cytotoxicity through inducing oxidative stress, and then led to apoptosis and DNA
oxidative damage. However, there were reports that an alternative pathway of DNA
damage was closely connected to the monoubiquitination of PCNA [57,58]. In the current
study, we also found that ZEA decreased the expression of PCNA in the villus epithelium
and increased the expression of PCNA in the intestinal gland, which was consistent with
ZEA destroying the branching and damaging the structure of the small intestine. The
increased expression of PCNA in small intestinal glands showed the importance of PCNA,
which was related to the self-repair mechanism of the small intestine. In addition, the
results of the PCNA in the present study also indicated the influence and damage of
1.04-mg/kg ZEA to the gilts’ small intestines, but their bodies still had the ability to be
repaired; however, we suspected that the repair ability of the small intestine in the resistance
to ZEA injury and the effect of ZEA on PCNA expression might occur via destroying the
proliferation ability of small intestinal stem cells, which drive the renewal and rebirth of
the intestinal epithelium every 2 to 3 days [59]. Therefore, further studies were needed to
study the damaging effects of ZEA on intestinal stem cells and clarify the potential toxic
effect of ZEA.

4. Conclusions

In conclusion, under the experimental conditions, we detected the influence of
1.04-mg/kg ZEA on the morphological structure of the small intestine in weaned gilts and
the expression and distribution of ghrelin and PCNA, which act as important markers of
intestinal development and functionality. The results also suggested that ZEA might have
adverse effects on the health and growth of gilts at a later stage. More in vivo and in vitro
studies are needed to confirm the relationship among the nutrient absorption, growth
performance of pigs and intestinal injury caused by ZEA.

5. Materials and Methods

5.1. Ethics Statement, Experimental Design, Animals and Treatments

In this experiment, the gilts were fed in accordance with the Guide for the Care and
Use of Laboratory Animals, which were approved by the Committee on the Ethics of
Shandong Agricultural University (ID: S20180058, date of approval 10 December 2019).

Twenty healthy D × L × Y weaned gilts (Duroc × Landrace × Yorkshire) aged
42 ± 2 d (average weight 12.84 ± 0.26 kg) were placed in individual 0.48 m2 cages. All
gilts were fed ad libitum and had free access to water, the relative humidity of the room
was approximately 65% and the temperature maintained between 26 and 28 ◦C during
the whole experimental period. Gilts were randomly divided into two treatments (10 gilts
per treatment) to receive a basal diet or a 1.0-mg/kg dose ZEA diet (basal diet added
with 1.0-mg/kg ZEA). The zearalenone dosage used in this current study was due to
previous investigations and the recent literature [60–63], according to Liu et al. [28], for
35 d following a 7-d adaptation.
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The basal diet (Table 3) was selected to meet or exceed the piglets’ nutrient require-
ments recommended by the NRC 2012 (National Research Council). The ZEA diet was
prepared according to the studies by Dai et al. [24] and Liu et al. [28]. The two diets were
produced in the same batch and stored in prior to feeding. The nutrient composition of the
experimental diets was analyzed according to the method in which were described by the
2012 AOAC (Association of Official Analytical Chemists). According to Zhou et al. [64]
and Liu et al. [28], the diet sample was collected before and at the end of the experiment;
then, we determined the toxin contents in the diets (Table 4) The LC-MS method high-
performance liquid chromatography (HPLC) tandem mass spectrometry (MS) with the
fluorescence detection method, affinity column chromatography method and the external
standard method were used to quantify FUM (fumonisin) and DON (deoxynivalenol)
and AFL (aflatoxin). Using the LC method in conjunction with the fluorescence detection
method, affinity column chromatography method, and the external standard method quan-
tified ZEA. Its minimum detection concentration of the toxins was 0.05 mg/kg for DON,
1.0 μg/kg for AFL, 0.1 mg/kg for FUM and 0.01 mg/kg for ZEA.

Table 3. The compositions and ingredients of the basal diet.

Ingredients (%) Content Nutrients (%) Analyzed Values

Corn 53.00 Metabolizable energy,
MJ/kg 13.22

Whey powder 6.50 Crude protein 19.40
Wheat middling 5.00 L-Lysine HCl 0.30
Sodium chloride 0.20 Sulfur amino acid 0.79

Soybean oil 2.50 Total phosphorus 0.73
Limestone,
Pulverized 0.30 Threonine 0.90

Fish meal 5.50 Methionine 0.46
Calcium phosphate 0.80 Tryptophan 0.25

Soybean meal 24.76 Lysine 1.36
L-threonine 0.04 DON mg/kg 0.41

DL-methionine 0.10 AFL ug/kg 1.62
Calcium 0.84 FUM mg/kg 0.28
Premix 1 1.00 ZEA mg/kg 0.14

Total 100
1 Supplied per kg of diet: VE, 24 IU; VA, 3300 IU; K3, 0.75 mg; D3, 330 IU; B12, 0.02625 mg; B6, 2.25 mg; B2,
5.25 mg; B1, 1.50 mg; niacin, 22.5 mg; pantothenic acid, 15.00 mg; biotin, 0.075 mg; Mn (MnSO4·H2O), 6.00 mg; Zn
(ZnSO4·H2O), 150 mg; Fe (FeSO4·H2O), 150 mg; Cu (CuSO4·5H2O), 9.00 mg; Se (Na2SeO3), 0.45 mg. folic acid,
0.45 mg; I (KIO3), 0.21 mg.

Table 4. Primers sequences of GAPDH, ghrelin and PCNA.

Target Genes Accession No. Primer Sequences Product (bp)

Ghrelin AF_308930
F: CCGAACACCAGAAAGTGCAG

144R: CGTTGAACCGGATTTCCAGC

PCNA NM_001291925.1
F: GTGATTCCACCACCATGTTC 145
R: TGAGACGAGTCCATGCTCTG

GAPDH NM_001206359.1
F: ATGGTGAAGGTCGGAGTGAA

154R: CGTGGGTGGAATCATACTGG

The measured results of the toxins showed that the concentrations of the aflatoxins
(DON, AFL, FUM and ZEA) in the basal diets were 0.41 mg/kg, 1.62 μg/kg, 0.28 mg/kg
and 0.14 mg/kg and were 0.41 mg/kg, 1.59 μg/kg, 0.28 mg/kg and 1.04 mg/kg in the
ZEA diet.
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5.2. Sample Collection and Preparation

After the experiment was completed, all gilts were fasted for 10–12 h and then blood
and separated serum were collected. The serum samples of the gilts were taken and kept at
20 ◦C for the ZEA content analysis. Collected samples (2.0–2.5 cm in length, approximately)
from the middle of the duodenum, jejunum and ileum were immediately extracted after
evisceration. One sample was stored in a RNase-free frozen tube, then placed and immersed
in the liquid nitrogen immediately and kept at the ultra-low temperature of −80 ◦C in a
refrigerator for the subsequent analysis of the expression of mRNA and protein in the small
intestine; another sample was fixed in Bouin’s solution for the following histological and
immunohistochemical examinations.

5.3. The Concentrations of ZEA, β-ZOL and α-ZOL during Serum Detection

The serum concentrations of ZEA, α-ZOL and β-ZOL were analyzed by the Institute of
Quality Standards and Detection Technology of Chinese Academy of Agricultural Sciences
according to Liu et al. [28]. A LC-MS/MS analysis was performed using an Agilent 1200
liquid chromatograph (Agilent Technologies, Palo Alto, CA, USA) coupled to a 3200 QTrap®

mass spectrometry system (Applied Biosystems, Foster City, CA, USA) equipped with a
Turbo electrospray ionization (ESI) interface.

5.4. Small Intestine Histology Examination

The fixed small intestinal tissues were treated with a gradient series of ethanol and
xylene solutions and then embedded conventionally in the paraffin wax. The embedded
tissues were sliced to 5-μm-thick sections and stained with the dye of the hematoxylin and
eosin (H&E staining method) to observe the small intestinal tissue structure under light
microscopy. Morphometric analyses were performed using microscope analyses software
(Olympus BX41, Tokyo, Japan), and the parameters, including the crypt depth, villus length
and VL/CD (villus length-to-crypt depth), were measured under 40× magnification.

5.5. Immunohistochemistry (IHC)

The paraffin sections (5 μm) were dewaxed and rehydrated regularly, and the antigen
retrieved was used the microwaving method for about 20 min in 0.01-mol/L, pH 6.0
sodium citrate buffer. Subsequently, the sections were sealed with 3% H2O2 for about
30 min in order to block the endogenous peroxidase, then incubated in 10% normal calf or
goat serum (ZSGB-BIO, Beijing, China) for about 30 min to block the nonspecific binding.
Hereafter, we incubated the sections with mouse anti-PCNA monoclonal antibody (1:200,
ZSGB-BIO) or rabbit anti-ghrelin polyclonal antibody (1:100, BIOSS, Beijing, China) at
4 ◦C overnight. On the following day, the sections were washed using 0.01-mol/L, pH
7.2 PBS and were subsequently covered using the corresponding secondary antibody for
1–1.5 h at 37 ◦C, according to the immunohistochemical enhanced kit instructions of the
labeled polymer system kit (Polink-2 plus polymer HRP detection system for mouse or
rabbit specific primary antibody, PV-9002/PV-9001, ZSGB-BIO); subsequently, the sections
were washed with 0.01-mol/L, pH 7.2 PBS, followed by immersion in a DAB horseradish
peroxidase color development kit (DAB kit, Tiangen for about 1–3 min to detect the result
of immunohistological staining. At last, the slides were counterstained with hematoxylin
dye and observed the distribution of immuno-positive cells with the yellow/brownish
yellow color of the immunoreactive substances under a light microscope. At the same time,
the negative control tissues sections were conducted with the same program, except that
the specific primary antibody was substituted with PBS and 10% goat serum.

