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ABSTRACT

Exogenous factors influence embryo development. Enniatin B1 (EB1), one emerging mycotoxin of Fusarium
fungi, can cause damage to cells and mouse blastocysts. However, the toxicity of EB1 on porcine embryo
development and whether melatonin can eliminate the detrimental effects of EB1 on embryos remain unclear.
Here, this work demonstrated that EB1 significantly decreased the cleavage and blastocyst rates and blastocyst
cell number of embryos in a dose and time dependent manner. Further study displayed that EB1 obviously
destroyed nuclear remodeling dynamics. Importantly, EB1 triggered embryo apoptosis through downregulating
the expression of Sodl, Gpx4, Cat and Bcl2l1 while upregulating the transcription of Bax and Caspase3.
Moreover, EB1 significantly disrupted the transcription of Dnmt1, Dnmt3a, Tetl and Tet3, further leading to
incomplete DNA demethylation of CenRep, Oct4, Nanog and Sox2, thus, the expression of Eifla, Oct4, Nanog
and Sox2 remarkably decreased. Whereas EB1-exposed embryos were treated with melatonin, these disorders
were obviously ameliorated, and the development ability of embryos was also rescued. In conclusion, EB1
exerted detrimental effects on porcine early embryos, while melatonin effectively rescued EB1l-mediated
defects in embryos. This work provides a novel insight into the improvement of embryo quality and the
promotion of human and animal reproduction.

INTRODUCTION

The application of embryo engineering technology,
such as artificial insemination, in vitro fertilization, and
embryo transfer etc., has accelerated the development of
human and animal reproduction [1, 2]. However, early
embryos, both in vivo and in vitro, are extremely
vulnerable to exogenous factors. For example, food or
feed contaminated with toxins degrades early embryos,
while antioxidants promote the development of embryos
[3, 4]. Thus, exogenous factors have attracted the
extensive attention and been designed to enhance
embryo development.

Enniatin, one kind of emerging mycotoxins, is a
secondary metabolism product produced by Fusarium
fungi, and has been closely focused in recent years [5, 6].
To date, a variety of natural enniatin analogues has been
identified, and Enniatin A, Al, B and B1 are the most
common in food or feed products [5, 7]. Previous studies
have shown that Enniatins exert cytotoxin, inhibiting cell
proliferation, and induce oxidative stress, causing cell
apoptosis or death [5, 8, 9]. Enniatin B1 (EB1) is also
proven to trigger cell apoptosis and exert embryotoxicity
on mouse blastocysts [9, 10]. However, the potential
toxicity and mechanism of EB1 during early embryo
development remain unclear.
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Accumulated studies have demonstrated that the negative
effects of exogenous hazardous compounds on embryos
are embryotoxicity, apoptosis or epigenetic modification
damage [10-12]. During embryogenesis, nuclear
remodeling, referring to nuclear decondensation,
formation and fusion of paternal and maternal
pronucleus, and nuclear division, occurs in the first cell
cycle, and is necessary for the normal development of
early embryos [13]. Then, the delayed or incomplete
nuclear remodeling induced by hazardous compounds
would cause embryo development arrested. As for
embryo apoptosis, it is a key marker to evaluate embryo
quality, and inappropriate trigger by deleterious factors
has been proven to induce embryotoxicity and impair
embryo quality [4, 10]. Moreover, epigenetic
modification, especially DNA methylation, which
predominantly occurs at the fifth carbon of cytosine, is
also affected by exogenous compounds [14]. During
early embryo development, DNA methylation re-
programming, mainly regulated by DNA methyl-
transferases (Dnmts) and ten-eleven translocation (Tet)
dioxygenases, is essential for the normal expression of
genes related to embryo development, however, this
progress is vulnerable to damage by exogenous hazar-
dous compounds, then, the destroyed DNA methylation
reprogramming leads to the disturbed expression patterns
of genes, especially pluripotent genes, and further the
impairment of embryo development competence and
quality [14, 15]. EBL, as one emerging mycotoxin, could
also take the similar toxic effect on embryo development.
Thus, to reveal these potential detrimental characteristics
of EB1 would help to provide the appropriate strategy to
protect embryo development and quality.

To overcome the detrimental effects of hazardous
compounds on embryos, antioxidants are usually
applied, and melatonin, a well-known free radical
scavenger, is proven to stimulate antioxidant-related
gene expression, reduce apoptosis, and promote
embryo development [16-18]. Recently, studies have
demonstrated that melatonin participates in DNA
methylation reprogramming during embryo development
[19-21]. Moreover, melatonin is also shown to
protect embryos against various exogenous hazardous
factors [22-24]. Then, melatonin is speculated to
ameliorate the detrimental effects of EB1 on embryos,
however, to our knowledge, no related studies have
investigated the potential protective role of melatonin
against EB1 mediated defects during early embryo
development.

In this study, porcine early embryos were employed to
investigate the detrimental effects of EB1 and the
antagonistic role of melatonin against EB1 during the
development progress. The results displayed that EB1
exerted the detrimental effects on the development

competence and quality of embryos through destroying
nuclear remodeling, apoptosis, DNA methylation
reprogramming and gene expression, and also showed
that melatonin effectively rescued EB1-mediated defects
in embryos. This work provides an important support for
human and animal reproductive health.

RESULTS
Effect of EB1 on the development of early embryos

To clarify the detrimental effects of EB1 on early
embryo development, the dose and time dependent
manners of EB1 were investigated. The results
displayed that the development competence of early
embryos was reduced after EB1 treatment with different
concentrations, and 10, 25 or 50 uM EB1 resulted in the
significantly lower cleavage and blastocyst rates and
blastocyst cell number compared with the untreated
group (Figure 1 and Supplementary Table 3, P<0.05).
Considering that 25 or 50 uM EBL1 resulted in the even
more significantly reduced blastocyst rate and was the
high dose for early embryos, 10 uM EB1 was chosen
for the subsequent treatment. For analysis of the time
effects of EB1 on early embryos, when the treatment
time was shortened to 12 h, no significant development
differences were observed compared with the untreated
group, whereas the rates of cleavage and blastocyst
were significantly higher than those of embryos treated
for 24 h (Supplementary Table 4, P<0.05). Thus, EB1
exerted the detrimental effects on early embryos, and
treating embryos with 10 uM EB1 for 24 h significantly
reduced the development competence and quality of
embryos.

Effect of melatonin on the development of EB1-
exposed embryos

To overcome the detrimental effects of EB1 on early
embryos, melatonin was also added to treat embryos.
As shown in Figure 2 and Supplementary Table 5,
EB1 significantly reduced the cleavage and blastocyst
rates and blastocyst cell number, while melatonin (MT
group) significantly upregulated the cleavage and
blastocyst rates and blastocyst cell humber compared
with the untreated (CON) group (P<0.05). Moreover,
when EB1-exposed embryos were treated with
melatonin (ME group), the cleavage and blastocyst
rates and blastocyst cell number were significantly
higher than those in the EB1 group, and no significant
differences of blastocyst rate and blastocyst cell
number were observed compared with the CON group
though the cleavage rate was still significantly lower
(P<0.05). Thus, melatonin effectively protected the
development competence and quality of embryos from
EB1 exposure.

WWWw.aging-us.com 5554

AGING



Effect of melatonin on nuclear remodeling in EB1-
exposed embryos

After sperm penetrated into oocyte, sperm nucleus
performed decondensation and swelling and formed
paternal pronucleus, which then fused with maternal
pronucleus to form the diploid zygote pronucleus, and
then zygote carried out mitosis, meaning that nuclear
division and cytokinesis successively occurred (Figure
3A). Based on the morphology changes of sperm
nucleus, nuclear remodeling progress was mainly divided
into sperm nuclear condensation, sperm nuclear decon-
densation including swelling, paternal pronucleus
including formation and fusion with maternal pronucleus,
and nuclear division, and oocyte with no sperm
penetration and embryo cytokinesis were also examined
during the first cell cycle of early embryos (Figure 3B
and Supplementary Table 6). In the EB1 group, the
significantly upregulated rates of sperm nuclear
condensation at 2 h, 4 h, 6 h, 12 h and 18 h, sperm
nuclear decondensation at 6 h, 12 h, 18 h and 24 h, and
paternal pronucleus at 24 h, and downregulated rates of
paternal pronucleus at 2 h, 4 h, 6 h and 12 h, nuclear
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division at 18 h and 24 h, and cytokinesis at 18 h and
24 h were observed, while the MT group displayed the
significantly lower percentages of sperm nuclear
condensation at 2 h, 4 h and 6 h and sperm nuclear
decondensation at 6 h, and higher percentages of paternal
pronucleus at 2 h, 4 h and 6 h, nuclear division at 12 h,
and cytokinesis at 18 h and 24 h compared with the CON
group (P<0.05). Importantly, the ME group showed the
significantly downregulated rates of sperm nuclear
condensation at 2 h, 4 h, 6 h, 12 h and 18 h, sperm
nuclear decondensation at 12 h, 18 h and 24 h, and
paternal pronucleus at 24 h, and upregulated rates of
paternal pronucleus at 2 h, 4 h, 6 h and 12 h, nuclear
division at 18 h and 24 h, and cytokinesis at 18 h and 24
h compared with the EB1 group, and only the
significantly increased percentage of sperm nuclear
decondensation at 6 h, and decreased percentages of
paternal pronucleus at 6 h and cytokinesis at 24 h
compared with the CON group (P<0.05). All these results
demonstrated that EB1 delayed nuclear remodeling
progress, while melatonin ameliorated the disrupted
nuclear remodeling induced by EB1 during the first cell
cycle of early embryos.
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Figure 1. Effect of EB1 with different concentrations on early embryo development. (A) blastocyst (x 40). (B) cleavage rate and
blastocyst rate. (C) blastocyst cell number (x 200). (D) average blastocyst cell number. @<Values for a given group in columns with different