5.6. Measurement of the Integrated Optical Density

Ghrelin and PCNA labeling were examined by a microscope (Olympus BX41 (DP25),
Japan). From each specimen, views of the fields in 10 stained sections were randomly
chosen (n = 10 sections, per treatment) and photographed using the Olympus microscope
camera system (Olympus BX41 (DP25), Japan). The next step was using Image Pro-Plus
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6.0 analysis software (Media Cybernetics, MD, Maryland, USA) to analyze and evaluate
the amount of immuno-positive cells stained. The SIOD (Integrated Optical Density of the
single small intestinal villi) and IOD (Total Integrated Optical Density of a cross-section)
were obtained, which were applied to compare the ghrelin and PCNA staining intensities
in the duodenum, jejunum and ileum between the control and ZEA treatment.

5.7. Quantitative Real-Time PCR

Total RNAs were extracted from the small intestine samples with RNAiso Plus (Lot:
AA4602-1, TaKaRa, Beijing, China), according to the kit manufacturer’s instructions and
the literature of Dai et al. [24]. The concentration and purity of the RNA was evaluated
using an Eppendorf biophotometer (Lot: RS323C, Eppendorf, Germany). The integrity of
the total RNA was checked by AGE (agarose gel electrophoresis); then, we moved onto
the next step, using the PrimeScriptTM RT Master Mix reverse transcription system kit
(RR036A, TaKaRa, Beijing, China); the total RNA was reverse-transcribed onto the cDNA.

A total 20-μL volume of the qRT-PCR reaction mixture were contained with 6.8 μL of
dH2O; 0.4 μL (10 μmol/L) of forward primers and 0.4 μL (10 μmol/L) of reverse primers,
10 μL of SYBRY Premix Ex Taq II (Lot: AK7502; TaKaRa, Beijing, China), 0.4 μL of ROX
reference Dye II and 2.0 μL of the cDNA (<100 ng). The protocol of qRT-PCR consisted
of an initial denaturation step at 95 ◦C for 30 s, followed by 40 cycles for 5 s at 95 ◦C, for
34 s at 60 ◦C, for 15 s at 95 ◦C and for 60 s at 60 ◦C; the final step was for 15 s at 95 ◦C. The
reactions were conducted in the ABI 7500 Real-Time PCR System (Applied Biosystems,
Foster City, CA, USA). The ghrelin and PCNA relative mRNA quantification levels were
calculated and expressed as being the 2−ΔΔCT [65] method. The qRT-PCR experiments were
carried out in triplicate. In Table 4, the primer sequences of PCNA, ghrelin and GAPDH
glyceraldehyde-3-phosphate dehydrogenase and the production lengths were presented.

5.8. Western Blot Analysis

The total protein of the small intestine was extracted using the Protein Extraction
Kit (Beyotime, Shanghai, China) according to the kit manufacturer’s instructions, and
the concentration was determined using the BCA protein quantitative kit (Tiangen). An
equivalent amount of protein (40 μg) was loaded onto SDS-PAGE and blotted onto a PVDF
(polyvinylidene difluoride) membrane. Then, the PVDF membranes were incubated with
rabbit anti-ghrelin polyclonal antibody (1:250, BIOSS), mouse anti-PCNA monoclonal anti-
body (1:300, ZSGB-BIO) and mouse monoclonal anti-β-actin antibody (1:3000, Beyotime)
at 4 ◦C for 12 h. After washing with pH 7.2, 0.01-mol/L TBST, the PVDF membranes
were soaked with an anti-rabbit/mouse horseradish peroxidase-labeled antibody (1:3000)
for 2.5 h at room temperature. The next step was incubating the PVDF membranes with
a BeyoECL Plus kit (Beyotime), followed by detection with FusionCapt Advance FX7
(Beijing Oriental Science and Technology Development Co. Ltd., Beijing, China), and
were quantified using Image Pro-Plus 6.0 software (Media Cybernetics, Sliver Springs,
MD, USA).

5.9. Statistical Analysis

All data were expressed as the mean ± SD. In order to confirm the differences between
the treatments, the one-way ANOVA and independent-sample t-test of the SPSS method
for Windows (version 14.0) of the analyzed data were used, with p < 0.05 being considered
a significant difference.
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Abstract: Fumonisins are a kind of mycotoxin that has harmful influence on the health of humans
and animals. Although some research studies associated with fumonisins have been reported, the
regulatory limits of fumonisins are imperfect, and the effects of fumonisins on fecal bacterial flora
of mice have not been suggested. In this study, in order to investigate the effects of fumonisin
B1 (FB1) on fecal bacterial flora, BALB/c mice were randomly divided into seven groups, which
were fed intragastrically with 0 mg/kg, 0.018 mg/kg, 0.054 mg/kg, 0.162 mg/kg, 0.486 mg/kg,
1.458 mg/kg and 4.374 mg/kg of FB1 solutions, once a day for 8 weeks. Subsequently, feces were
collected for analysis of microflora. The V3-V4 16S rRNA of fecal bacterial flora was sequenced using
the Illumina MiSeq platform. The results revealed that fecal bacterial flora of mice treated with FB1
presented high diversity. Additionally, the composition of fecal bacterial flora of FB1 exposure groups
showed marked differences from that of the control group, especially for the genus types including
Alloprevotella, Prevotellaceae_NK3B31_group, Rikenellaceae_RC9_gut_group, Parabacteroides and
phylum types including Cyanobacteria. In conclusion, our data indicate that FB1 alters the diversity
and composition of fecal microbiota in mice. Moreover, the minimum dose of FB1 exposure also
causes changes in fecal microbiota to some extent. This study is the first to focus on the dose-related
effect of FB1 exposure on fecal microbiota in rodent animals and gives references to the regulatory
doses of fumonisins for better protection of human and animal health.

Keywords: fumonisin B1; BALB/c mice; fecal bacterial flora; 16S rRNA sequencing

Key Contribution: This study is the first to focus on the dose-related effect of FB1 exposure on fecal
microbiota in rodent animals and gives references to the regulatory doses of fumonisins for better
protection of human and animal health.

1. Introduction

Evidence has suggested that the intestinal bacterial flora plays an important role in
maintaining the health of the body [1]. This community consists of trillions of bacteria,
which are beneficial to nutrition collection, immunity intrusion, barrier function, and en-
ergy regulation [2–4]. However, stimulation or interference including physical destruction,
xenobiotics, host factors and antimicrobial drugs, may cause changes in the numbers or
species of intestinal bacterial flora [5,6], which result in diseases by affecting the proin-
flammatory activity [7], metabolism [8] and modulation of gut hormones [9]. Mycotoxins
are secondary metabolites produced by fungi, which are capable of causing noxious ef-
fects on humans and animals [10,11]. Increased investigations on mycotoxins, such as
aflatoxin B1 [12,13], deoxynivalenol [14,15], zearalenone [16], trichothecene [17], etc., have
proved that exposure of mycotoxins could influence the diversity and composition of gut
microbiome. Meanwhile, the intestinal bacterial flora has the ability to bind, degrade or
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transform mycotoxins [18,19]. Mycotoxins and intestinal bacterial flora may interact with
each other.

Fumonisins are a group of mycotoxins produced by Fusarium moniliforme and other
Fusarium species, which commonly contaminate corn, sorghum, related grains and even
traditional Chinese medicines (TCM) throughout the world [20]. There are 28 fumonisin
analogs that have been characterized since 1988 and they are separated into four main
groups, identified as the fumonisin A, B, C and P series [21]. Among those many kinds of
fumonisins known, fumonisin B1 (FB1) is the most abundantly produced member and the
most toxic [22]. It has been proved that FB1 is neurotoxic [23], nephrotoxic, hepatotoxic [22],
hepatocarcinogenic [24] and immunotoxic [25]. As a potential hazardous contaminant, FB1
has been shown to cause the production of equine leukoencephalomalacia (ELEM) and
porcine pulmonary edema (PPE) [20,26]. It is also regarded as a high incidence of human
esophageal cancer [26]. Contamination of food [27–30], feed [31–33] and TCM [34] with the
fumonisins has been a more and more serious concern in our society. In recent years, the
toxicity and the toxic mechanism of fumonisins has become a research hotspot following
the aflatoxins. However, unlike aflatoxins, the toxicity of FB1 is still underestimated and
the regulations associated with the guidance levels of fumonisins on food, feed or TCM are
not currently exhaustive.

Previous investigations about FB1 mostly focused on the body organs’ toxicity and
its carcinogenicity [35]. Some researchers are committed to finding advanced methods
to detect the amount of FB1 [36,37], and some are attempting to transform and remove
FB1 to decrease its toxicity [38]. Few studies pay attention to the effects of FB1 on gut
bacterial flora. The only two articles found were about the effect of a single dose of FB1
on gut microbiota in weaned pigs [39] and broiler chickens [40], which suggested that
FB1 could disturb the normal activities of bacterial flora. The effects of different levels
of FB1 on gut bacterial flora in rodents have not been investigated so far. In this study,
six different concentrations of FB1 solutions, which were set according to the current
regulations throughout the world, were continuously administered to female BALB/c
mice, which are more sensitive to the toxicity of FB1 [41–43]. The results provide further
evidence about the influence of FB1 on the fecal bacterial flora, especially low levels of FB1
for long-term exposure. This article is expected to attract more attention to the toxicity of
FB1, and also hope to give references to the guidance levels of fumonisins and put forward
methods to reduce the toxicity through modulating the gut bacterial flora.