superscripts differ significantly (p < 0.05).
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Figure 2. Effect of melatonin on the development of EB1-exposed embryos. (A) blastocyst (x 40). (B) cleavage rate and blastocyst
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embryos treated with melatonin. ME, embryos treated with both melatonin and EB1. #dValues for a given group in columns with different
superscripts differ significantly (p < 0.05).
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Effect of melatonin on apoptosis in EB1-exposed
embryos

To further explore the antagonistic effects of melatonin
on EBL1 in early embryos, apoptosis related indexes were
analyzed. As shown in Figures 4, 5, compared with the
CON group, the EB1 group showed the significantly
increased number and rate of apoptotic blastocyst cells,
downregulated the expression of antioxidant genes (Sod1
and Gpx4) at the 4-cell and blastocyst stages,
antiapoptotic factor Bcl2I1 at the 4-cell and blastocyst
stages and antioxidant gene Cat during embryo
development progress, and upregulated the transcription
of proapoptotic genes (Bax and Caspase3) at the 4-cell
and blastocyst stages, while the MT group displayed the
significantly decreased number and rate of apoptotic
blastocyst cells, higher expression levels of Sodl at the
blastocyst stage and Gpx4, Cat and Bcl2l1 at the 4-cell
and blastocyst stages, and lower the transcription levels
of Bax and Caspase3 at the 4-cell and blastocyst stages,
respectively (P<0.05). In the ME group, the significantly
decreased number and rate of apoptotic blastocyst cells,
upregulated expression of Sodl at the blastocyst stage,

Hoechst33342 TUNEL Merge

| ---

Gpx4 and Bcl2l1 at the 4-cell and blastocyst stages and
Cat during embryo development progress, and
downregulated transcription of Bax and Caspase3 at the
4-cell and blastocyst stages were observed compared
with the EB1 group, and only the significantly increased
rate of apoptotic blastocyst cells, lower expression level
of Gpx4 at the 4-cell stage, and higher transcription
level of Bax at the 4-cell stage were shown compared
with the CON group (P<0.05), suggesting that EB1-
induced embryo apoptosis could be effectively blocked
by melatonin. Thus, EB1 triggered embryo apoptosis,
while melatonin reduced EB1-induced embryo apop-
tosis.

Effect of melatonin on DNA methylation reprogram-
ming and gene expression in EB1-exposed embryos

Here, transcription levels of Dnmts and Tets regulating
DNA methylation reprogramming were examined in
early embryos (Figure 6). The similar expression
patterns of Dnmtl and Tet3 with the downward trend,
Dnmt3a with the first decreased and then increased
trend, and Tetl with the upward trend during embryo
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Figure 4. Effect of melatonin on apoptosis in EB1-exposed embryos. (A) blastocyst cell apoptosis status (x 200). (B) average
apoptotic cell number per blastocyst. (C) blastocyst cell apoptotic rate. The number of blastocysts for apoptosis detection in the CON, EB1,
MT or ME group was 29, 16, 32 or 25, respectively. CON, the control group. EB1, embryos treated with EB1. MT, embryos treated with
melatonin. ME, embryos treated with both melatonin and EB1. =4Values for a certain group in columns with different superscripts differ

significantly (p < 0.05).
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development progress were observed among the CON,
EB1, MT and ME groups. When compared with the
CON group, the EB1 group showed the significantly
higher expression levels of Dnmtl and Dnmt3a at the 4-
cell stage and lower transcription levels of Dnmtl and
Dnmt3a at the blastocyst stage, Tetl at the 4-cell and
blastocyst stages and Tet3 during embryo development
progress, the MT group displayed the significantly
lower expression level of Dnmt3a at the 4-cell stage and
higher transcription levels of Dnmtl, Dnmt3a, Tetl and
Tet3 at the blastocyst stage, and the ME group only took
the significantly lower expression levels of Dnmtl at the
blastocyst stage and Tet3 at the 1-cell and 4-cell stages
(P<0.05). Importantly, the significantly decreased
transcription of Dnmtl and Dnmt3a at the 4-cell stage
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and increased expression of Dnmt1, Dnmt3a and Tetl at
the blastocyst stage and Tet3 at the 4-cell and blastocyst
stages were observed in the ME group compared with
the EB1 group (P<0.05). Thus, melatonin effectively
ameliorated the disturbed expression levels of DNA
methylation reprogramming related genes in EB1-
exposed embryos.

Then, DNA methylation reprogramming of genome
(CenRep) and pluripotent genes (Oct4, Nanog and Sox2)
was investigated. As shown in Figures 7, 8, the CON,
EB1, MT and ME groups displayed the similar patterns
of DNA demethylation and then remethylation of
CenRep and DNA demethylation of Oct4, Nanog and
Sox2 during embryo development progress, however,
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Figure 7. Effect of melatonin on DNA methylation statuses of genome and pluripotent genes in EB1-exposed embryos. (A-D)
DNA methylation statuses of genome (CenRep), Oct4, Nanog and Sox2, respectively. CON, the control group. EB1, embryos treated with EB1.
MT, embryos treated with melatonin. ME, embryos treated with both melatonin and EB1. The black and white circles are the methylated and
unmethylated CpG sites, respectively, and the gray circles represent the mutated and/or single nucleotide polymorphism (SNP) variation at

the certain CpG sites.
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CenRep DNA remethylation did not obviously occur at
the blastocyst stage in the EB1 group. When compared
with the CON group, the EB1 group displayed the
significantly higher DNA methylation levels of CenRep
at the 4-cell stage and Oct4, Nanog and Sox2 at the 4-
cell and blastocyst stages (P<0.05), while no significant
DNA methylation differences of CenRep, Oct4, Nanog
and Sox2 were observed in the MT or ME group.
Furthermore, DNA methylation levels of CenRep at the
4-cell stage and Sox2 at the 4-cell and blastocyst stages
were significantly lower in the ME group than the EB1
group (P<0.05). Thus, melatonin largely rescued the
disrupted DNA methylation reprogramming in EB1-
treated embryos.

The expression patterns of genes related to early
embryo development were further detected (Figure 9).
As for zygotic activation related gene Eifla, compared
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significantly decreased expression level, while the MT
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expression level. Moreover, the expression level of
Eifla in the ME group was significantly higher than that
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significantly higher transcription levels of Oct4 at the
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blastocyst stages, and the ME group only took the
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WWWw.aging-us.com

5560

AGING



significantly upregulated expression levels of Oct4,
Nanog and Sox2 at the 4-cell and blastocyst stages were
observed in the ME group compared with the EB1
group (P<0.05). These results displayed that melatonin
ameliorated EB1-induced disturbed expression of genes
in early embryos. Taken together, melatonin protected
early embryos against the disrupted DNA methylation
reprogramming and gene expression induced by EB1.

DISCUSSION

It is known that exogenous factors influence embryo
development, and recently, to evaluate the potential
detrimental or beneficial effects of various environmental
compounds on embryos has been gaining attention for
human and animal reproductive health [3, 10, 24]. In this
study, EB1 exerted the detrimental effects on the
development competence and quality of porcine early
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embryos, and the potential mechanism could be that EB1
destroyed nuclear remodeling, triggered apoptosis, and
disrupted DNA methylation reprogramming and gene
expression. And more, melatonin was also proven to
effectively protect against EB1-mediated defects during
early embryo development (Figure 10).