2. Results

2.1. Diversity of Fecal Bacterial Communities of Mice

The rarefaction cure revealed that the measured sequence number was reasonable for
further analysis. All rarefaction cures of the seven groups plateaued, which indicated that
the majority of sequences were involved in the analysis process for each group (Figure 1a).
Alpha diversity was applied in analyzing the complexity of species diversity for each group.
Based on alpha diversity analysis, the Shannon index was identified. After 8 weeks of
exposure to FB1, the Shannon diversity index tended to be higher in feces from FB1-treated
groups, especially in FB1-3, FB1-4 and FB1-5 groups, compared to those in the control
group. Unusually, FB1-6 was slightly decreased relative to other groups but still increased
compared with control group. These results suggested that FB1 exposure was accompanied
by higher diversity in feces microbiota (Figure 1b). Beta diversity was used to evaluate
differences in the species complexity in samples and was showed by a weighted unifrac
index. Only the fecal bacterial flora of FB1-3 was significantly increased compared with the
control group. Based on the abundance of every OTU (Figure 1c), the data distribution of
groups was exhibited by PCA (Principal Component Analysis), which indicated that FB1-3,
FB1-4, FB1-5 and FB1-6 groups were separated well from the control group (Figure 2).
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Figure 1. The diversity of the fecal bacterial community. (a) Rarefaction curve. (b) Alpha diversity revealed by the Shannon
index. (c) Beta diversity revealed by weighted unifrac distance. * means p < 0.05, ** means p < 0.01 vs. control group.

 
Figure 2. The PCA of the bacterial flora in groups.

2.2. Microbiota Profiles in Feces of Mice

The relative abundances of fecal bacteria in genus types were drawn as a column
picture and a heatmap as shown in Figures 3–5. The 10 most abundant genera were
Alloprevotella, Lactobacillus, Alistipes, Lachnospiraceae_NK4A136_group, Bacteroides,
Prevotellaceae_UCG-001, Ruminococcaceae_UCG-014, Roseburia, Lachnoclostridium and
Prevotellaceae_NK3B31_group, respectively. Concerning the relative abundances of fe-
cal bacteria in phylum types, it was obtained that the Bacteroides phylum was the most
abundant one in the fecal microbiota from all groups. Firmicutes was the second most
abundant phylum followed by Proteobacteria and Cyanobacteria. Furthermore, Cyanobac-
teria tended to be higher in all FB1-treated groups than in the control group. There were
also another four phylum types with relatively lower abundance (<1%) in the heatmap:
Actinobacteria, Saccharibacteria, Deferribacteria and tenericutes.

2.3. Phylogenetic Tree

The phylogenetic tree was obtained based on the hierarchical clustering analysis
according to the distance matrix in the beta diversity analysis (Figure 6). The fecal bacteria
of the control and the low-dose groups including FB1-1 and FB1-2 were clustered together,
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which indicates that these three groups had a relatively close genetic relationship. In
addition, FB1-3 and FB1-4, and FB1-5 and FB1-6 were clustered together, respectively,
showing a close genetic relationship.

Figure 3. Column pictures of genus and phylum types and relative abundance of fecal bacterial
flora. Others: Fecal bacterial flora with relative abundance < 1% were included as others. (a) Column
pictures of genera; (b) column pictures of phyla.

2.4. Shifts in Relative Abundance of Fecal Bacterial Flora
2.4.1. Genera Performances

As shown in Figure 7, compared with the control group, Alloprevotella decreased
significantly in FB1-3, FB1-4, FB1-5 and FB1-6 groups. Prevotallaceae_UCG-001 and
Ruminococcaceae_UCG-014 tended to decrease in FB1-exposed groups compared with the
control group. In contrast, Prevotellaceae_NK3B31_group, Rikenellaceae_RC9_gut_group
and Parabacteroides showed a significant increase in the FB1-5 group and the FB1-6 group.
In addition, there was an interesting phenomenon that Lactobacillus and Alistipes decreased
in lower doses first and increased in higher doses, while Lachnospiraceae_NK4A136_group,
Lachnoclostridium and Lachnospiraceae_UCG-001 typically increased in lower doses and
decreased in higher doses.
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Figure 4. Heatmap of genus types and relative abundance of fecal bacterial flora. Others: Fecal bacterial flora with relative
abundance < 1% were included as others.

Figure 5. Heatmap of phylum types and relative abundance of fecal bacterial flora. Others: Fecal
bacterial flora with relative abundance <1% were included as others.
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Figure 6. Phylogenetic tree obtained based on the hierarchical clustering analysis.

Figure 7. Difference in relative abundance of fecal bacterial flora between control and FB1 treatment
groups at the genus level. * means p < 0.05, ** means p < 0.01, *** means p < 0.001 vs. control group.

2.4.2. Phyla Performances

As for phyla types, Bacteroidetes and Firmicutes presented opposite tends (Figure 8).
We determined that Bacteroidetes decreased in FB1-1, FB1-2 and FB1-3 groups compared
to the control group and increased in FB1-4, FB1-5 and FB1-6 groups, while Firmicutes
showed increases in FB1-1, FB1-2 and FB1-3 groups and decreases in FB1-4, FB1-5 and
FB1-6 groups. For Proteobacteria, no evident change occurred in all FB1 exposure groups.
The relative abundance of Cyanobacteria showed a significant increase in the FB1-6 group
compared to the control group.
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Figure 8. Difference in relative abundance of fecal bacterial flora between control and treatment
groups at the phylum level. * means p < 0.05 vs. control group.

2.5. LEfSe Analysis

LEfSe analysis was also performed with an LDA score of three to evaluate the com-
munity structure variance of bacterial flora between the seven groups. Compared with
FB1 treatments, Figure 9 clearly showed that Alloprevotella remained the absolute pre-
dominant bacteria in the control group. There were six genera that had an obvious
increase in FB1 treatments (FB1-3, FB1-4, FB1-5 and FB1-6 groups): Roseburia, Lach-
nospiraceae_NK4A136_group, Lactobacillus, Rikenellaceae_RC9_gut_group, Alistipes and
Prevotellaceae_NK3B31_group. Additionally, there were no significant changes in FB1-1
and FB1-2 groups.

Figure 9. LEfSe comparison of fecal bacterial flora in seven groups.

2.6. Microbial Function Prediction

In order to evaluate the effects of FB1 on the fecal bacterial flora of mice, the KEGG
database was used to compare and predict the function and metabolic pathways based
on the microbiota flora in these seven groups. Through comparing the control with
each FB1-treated group, we made some interesting observations. Both FB1-1 and FB1-2
groups inhibit the Ubiquitin system significantly. All of FB1-2, FB1-3, FB1-4 and FB1-5
groups presented obvious inhibitory effects on Glycosphingolipid biosynthesis. In addition,
electron transfer carriers were obviously elevated in FB1-3, FB1-4 and FB1-5 groups. Only
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in the FB1-6 group did the PPAR signaling pathway, Lipopolysaccharide biosynthesis
proteins and Lipopolysaccharide biosynthesis significantly increase, while Cytoskeleton
proteins showed a significant decrease (Figure 10).

Figure 10. KEGG pathway analysis for fecal bacterial flora in seven groups. (a) Control group vs. FB1-1 group. (b) Control
group vs. FB1-2 group. (c) Control group vs. FB1-3 group. (d) Control group vs. FB1-4 group. (e) Control group vs. FB1-5
group. (f) Control group vs. FB1-6 group.

3. Discussion

It has been highly agreeable that microflora in animal gut tracts plays an important
role in host health. Many immune and metabolic diseases, such as chronic inflammation,
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obesity, diabetes, inflammatory bowel disease and atherosclerosis, are likely to be related
to the imbalance of gut bacterial flora [3,5,44,45]. Paying more attention to the balance of
intestinal flora is more and more urgent. Like other mycotoxins, fumonisin has detrimental
effects on the health of human beings and livestock. Many papers have demonstrated that
FB1 could increase the ratio of Sa/So, decrease villi length and cause obvious hepatoxicity
and nephrotoxicity [20,35,46,47]. To our knowledge, this study is the first to investigate and
demonstrate the dose-related effect of FB1 exposure on fecal microbiota in rodent animals.
Furthermore, we also intended to observe the effect of low dosage of FB1 that corresponds
to the regulatory limit on fecal bacterial flora.

Intestinal microbiota plays a crucial role in human physiology and metabolism due
to its multiple functions. In this study, it was observed that FB1 treatments caused
many changes in the abundance and composition of gut microflora. Treatment with
FB1 significantly decreased the abundance of Alloprevotella (in FB1-3, FB1-4, FB1-5 and
FB1-6 groups) and increased Prevotellaceae_NK3B31_group (in FB1-6 group), Rikenel-
laceae_RC9_gut_group (in FB1-5 and FB1-6 groups) and Parabacteroides (in FB1-5 group).
Many research studies had reported that Alloprevotella was associated with the production
of short-chain fatty acids (SCFA) and that Alloprevotella mainly produce succinate and
acetate, which could protect the intestinal mucosal barrier and inhibit inflammation [48–50].
In our results, the abundance of Alloprevotella is negatively correlated with FB1 exposure.
Further, it is crucial that we found that the abundance of Alloprevotella in the low dose
of FB1 (FB1-1) already showed an obvious decreased tendency, which informed us to pay
more attention to the PMTDI of 2 μg/kg bw for FB1, FB2 and FB3, alone or in combination.
What is more, our data showed that the dose of FB1-4 below the regulatory limit of 4 mg/kg
from USFDA presented a significant decrease of Alloprevotella. This suggested that the
regulatory limit from USFDA may be not protective enough. Rikenellaceae has been re-
ported to be related to the pathological progression of inflammatory bowel disease [51]
and circadian rhythm disorders, especially in female mice [52]. In our study, we found
that Rikenellaceae rose after FB1 treatment. All the evidence indicated that the toxicity
of FB1 may be closely related to the chronic inflammation in animals. Consistent with
the literature, the dominant phyla of mice were Firmicutes and Bacteroidetes [53]. We
determined that exposure of FB1 did not significantly change the abundance of Firmicutes,
Bacteroidetes and Proteobacteria. Our results also found that FB1 significantly increased
the Cyanobacteria phylum in the FB1-6 group. Little is known about the functions of
Cyanobacteria and the influence of Cyanobacteria on animal intestinal microflora [16,54].
Some research found that some species in Cyanobacteria could produce toxic metabolites
known as cyanotoxins [55]. Moreover, the toxicity of cyanotoxins is strain-specific [56].
Therefore, positive identification does not predict the hazard level, that is to say, it is
difficult to speculate the consequences of the increase of Cyanobacteria caused by FB1, and
more studies are needed.

The phylogenetic tree reflects the similarity and difference relationship among dif-
ferent samples. From our phylogenetic tree results, these seven groups have been distin-
guished well, which indicated that FB1 may present a progressive damage effect on mice
along with the increase of doses. Furthermore, the low dosage of FB1 also caused the
obvious changes of fecal bacterial flora in mice. It reminded us that we should think more
about the long-term accumulation of lower dose of FB1 in body. Additionally, intestinal
microbiota is involved in many functional pathways through which the health of host
is influenced [57]. In order to estimate how the intestinal microbiota changed after FB1
exposure, the KEGG database was used to compare the sequencing data of these groups.
Based on PICRUSt analysis, the results showed that some different pathways were investi-
gated, including the Ubiquitin system, Glycosphingolipid biosynthesis, Electron transfer
carriers, PPAR signaling pathway, Lipopolysaccharide biosynthesis proteins, Lipopolysac-
charide biosynthesis and Cytoskeleton proteins, etc. From the results, a low dose of FB1
(FB1-1) exposure has caused significant changes in the Ubiquitin system, Selenocompound
metabolism, N-glycan biosynthesis, Apoptosis and Meiosis. Ubiquitination is a post-
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translational modification process, and more and more evidence indicate the importance of
ubiquitination in the immune system’s response [58]. Selenium is an essential trace element
and is important for various aspects of human health. Moreover, its biological effects are
dependent on its incorporation into selenoproteins, which are involved in the modula-
tion of the immune response, inflammatory processes as well as chemoprevention [59,60].
Besides, the N-glycan has influence on the transport of glycosylated proteins, and the
N-glycan-dependent enzyme complex may link the processing of N-glycosylated glycosyl-
transferases with glycosphingolipid metabolism [61], which presented visible alteration
in FB1-2, FB1-3, FB1-4 and FB1-5-treated groups. It is reported that glycosphingolipids
have specific functional roles essential for survival, proliferation and differentiation during
brain development [62], which may be the likely cause of the induction of ELEM by FB1.
Further related research is underway by our team. What is more, the high dose of FB1
(FB1-6) exposure caused significant changes in the PPAR signaling pathway, Lipopolysac-
charide biosynthesis proteins, Lipopolysaccharide biosynthesis and Cytoskeleton proteins.
The pathway of Lipopolysaccharide biosynthesis may cause the formation of numerous
lipopolysaccharides (LPS), which is the main constituent of the outer membrane of most of
the Gram-negative bacteria and can initiate a strong immune response and serves as an
early warning signal of bacterial infection [63–65]. From these metabolic profiles analyses,
we found that there may be an interesting connection or progressive change from FB1-1 to
FB1-6: Ubiquitin system–Glycosphingolipid biosynthesis–Inflammation. All of the above
evidence suggested that FB1 exposure could finally induce wide inflammation in mice
through influencing many other metabolism pathways.

Since there are few research studies reported that are associated with the effects of FB1
on intestinal bacterial flora in animals such as weaned pigs [39] and broiler chickens [40],
more investigations are needed to improve the acknowledgement of FB1.

4. Materials and Methods

4.1. FB1 Solution Preparation

The FB1 solution was prepared by dissolving FB1 powder (Pribolab, Qingdao, China)
in distilled water. First of all, we obtained the 0.4374 mg/mL FB1 solution and then
diluted it with distilled water to reach the concentrations of 0.1458 mg/mL, 0.0486 mg/mL,
0.0162 mg/mL, 0.0054 mg/mL and 0.0018 mg/mL.

4.2. Animal Trial

In this study, female BALB/c mice (SPF grade, HFK BIOSCIENCE Co., LTD. Beijing,
China), 18–20 g body weight with no specific pathogens were used. The mice were accli-
mated for one week with non-restricted access to commercial feed and water. They were
maintained in the environment with 20 ± 3 ◦C temperature and 50.0 ± 10.0% humidity
and a 12 h light/dark cycle. Animal care and all experimental procedures were approved
by the Animal Ethics Committee at PUMC&CAMS and were conducted in accordance
with the health criteria for the care of laboratory animals enacted by the Beijing municipal
government. The mice were then randomly divided into 7 groups, which were labeled
as the control, FB1-1 (0.018 mg/kg), FB1-2 (0.054 mg/kg), FB1-3 (0.162 mg/kg), FB1-4
(0.486 mg/kg), FB1-5 (1.458 mg/kg) and FB1-6 (4.374 mg/kg). The dose of FB1-1 corre-
sponds to the PMTDI (provisional maximum tolerable daily intake) of 2 μg/kg bw for
FB1, FB2 and FB3, alone or in combination by JECFA (JOINT FAO/WHO EXPERT COM-
MITTEE ON FOOD ADDITIVES) [66]. In addition, the dose of FB1-4 and FB1-5 crossed
over the recommended levels of 4 mg/kg for total fumonisins (FB1 + FB2 + FB3) in whole
or partially degermed dry milled corn products (e.g., flaking grits, corn grits, corn meal,
corn flour with fat content of >2.25%, dry weight basis) by USFDA [67]. The control group
was fed intragastrically with distilled water, while other groups were fed intragastrically
with the corresponding FB1 solutions, respectively. The feeding dosage was 10 mL/kg per
mouse each time, once a day for 8 weeks.
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4.3. Sample Collection

Fresh feces were collected from the mice after 8 weeks of exposure to FB1 and then
placed in liquid nitrogen at once and stored at −80 ◦C.

4.4. 16S rRNA Gene Sequencing of Fecal Bacterial Flora

The total genomic DNA was extracted from fecal samples by using the PowerSoil DNA
Isolation Kit (MoBio Laboratories, Carlsbad, CA, USA) according to the manufacturer’s
instructions. The quality and concentrations of DNA were measured by the NanoDrop
ND-1000 Spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). The V3-
V4 hypervariable region of the 16S rRNA genes were amplified and purified using the
PCR primers with barcode. The sequencing library was quantified by Qubit and qPCR,
and the barcoded V3-V4 PCR amplicons were sequenced using the MiSeq platform (Il-
lumina, San Diego, CA, USA) in the double-ended sequencing mode according to the
manufacturer’s instructions.

The obtained paired-end reads were merged into tags, and the sequences used in
the subsequent analysis were obtained by splicing raw sequence reads using FLASH
(Version 1.20) software [68] and eliminating chimeric sequences using USEARCH (Ver-
sion 10.0.240) software.

4.5. Taxonomy Classification and Data Analysis

Sequences with 97% similarity were assigned to the same operational taxonomic
unit (OTU) using UPARSE software [69], and taxonomic annotation was conducted using
the RDP classifier. The OTU abundance information was normalized using a standard
of sequence number corresponding to the sample with the fewest sequences. The alpha
diversity was conducted with Quantitative Insights Into Microbial Ecology (QIIME, Version
v.1.8.0, http://qiime.org/, accessed on 25 August 2021) software, which is usually used
to assess the diversity and abundance of microbes. The unifrac distance was obtained
by QIIME (Version 1.8.0, http://qiime.org/, accessed on 25 August 2021) software, and
PCA (Principal Component Analysis) was performed using R software. The LEfSe analysis
was performed to obtain differences in the abundance, and the threshold of LDA score
was 3.0. Besides, in this study, the KEGG database was used to annotate microbiome
genes and predict the metabolic function of microbiota with the PICRUSt (Phylogenetic
Investigation of Communities by Reconstruction of Unobserved States) program (http:
//picrust.github.io/picrust/, accessed on 25 August 2021) [70].

4.6. Statistical Analysis

Statistical significance was determined following the test using either a one-tailed t-test
or one-way analysis of variance (ANOVA) with Tukey’s multiple comparison to compare
the means of multiple groups. Data are shown as mean ± SEM and were considered
statistically significant at p < 0.05. GraphPad Prism 7 (GraphPad Software Inc., LaJolla, CA,
USA) was used for analysis.

5. Conclusions

This study investigated the influences of exposure to different doses of FB1 on fe-
cal bacterial flora in female BALB/c mice. The results indicate that exposure to FB1 in
mice shifts the structure and composition of the fecal bacterial community. The apparent
changes appear in genus types including Alloprevotella, Prevotellaceae_NK3B31_group,
Rikenellaceae_RC9_gut_group, Parabacteroides and phylum types including Cyanobac-
teria. Moreover, there are some indicated pathways influenced by FB1. To some degree,
the minimum dose of FB1 (FB1-1, corresponding to the PMTDI of 2 μg/kg bw for FB1,
FB2 and FB3, alone or in combination by JECFA) in our study also presented potential
influences on fecal bacterial flora. Subsequently, our team will analyze the changes in
biochemical indicators and histopathology to confirm the effects of sequence concentration
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FB1 in mice. Moreover, the depth of toxic mechanisms and the mechanisms of influence on
fecal microbiota are the focus of our next study on FB1.
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Abstract: The presence of Alternaria toxins (ATs) in fruit purees may cause potential harm to the
life and health of consumers. As time passes, ATs have become the key detection objects in this
kind of food. Based on this, a novel and rapid method was established in this paper for the si-
multaneous detection of seven ATS (tenuazonic acid, alternariol, alternariol monomethyl ether,
altenuene, tentoxin, altenusin, and altertoxin I) in mixed fruit purees using ultra-high performance
liquid chromatography-tandem mass spectrometry. The sample was prepared using the modified
QuEChERS (quick, easy, cheap, effective, rugged, and safe) method to complete the extraction and
clean-up steps in one procedure. In this QuEChERS method, sample was extracted with water
and acetonitrile (1.5% formic acid), then salted out with NaCl, separated on an ACQUITY UPLC
BEH C18 with gradient elution by using acetonitrile and 0.1% formic acid aqueous as eluent, and
detected by UPLC-MS/MS under positive (ESI+) and negative (ESI−) electrospray ionization and
MRM models. Results showed that the seven ATs exhibited a good linearity in the concentration
range of 0.5–200 ng/mL with R2 > 0.9925, and the limits of detection (LODs) of the instrument were
in the range of 0.18–0.53 μg/kg. The average recoveries ranged from 79.5% to 106.7%, with the
relative standard deviations (RSDs) no more than 9.78% at spiked levels of 5, 10, and 20 μg/kg for
seven ATs. The established method was applied to the determination and analysis of the seven ATs
in 80 mixed fruit puree samples. The results showed that ATs were detected in 31 of the 80 samples,
and the content of ATs ranged from 1.32 μg/kg to 54.89 μg/kg. Moreover, the content of TeA was the
highest in the detected samples (23.32–54.89 μg/kg), while the detection rate of Ten (24/31 samples)
was higher than the other ATs. Furthermore, the other five ATs had similar and lower levels of
contamination. The method established in this paper is accurate, rapid, simple, sensitive, repeatable,
and stable, and can be used for the practical determination of seven ATs in fruit puree or other similar
samples. Moreover, this method could provide theory foundation for the establishment of limit
standard of ATs and provide a reference for the development of similar detection standard methods
in the future.

Keywords: Alternaria toxins; modified QuEChERS method; ultra-high-performance liquid chromatography-
tandem mass spectrometry; mixed fruit puree

Key Contribution: An accurate and reliable UPLC-MS/MS method coupled with a modified QuECh-
ERS method was developed for simultaneous determination of seven Alternaria toxins in mixed fruit
puree for the first time.
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1. Introduction

As a filamentous fungus, Alternaria strains are widely distributed in low-temperature
and humid environments. Alternaria is one of the main microorganisms that cause the
decay of fruits and vegetables and other agricultural products during transportation, pro-
cessing, and storage [1]. As a secondary metabolite secreted by Alternaria strains, Alternaria
toxins (ATs) isolated from Alternaria fungi have reached at least 70 compounds. They
are commonly divided into five groups according to their great structural divergence [2],
namely, (I) dibenzopyranone derivatives of alternariol (AOH), alternariol monomethyl
ether (AME), alternene (ALT) and altenusin (ALS) [3]; (II) the tetramic acid derivatives
tenuazonic acid (TeA); (III) the perylene derivatives altertoxins (ATX-I, ATX-II, ATX-III);
(IV) glycerin tricarboxylic ester compounds (AAL toxin), which can be divided into AAL-
TA and AAL-TB; and (V) cyclic tetrapeptides, such as tentoxin (Ten). On the basis of the
teratogenic, carcinogenicity, and embryonic toxicity by ATs to human and animals, it is
necessary to attach importance to the existence of ATs in food [4].

ATs have been found in various processed products, such as fruits and juices [5],
vegetable-based products [6], wheat-based products [7], beer [8], and oil [9]. As a popular
processed product, fruit puree is usually made without the addition of any preservatives,
flavors, pigments, and other chemicals [10]. Different from other fruit products, fruit puree
is another fruit form, while concentrated juice and fruit pulp are artificially manufactured,
resulting in loss of nutrients and taste. Therefore, fruit puree is hygienic, nutritious, and
healthy, which is suitable as a vitamin supplement for infants, children, and the elderly.
Mixed fruit purees contain a certain amount of water, sugar, and other nutrients, which
provides suitable conditions for AT formation during its processing and storage. The
panel of the European Food Safety Authority on contaminants in the food chain evaluated
the risks to public health related to ATs in food in 2011 [11] and 2016 [12]. The results in
both years showed that infants and young children had the most dietary exposure to ATs.
For its unique taste and balanced nutrition, mixed fruit puree has gradually become the
mainstream market of infant fruit products [13]. Therefore, special attention must be given
to addressing the potential ATs pollution in mixed fruit purees.

The detection of ATs is a necessary step in the safety evaluation of food products
contaminated by ATs. The instrumental techniques for measuring ATs mainly include
gas chromatography (GC) coupled to a mass spectrometry (MS) detector [14], and liquid
chromatography (LC) coupled to an ultraviolet detector [15], a diode array detector [16],
enzyme linked immunosorbent assay [17], thin layer chromatography, or a MS detector [18].
Considering that most ATs are stable and unvolatile, GC and GC tandem MS are seldom
used for detecting ATs. Nevertheless, recent studies have demonstrated the advantages
of the ultra-high-performance liquid chromatography tandem mass spectrometry (UPLC-
MS/MS) technique in the determination of ATs in sunflower oil [9], drinking water [19],
and wolfberry [20] with high efficiency, precision, and sensitivity [21]. The purpose of
the sample pretreatment procedure is usually to extract ATs from food matrices prior
to instrumental analysis. Given the complexity of food matrices, sample preparation
strategies like solid phase extraction (SPE) or QuEChERS extraction are often required
to reach a satisfactory sensitivity [8,22]. Given the complicated SPE operation and the
low recovery of some toxins, such as AOH, SPE is unsuitable for the pretreatment of
ATs [23]. QuEChERS is a quick, easy, cheap, effective, rugged, and safe sample pretreatment
technology based on dispersive SPE and has been successfully used in detecting ATs [24].
The QuEChERS approach has already been applied to 25 mycotoxins in cereals [25] and
different kinds of mycotoxins, including the ATs in barley [18] and pomegranate [5]. To
date, the QuEChERS method coupled with a UPLC-MS/MS method has successfully
been applied to the determination of six ATs (AOH, ATS, TeA, AME, ALT, and Ten) in
mango [26,27]. However, there is no report on the occurrence of these ATs in mixed fruit
puree at present. Considering that simultaneous detection of ATs in mixed fruit puree is
very important for infant health, there is an urgent need to establish a QuEChERS method
coupled with UPLC-MS/MS to detect the ATs in mixed fruit puree.
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A reliable and sensitive detection of ATs was achieved by optimizing the water ad-
dition, dehydrating agent, salting out agent, extraction solvent, extraction method, and
adsorbent for the QuEChERS procedure. The purpose of this research was to establish a
modified QuEChERS method coupled with UPLC-MS/MS for simultaneously determining
seven ATs (TeA, AOH, AME, ALT, Ten, ALS, and ATX-I, based on the availability of the
standard substance) in mixed fruit purees. Moreover, this method does not require extrac-
tion column purification or expensive equipment such as a gel permeation chromatograph,
and the pretreatment process is simple. The established method was applied to determine
the contents of seven ATs in 80 mixed fruit puree samples.

2. Results and Discussion

2.1. Optimization of Water Addition

The rapid detection of pesticide residues in fruits and vegetables through UPLC-
MS/MS coupled with QuEChERS has been intensively researched and has revealed that
adding a certain amount of water to vegetables and fruits with low water content improves
the extraction effects [28]. Considering the high sweetness and viscosity of mixed fruit
purees, adding a certain amount of water can increase the recovery rate. In this study, the
effects of water dosage (0, 1, 2, 3, 4 and 5 g) on the extraction efficiency were studied. The
results (Figure 1) indicated that the best extraction effect, with a recovery rate between
85.1% and 96.4%, was achieved by adding 3 g of water into 5 g of mixed fruit puree. This
may be due to the fact that acetonitrile could be better immersed in the sample to improve
the extraction effect by adding water [29]. When the amount of water added was more than
3 g, the recoveries of seven ATs was decreased. We deduced that the increased proportion
of water would diluted the organic solvents used to extract ATs, resulting in a decreased
extraction performance.

Figure 1. Effect of water content in mixed fruit mud on the recovery of seven kinds of ATs (n = 3).

2.2. Optimization of Extraction Solvent

To minimize the interference of the co-extracted materials and improve the extraction
efficiency of the seven ATs, the extraction solvent was evaluated. Considering that TeA is
highly acidic and more polar than other ATs, it is easy to chelate with metals. Moreover,
TeA usually exists in food in the form of salt. Therefore, adding a proper amount of acid to
the extraction solvent is conducive to the TeA extraction [30]. In our research, the extraction
effects of seven ATs by pure acetonitrile; pure methanol; 1%, 1.5%, 2% FA acetonitrile;
and 1%, 1.5%, 2% FA methanol solutions were compared. The results showed that the
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extraction solution was turbid and the recovery was only approximately 25% when pure
methanol and 1%, 1.5%, 2% FA methanol solutions were used as extraction agents, which
were much lower than those of the acetonitrile system, although the recoveries of seven
ATS extracted by pure acetonitrile were low. The recoveries of seven target compounds
were between 84% and 96% when the FA content reached 1.5% in acetonitrile, which were
higher than those of other extraction solutions. Therefore, 1.5% FA acetonitrile solution
was used as the extraction solution for seven ATs. The recovery rates of the seven ATs in
the acetonitrile system are shown in Figure 2.

Figure 2. Effect of different FA concentrations on the recovery of seven kinds of ATs in an acetonitrile
system (n = 3).

Moreover, the dosage (5, 10, and 15 mL) of 1.5% FA acetonitrile solution on extraction
efficiency was also investigated. The results showed that when adding 5 mL of the 1.5%
FA acetonitrile solution, the recoveries of the seven ATs were the highest, ranging from
84% to 95%. This result is consistent with the previous studies on the extraction of ATs in
fruits and vegetables by De et al. [6] and Dong et al. [31], who used the same extractant
and dosage as the optimal extractant to extract ATs. Therefore, 5 mL 1.5% FA acetonitrile
solution was selected as the extraction agent in this study.

2.3. Optimization of Dehydrating Agent and Salting Out Agent

Anhydrous MgSO4 is usually used to remove the moisture from the sample matrix in
the QuEChERS method [32]. The effects of 0, 1, 2, 3, 4, and 5 g of anhydrous MgSO4 on
the recoveries of the seven ATs were compared in this study. The results indicated that 2 g
of anhydrous MgSO4 was the optimal dosage of dehydrating agent for the six ATs (Ten,
AOH, AME, ALT, ALS, and ATX-I) in the mixed fruit puree samples, while the recovery
of TeA was unsatisfactory. As shown in Figure 3, compared with the low recovery of TeA
(15–32%) when the anhydrous MgSO4 was added, the recovery of TeA was much higher
(86%) without anhydrous MgSO4. It may be due to the strong chelation of TeA on Mg2+,
which resulted in a decrease of recovery rate. Meanwhile, the recoveries of the other six ATs
had no significant difference whether the anhydrous MgSO4 was added or not. Our results
were similar to those obtained by Cheng et al. [33] and Chen et al. [34] on the detection of
ATs in red jujube and fruits. Thus, anhydrous MgSO4 was not used in this study.
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Figure 3. Effect of the dosages of anhydrous MgSO4 on the recoveries of seven ATs (n = 3).

With the addition of salting-out agent, the organic phase molecules in the extract will
break the hydrogen bond with the water molecules due to the increase in ionic strength,
and be salted out from the water, and the extraction efficiency can be greatly improved [35].
The salting out efficiencies of different NaCl dosages (0, 0.5, 1, 2, 3, 5 g) were evaluated in
our study. As shown in Figure 4, as the dosage of NaCl increased, the recovery rates of the
ATs generally increased first and then decreased. Among them, when the dosage of NaCl
was 2 g, the recovery rates of seven ATs were the highest (85.5–96.8%). Therefore, 2 g of
NaCl was selected as the salting-out agent in this study.

Figure 4. Effect of the dosages of NaCl on the recoveries of seven ATs (n = 3).

2.4. Optimization of the QuEChERS Purification

The extraction solution showed a deep color after the mixed fruit puree samples were
extracted with 1.5% FA in acetonitrile. This may be attributed to impurities, such as natural
pigments, which were also extracted into the solution, so the extraction solutions must
be purified further to reduce the influence of impurities [36]. QuEChERS purification
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techniques have been widely applied in the agricultural products and food detection
fields [20]. Some adsorbents, such as octadecylsilyl (C18), primary secondary amine (PSA),
and graphitized carbon black (GCB), are commonly employed in QuEChERS procedures.
In this experiment, the purification effects of different adsorbents and whether to add
adsorbent were studied. Since the GCB adsorbent has the same planar structure as the
seven ATs, GCB could absorb ATs while absorbing impurities, so GCB was not considered
as a purification adsorbent in this study [31]. Then, 2 mL of the upper extraction solvent
was accurately transferred into 5 mL centrifuge tube pre-loaded with 50, 100, and 150 mg
of C18 and PSA, respectively. The extraction solutions were vortexed and centrifuged.
Subsequently, 500 μL of supernatant was mixed with 500 μL of primary water, which was
filtered through a 0.22 μm organic filter membrane before detection by UPLC-MS/MS, and
then the recoveries were calculated. The upper extractant detection without adsorbent was
the same as the above operation.

The purification efficiencies for the seven ATs with the PSA adsorbent were higher
than those obtained with C18 (Table 1). Moreover, the purification efficiencies were the
highest when the amount of adsorbent was 100 mg. The effect without an adsorbent was
similar to that with 100 mg of PSA. In addition, the precision and repeatability of the
adsorbent were not ideal with the PSA adsorbent (Table 1). Jiang et al. [32] found that the
addition of an adsorbent had no significant effect on the recovery rate of the ATs of citrus,
so they did not choose the adsorbent. Besides, Guo et al. [37] found that the effect without
any adsorbent was significantly higher than that with any other adsorbent in detecting the
ATs of grapes. Finally, no adsorbent was added in the extraction process of ATs in mixed
fruit puree.

Table 1. Purification efficiencies of different adsorbent types and amounts for the seven ATs.

Adsorbent
Recovery (%)

TeA AME AOH ALT Ten ALS ATX-I

0 mg 84.6 ± 1.2 a 92.1 ± 1.6 a 95.6 ± 2.1 a 90.3 ± 0.9 c 88.2 ± 1.7 a 86.5 ± 2.8 b 91.4 ± 1.7 a

50 mg C18 80.0 ± 3.8 d 86.9 ± 2.9 g 90.1 ± 3.6 e 87.7 ± 4.4 f 80.4 ± 4.6 g 82.6 ± 5.1 e 85.3 ± 3.8 g

100 mg C18 81.4 ± 3.3 c 88.9 ± 4.6 e 92.5 ± 2.9 d 90.3 ± 4.6 c 83.6 ± 3.1 d 84.3 ± 2.9 d 87.7 ± 3.9 e

150 mg C18 75.8 ± 4.0 f 87.2 ± 3.8 f 86.4 ± 3.1 g 88.6 ± 2.9 e 81.9 ± 2.2 f 78.9 ± 3.4 g 86.7 ± 2.2 f

50 mg PSA 80.1 ± 3.1 d 89.7 ± 3.6 d 93.2 ± 2.2 c 90.5 ± 2.8 b 84.4 ± 2.9 c 85.6 ± 3.1 c 89.1 ± 3.2 c

100 mg PSA 83.7 ± 3.9 b 91.6 ± 4.5 b 94.1 ± 5.2 b 91.2 ± 4.3 a 85.9 ± 4.6 b 87.7 ± 2.9 a 90.3 ± 5.6 b

150 mg PSA 77.5 ± 2.8 e 90.2 ± 5.4 c 87.6 ± 4.2 f 89.3 ± 3.9 d 83.4 ± 4.1 e 82.3 ± 3.3 f 88.6 ± 4.1 d

Note: Different letters in the same column represent significant differences (p < 0.05).

2.5. Optimization of the Extraction Method

In this experiment, the efficiency of different extraction methods was studied. They
included vortex oscillation (300 r/min, 10 min), homogenization (12,000 r/min, 5 min),
ultrasonic bath (40 ◦C, 20 min), and water bath oscillation (40 ◦C, 20 min) on the recovery
of seven ATs were compared. As shown in Figure 5, when homogenous extraction was
used the recoveries of ALT and TeA were 44% and 23%, respectively. We infer that puree
sample stuck to the head of the homogenizer during the homogenization extraction process,
resulting in excessive substrate loss and severely reducing the extraction effect of some
ATs. As the same time, the extractant was not fully contacted with the sample located in
the bottom of the centrifuge tube during ultrasonic extraction. Thus, the recoveries of TeA,
AOH, and AME were all lower than 40% in ultrasonic extraction. Similarly, under the
condition of water bath oscillation, the recoveries of TeA and ALS were also low, at 41%
and 38%, respectively. Thus, we could deduce that moderate extractions like water bath
oscillations, homogenization, and ultrasonic extraction were not suitable for the extraction
of seven ATs. However, the recoveries of the seven ATs in vortex oscillation extraction
were significantly higher than those of the other three extraction methods (p < 0.05), which
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exceeded 83%. This may be due to the fact that ATs in the matrix are not easily destroyed
during vortex oscillation.

Figure 5. Effect of the four extraction methods on the recoveries of seven kinds of ATs (n = 3).

In addition, the effects of vortex oscillation time (5, 10, and 20 min) on the recoveries
of the seven ATs were also compared. When the oscillation time was 10 min, the recoveries
of seven ATs were the highest (82.1–96.8%). Therefore, 10 min of vortex oscillation was
selected as the extraction method in this study.

2.6. Optimization of Chromatography and Mass Spectrometry Conditions

Water-methanol and water-acetonitrile are commonly used in UPLC-MS/MS as the
mobile phase [38]. Besides, the introduction of FA and ammonium formate can usually
enhance the target response and improve the target peak [39]. In our previous study, FA
acetonitrile was used as the extractant. To maintain consistency, this experiment focused on
three mobile phase systems: water-acetonitrile, 0.1% FA aqueous solution-acetonitrile, and
0.1% FA with 5 mmol ammonium formate solution-acetonitrile. The results showed that
the introduction of FA enhanced the response of the seven kinds of target ATs, while the
response of the target decreased after the introduction of ammonium formate, and trailing
appeared in the peak type. Hence, 0.1% FA aqueous solution-acetonitrile was selected as
the mobile phase system.

MRM ion mass spectra of the seven kinds of ATs and the total MRM ion mass spectra
of ATX-I (negative ions) and other six ATs (positive ions) are shown in Figure 6, respectivly.
The qualitative and quantitative ions of each toxin were determined through the contin-
uous injection of the flow injection pump and then optimized by the mass spectrometry
conditions (such as conic hole voltage, collision voltage, ion source temperature, desolvent
gas temperature and flow, collision gas flow) to achieve the optimal ionization efficiency
of each target substance. The samples were respectively scanned using ESI+ and ESI−
modes to find the parent ion with a high response value. The collision voltage was further

139



Toxins 2021, 13, 808

changed and secondary mass spectrometry scanning was performed to find the daughter
ions with strong signal and stability.

 

Figure 6. Mass spectrogram of seven ATs under positive (a) and negative (b) electrospray ionization.
Note: 1 for ALT; 2 for ALS; 3 for TeA; 4 for AOH; 5 for Ten; 6 for AME; 7 for ATX-I.

2.7. Method Validation
2.7.1. Matrix Effects (MEs)

As with ion enhancement or inhibition, MEs are caused by the influence of co-eluting
compounds on the ionization efficiency of the electrospray interface in UPLC-MS/MS
analysis [40]. Reportedly, MEs are common in ATs analysis by UPLC-MS/MS [21]. In order
to test whether the response value of the blank sample matrix to the target compound was
enhanced or inhibited, seven kinds of AT mixed solutions were prepared with the solvent
standard and matrix blank solution, respectively, at the concentration of 50 ng/mL, and
the results were further compared.

As shown in Table 2, the ME values of Ten and ATX-I were between 80% and 100%,
which indicated that the MEs of Ten and ATX-I could be ignored. TeA, AOH, and AME
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showed matrix suppression with ME values lower than 80%. On the contrary, ALT and ALS
exhibited matrix enhancement with ME values higher than 120%. All of these indicated that
some interfering substances still exist although the extractant solution was purified, which
inhibited the analysis of the target analytes remained in the solution. This phenomenon
was consistent with the results of other researches [41].

Table 2. Influence of dilution and small volume injection on the MEs.

Target Analyte
Matrix Effects before Dilution

(Injection Volume: 10 μL)
Matrix Effects after Dilution

(Injection Volume: 10 μL)
Matrix Effects after Dilution

(Injection Volume: 3 μL)

TeA 69.7 ± 2.4 a 79.2 ± 1.4 b 85.9 ± 1.9 c

AME 78.6 ± 4.6 a 82.3 ± 3.2 a 88.3 ± 2.1 b

AOH 75.3 ± 3.1 a 87.1 ± 2.8 b 88.6 ± 1.7 b

ALT 123.3 ± 2.5 c 112.4 ± 3.2 b 98.7 ± 0.9 a

Ten 88.4 ± 1.8 a 90.3 ± 2.7 ab 92.2 ± 1.1 b

ALS 136.5 ± 3.4 c 120.5 ± 1.5 b 96.3 ± 1.8 a

ATX-I 90.1 ± 2.0 a 91.7 ± 1.3 a 93.1 ± 2.3 b

Note: Different lines in the same column represent significant differences (p < 0.05).

To compensate for the MEs, dilution (5 ng/mL) and a small volume injection (3 μL
and 10 μL) were used to quantify the seven ATs in the mixed puree samples. The MEs of
AME, Ten, and ATX-I had no significant change (p > 0.05) after dilution and injection with
10 μL. However, significantly different MEs (p < 0.05) were found for all the seven ATs after
dilution and injection with 3 μL. Moreover, the MEs of all the seven ATs were between 80%
and 100%. This indicated that both matrix suppression (TeA, AOH, and AME) and matrix
enhancement (ALT and ALS) of seven ATs were resolved by dilution and injection with
3 μL (Table 3).

2.7.2. Linearity and Detectability of the Method

In the linearity studies, all the standard working solutions were determined under
optimal chromatography and mass spectrometry conditions. Linear regression analysis
was performed on a plot with concentration on the X-axis, and the peak area on the
Y-axis. The results shown in Table 3 indicate that suitable linearities were obtained in
the corresponding concentration range and the coefficients of determination (R2 values)
exceeded 0.990 for all seven ATs.

Table 3. Linear range, linear equation, R2, and detection limit of seven kinds of ATs.

Component
Linear Range

(ng/mL)
Linear Equation R2 LODs

(μg/kg)
LOQs

(μg/kg)

TeA 0.5–200 y = 41232.3x − 3133.37 0.9963 0.46 1.47
AME 0.5–200 y = 2828.31x − 893.32 0.9998 0.37 1.22
AOH 0.5–200 y = 2503.73x − 1257.22 0.9997 0.53 2.17
ALT 0.5–200 y = 7573.01x + 248.023 0.9996 0.22 0.77
Ten 0.5–200 y = 16149.8x − 3371.39 0.9998 0.18 0.56
ALS 0.5–200 y = 1398.39x + 618.519 0.9925 0.39 1.25

ATX-I 0.5–200 y = 3136.11x − 1402.31 0.9996 0.27 0.89

The LODs and LOQs of the method were calculated according to the validated ex-
perimental results. The results showed that the LODs of the seven ATs were in the range
of 0.18–0.53 μg/kg, and the LOQs of the seven ATs were in the range of 0.56–2.17 μg/kg
(Table 4).

2.7.3. Trueness and Precision of Standard Addition

The trueness and precision of the method were assessed for each toxin by determining
the recoveries and the RSDs from the blank mixed fruit puree samples spiked at three dif-
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ferent levels (5, 10, and 20 μg/kg). The average recoveries were in the range of 79.5–106.7%,
and the RSDs were lower than 9.78% (Table 4). Thus, the trueness and precision of the
seven ATs in the mixed fruit purees are acceptable, satisfying the AOAC criteria [42].

Table 4. Trueness and precision of the optimized method (n = 3).

Component Spiked (μg/kg) Average Recovery (%) RSD (%)

TeA
5 85.3 9.78

10 88.2 8.65
20 79.5 9.65

AME
5 93.0 8.85

10 93.5 6.54
20 106.7 5.63

AOH
5 87.2 5.36

10 96.1 2.35
20 102.8 7.21

ALT
5 85.6 6.08

10 90.2 4.68
20 98.6 6.31

Ten
5 90.3 3.67

10 88.9 3.69
20 101.5 5.48

ALS
5 86.0 4.56

10 86.3 5.13
20 83.2 5.48

ATX-I
5 91.1 3.43

10 98.7 2.68
20 96.5 5.45

2.7.4. Analysis of Fruit Puree Samples

This study established a method for simultaneously determining seven ATs in mixed
fruit purees by UPLC-MS/MS coupled with modified QuEChERS.

For the latter procedure, the modified QuEChERS method optimized the water ad-
dition, the extraction agent, the dehydrating agent, the salting out agent, the QuEChERS
purification, and extraction method to make the pretreatment simpler and more effective.
The optimized results showed that the recovery rates of the seven ATs were the highest
under the following conditions: 3 mL of primary water was added, 5 mL of 1.5% FA was
used as the extraction agent and was extracted by vortex oscillation, no anhydrous MgSO4
was used, 2 g of NaCl was used as the salting out agent, and no purifier was added. The
established UPLC-MS/MS method can accurately, quickly, and reliably determine ATs.
The proposed method has satisfactory applicability and can be used in the risk monitoring
of laboratories.

A total of 80 fruit puree samples for infants were determined by the established and
validated method. The results showed that the seven ATs were detected in 38.75% (31/80)
of the mixed puree samples (Table 5). Besides, the content of TeA was the highest in the
detected samples (23.32–54.89 μg/kg) while the detection rate of Ten (24/31 samples)
was higher than the other ATs. Furthermore, the other five ATs had similar and lower
levels of contamination. For instance, AOH and AME were detected in seven and five
samples, which ranged from 3.75 μg/kg to 8.11 μg/kg and 2.28 μg/kg to 9.83 μg/kg,
respectively. The samples of ALT, ALS, and ATX-I were detected in one, three, and two
cases, respectively. Among them, the content of ALT was 2.66 μg/kg, the contents of ATX-I
were 6.43 μg/kg and 7.54 μg/kg, and the contents of ALS were 4.11–15.48 μg/kg. This
was an evidence for the contamination of multiple ATs in the mixed fruit puree samples.
In general, the concentrations of ATs in mixed fruit puree were higher than those found
in cereal-, vegetable-, and (or) fruit-based infant products [43], meaning that they could
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pose potential health risks to consumers. Thus, monitoring systems should be strictly
enforced. In addition, the prevention and control strategies for the pre- and post-processing
procedures should be improved.

Table 5. Detection results of the mixed fruit puree samples.

Samples
TeA

(μg/kg)
AME

(μg/kg)
AOH

(μg/kg)
ALT

(μg/kg)
Ten

(μg/kg)
ALS

(μg/kg)
ATX-I

(μg/kg)

6 38.92 ND ND ND ND ND ND
9 ND ND ND ND 3.26 ND ND

11 43.31 9.83 7.15 ND ND ND ND
17 ND ND ND ND 5.21 6.56 ND
20 ND ND ND ND 4.73 ND ND
24 ND ND ND ND 2.11 ND ND
27 47.96 ND 8.11 ND 4.39 ND ND
28 ND ND ND ND 5.51 ND ND
31 ND ND ND ND 2.66 ND ND
32 52.68 ND ND ND 3.67 ND 7.54
35 ND 6.32 7.49 ND 1.66 ND ND
38 ND ND ND ND 6.32 ND ND
39 ND ND ND ND ND 4.11 ND
41 38.99 ND ND ND 4.68 ND ND
43 44.77 ND ND ND 8.37 ND ND
44 ND ND 4.17 ND ND ND ND
45 ND ND ND 2.66 5.18 ND ND
48 ND 2.28 ND ND 4.89 ND ND
50 54.89 ND ND ND 2.56 ND ND
51 43.32 ND ND ND 1.69 ND ND
52 ND ND ND ND 4.67 ND ND
55 ND 2.61 3.75 ND 4.33 ND ND
59 ND ND ND ND 5.68 ND ND
62 34.44 ND ND ND 3.65 ND ND
66 ND ND ND ND 4.66 ND ND
68 23.32 ND ND ND 2.37 ND ND
70 36.98 ND 5.99 ND ND ND ND
71 ND ND ND ND 1.32 15.48 ND
74 45.67 ND ND ND ND ND 6.43
76 ND 3.92 4.21 ND ND ND ND
79 33.29 ND ND ND 6.98 ND ND

Note: ND for not detection.

3. Conclusions

In summary, a modified QuEChERS method coupled with a UPLC-MS/MS method
was developed and validated for the analysis of seven ATs in mixed fruit puree samples.
Under the optimized chromatography and mass spectrometry conditions, mixed fruit
puree samples were extracted with 1.5% FA in acetonitrile after adding 3 g water and
salting out with 2 g NaCl, without dehydrating and purifying agents. This optimization
not only simplifies the procedure, but also improves the recovery rates of the seven ATs.
This method had good selectivity, accuracy, and precision when using matrix-matched
calibration curves for quantification. The LODs of the method ranged from 0.18 μg/kg
to 0.53 μg/kg, and the LOQs were in the range of 0.56–2.17 μg/kg. This method was
successfully applied in determining the seven ATs in 80 mixed fruit puree samples. Among
all the collected mixed fruit mud samples, 31 samples contained ATs exceeding the levels
of LODs, and the content of ATs ranged from 1.32 μg/kg to 54.89 μg/kg. In general, the
established method showed good performance in ATs detection with high sensitivity and
repeatability, and therefore could be applied to the routine monitoring of ATs in mixed fruit
puree. In addition, the newly developed method could effectively identify whether the
mixed fruit puree was infected by toxigenic Alternaria to ensure the safety of mixed fruit
puree and bring economic benefits for the development of the mixed fruit puree industry.
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4. Materials and Methods

4.1. Sample Collection

Different brands of mixed puree samples (80 samples) were collected from different
production bases and various supermarkets in Ningbo City, Zhejiang Province, China. The
samples were sealed and stored at 4 ◦C for future use. Mixed fruit puree was mixed and
matched by two or three fruits, such as apple, orange, blueberry, kiwi fruit, strawberry,
banana, mango, lemon, peach, prune, coconut, pineapple, and blackcurrant.

4.2. Chemicals, Reagents, and Standards

Formic acid (FA), acetic acid, and acetonitrile (HPLC-grade) were purchased from
Merck Co. (Darmstadt, Germany). Analytical reagent-grade anhydrous magnesium sulfate
(MgSO4), anhydrous sodium acetate (CH3COONa), and sodium chloride (NaCl) were
supplied by Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Primary secondary
amine (PSA) and octadecylsilane (C18), which were used as adsorbents, were all provided
by ANPEL Laboratory Technologies (Shanghai) Inc.

Standards of TeA (CAS: 610-88-8), AOH (CAS: 641-38-3), AME (CAS: 26984-49-5), ALT
(CAS: 29752-43-0), ALS (CAS: 31186-12-6), ATX-I (CAS: 56258-32-3), and Ten (CAS: 28540-
82-1) were all acquired from Anpu Experimental Technology Co., Ltd. (Shanghai, China),
and the purities of all the standards exceeded 98%. Each standard substance was prepared
by dissolving 1 mg of the amorphous powder in 10 mL acetonitrile to obtain 100 μg/mL
standard stock solutions and kept in a refrigerator at −20 ◦C. The seven individual standard
stock solutions were diluted to prepare 1 μg/mL mixed standard solution, which was
stored at −4 ◦C in amber glass vials under darkness before use.

4.3. Detection and Quantification Method

The UPLC-MS/MS system used for the separation and quantitation of the seven ATs
consisted of a Waters ACQUITY TM UPLC and a Xevo TQ-S mass spectrometer (Waters
Technology (Shanghai) Co., Ltd., Shanghai, China). The chromatographic separation was
performed on a BEH C18 analytical column (50 mm × 2.1 mm, 1.7 μm, Waters Technology
(Shanghai) Co., Ltd., Shanghai, China), and the column temperature was maintained at
40 ◦C. The flow rate was maintained at 0.4 mL/min, and the injection volume was 3 μL.
The mobile phases were water (containing 0.1% FA, v/v) and acetonitrile. A linear gradient
elution procedure was adopted for the separation of the seven ATs. The procedure was
as follows: 0–5.0 min, 10–95% (acetonitrile phase); 5.0–7.0 min, 95% (acetonitrile phase);
7.0–7.5 min, 95–10% (acetonitrile phase); and 7.5–10.0 min, 10% (acetonitrile phase).

The mass sepectrometer used a Z-spray electrospray ionization (ESI) source. The ion
source parameters were as follows: positive and negative ion switching scanning, capillary
voltage of 1.08 kV, source temperature 150 ◦C, desolvation temperature 600 ◦C, desolvation
gas flow 1000 L/h, and cone gas flow of 150 L/h. The cone voltage (CV), the parent ions,
the collision energy (EC), and the fragment ions were optimized for each AT using the
MassLynx InterlliStar software (Table 6). The seven ATs were analyzed in the multiple
reaction monitoring (MRM) mode. Data acquisition and processing were accomplished
using the MassLynx TM 4.2 software.
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Table 6. MS parameters.

Component
Ionization

Mode
Parent
(m/z)

Daughter
(m/z)

Dwell Time
(s)

Cone
Voltage (V)

Collision
Voltage (V)

Ten ESI+ 415.4 199.2 *
171.2 0.012 25 13

18

AME ESI+ 273.2 258.2
128.1 * 0.012 25 25

40

AOH ESI+ 259.2 213.2
185.1 * 0.012 25 25

30

TeA ESI+ 198.2 125.1 *
153.1 0.012 25 15

12

ALT ESI+ 293.2 257.2 *
275.4 0.012 25 12

8

ALS ESI+ 291.2 255.2
199.2 * 0.012 25 18

30

ATX-I ESI− 351.3 315.25 *
333.3 0.0.12 25 8

10
Note: * is quantitative ion.

4.4. Sample Pretreatment Method

Sample pretreatment is a key step in sample analysis, as it will affect the accuracy. It
includes sample dilution, sample extraction, and sample purification. First, the dosage of
the dilution solvent was optimized and the best dosage of dilution solvent was selected by
comparing the effects of different water dosages on ATs. Second, the extraction solvent
was optimized. With acetonitrile, 1% FA in acetonitrile, 1.5% FA in acetonitrile, 2.0%
FA in acetonitrile, methanol, 1% FA in methanol, 1.5% FA in methanol, and 2.0% FA in
methanol as the extraction solvents, the best extraction solvent was selected by evaluating
the extraction efficiencies with different proportions of these extraction solvents. The
effect of the addition of extraction solvent on the extraction efficiency was also evaluated.
Finally, the purification process was optimized. With GCB, PSA, and C18 as the adsorbents,
the three levels were evaluated. The best adsorbent type and amount were selected by
comparing the recoveries obtained with different types and amounts of adsorbent.

In total, 5 g (ME204E, Shanghai Mettler Toledo Instrument Co., Ltd., Shanghai, China)
of mixed fruit puree was weighed into a 50 mL plastic centrifuge tube. Then, 3 mL of water,
5 mL of 1.5% FA in acetonitrile, and 2 g of NaCl were added sequentially into the tube. The
mixture was vortexed for 10 min (Vortex 3, Guangzhou Yike Laboratory Technology Co.,
Ltd., ShenZhen, China) and then centrifuged for 5 min at 9500 r/min (TGL-20M, Luxiangyi
Centrifuge Instrument Co., Ltd., Shanghai, China). Subsequently, 500 μL of supernatant
and 500 μL of water were mixed with the vortex (Vortex 3, Guangzhou Yike Laboratory
Technology Co., Ltd., Guangdong, China) and filtered through a 0.22 μm organic filter
membrane. Finally, the supernatant was determined by UPLC-MS/MS.

4.5. Method Validation

Exhaustive validation of this newly developed methodology was carried out in terms
of the matrix effects (MEs), selectivity, linearity, accuracy (recovery), precision (relative
standard deviation).

The MEs were assessed by comparing the peak areas of the mixed matrix standard
with those of the mixed solvent standard. The values of the MEs were split into three
groups (80–120%, higher than 120% and lower than 80%) based on the determined ATs
values. The ME values between 80% and 120% were classified as low MEs, which can be
ignored. When the ME values exceeded 120%, they were deemed as matrix enhancements.
Meanwhile, the ME values lower than 80% could be classified as matrix suppression. The
MEs could be calculated by the following formula [27]:

ME(%) =
A2

A1
×100%
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In the formula, A1 is the average peak area of the toxin standard in pure solvent (initial
mobile phase) at a specific concentration, and A2 is the average peak area of the toxin
standard at the same concentration in the matrix blank solution.

To assess the linearity of the calibration curves, a mixed standard solution of seven ATs
was diluted into nine different concentrations (0.5, 1.0, 2.0, 5.0, 10.0, 20.0, 50.0, 100.0, and
200.0 μg/L) using blank mixed fruit puree matrix. The linear equations of the calibration
curves were obtained by plotting the concentrations of the seven ATs and the corresponding
peak areas, and the correlation coefficients (R2 values) were calculated. The limits of
detection (LODs) and limits of quantification (LOQs) of the seven ATs were determined by
serially diluting a mixed standard solution with blank mixed fruit puree matrix solution.
The LODs were determined when the signal to noise ratio (S/N) was higher than or equal
to 3, and the LOQs were taken when the S/N was higher than or equal to 10.

To evaluate the trueness and precision of the method, mixed standard solution of seven
ATs was added to blank mixed fruit puree samples at three different concentrations (5, 10
and 20 μg/kg), and the spiked samples were determined under the optimized pretreatment
and analysis conditions. The spiked samples were determined 3 times and the relative
standard deviations (RSDs) of the seven ATs were calculated.
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