Previous studies have shown that food or feed
contaminated with toxins degrades early embryos [4, 25,
26]. As one emerging mycotoxin, EB1 could also have the
potential detrimental effects on early embryos. Previous
studies have shown that EB1 exerts cytotoxicity, arresting
cell cycle or causing cell death [5, 8, 9]. In this study, EB1
was applied to treat porcine early embryos, and shown to
reduce the cleavage and blastocyst rates of embryos, in
consistent with exogenous hazardous compounds to
impair embryo development [4, 25, 26]. Blastocyst cell
number is also an objective index to reflect embryo cell
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different superscripts differ significantly (p < 0.05).
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proliferation and quality [27]. Here, the decreased
blastocyst cell number displayed that EB1 destroyed
embryo quality. In addition, EB1 exerted embryotoxicity
in a dose and time dependent manner, suggesting that
there is a cumulative toxic effect of EB1 to induce the
detrimental impacts on embryos. Moreover, a recent study
has shown that EB1 causes damage to mouse blastocysts
[10]. Thus, EB1 is detrimental for the development
competence and quality of early embryos.

During early embryogenesis, nuclear remodeling is the
first step of early embryo development, determining the
subsequent development competence of embryos [13,
28]. When embryos were treated with EB1, nuclear
remodeling progress was inhibited, showing that sperm
nucleus ineffectively carried out decondensation and
formed pronucleus, and nuclear division and cytokinesis
were also obviously delayed. This may be due to the
interference of EB1 on the function of nuclear
remodeling factors, as EB1 has been proven to destroy
cell cycle [8]. As for the detail interaction between EB1

and nuclear remodeling factors, it needs to be
investigated. Anyhow, these results reveal that EB1
delays or inhibits nuclear remodeling progress to further
reduce the development competence of early embryos.

Apoptosis, which is mainly regulated by apoptosis or
antioxidation related genes, is a key marker to evaluate
embryo quality [15, 23, 29]. Thus, to examine embryo
apoptosis status and the expression levels of apoptosis
or antioxidation related genes can evaluate the
detrimental effects of EB1 on early embryos. Notably,
EB1 significantly triggered embryo apoptosis, further
supporting that the increased apoptosis reduced
blastocyst cell number in the EB1 group. The disrupted
expression levels of apoptosis and antioxidant genes
also confirmed this point, as EB1 could destroy the
signaling pathway systems of antiapoptosis or anti-
oxidation [7-9]. Moreover, EB1 has been displayed to
trigger cell or mouse blastocyst apoptosis or death [8,
10, 30]. Accordingly, EB1 can act as one embryo
apoptosis inducer and impairs embryo quality.

Figure 10. Schematic representation of the protective role of melatonin against EB1 to ameliorate the development
competence and quality of early embryos. EB1 destroys nuclear remodeling, triggers apoptosis, disrupts DNA methylation
reprogramming and gene expression, and further reduces the cleavage and blastocyst rates and blastocyst cell number of early embryos.
Melatonin rescues EB1-mediated development defects and ameliorates the development competence and quality of early embryos.
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Gene expression levels are correlated with DNA
methylation statuses of their promoters [31, 32]. Then,
the degree of DNA methylation reprogramming, mainly
regulated by Dnmts and Tets, determines the
development competence of early embryos. During the
development progress of early embryos, our study has
demonstrated that Dnmtl transcripts gradually decrease
from the 1-cell to morula stage with a slight increase at
the Dblastocyst stage and take the role of DNA
methylation maintenance during the development
progress of early embryos, Dnmt3a expression levels are
downregulated from the 1-cell to 8-cell stage, then
gradually increase with the maximum at the blastocyst
stage, and are responsible for DNA remethylation after
the 4-cell stage, Tet3 transcripts continuously decrease
from the 1-cell to blastocyst stage with very low levels at
the morula and blastocyst stages and mainly act as the
role of DNA demethylation from the 1-cell to 4-cell
stage, and Tetl expression levels steadily increase after
the 4-cell stage with the highest levels at the blastocyst
stage and work as the DNA demethylation role after the
4-cell stage [33]. In this study, similar expression patterns
of Dnmts and Tets were also observed in early embryos.
As for Dnmt3a, the transcripts also decreased from the 1-
cell to 4-cell stage, and increased at the blastocyst stage
compared with the 4-cell stage, and the cause could also
be that Dnmt3a, as the maternal factor, degrades from the
1-cell stage to 4-cell stage, and then begins to express
with the zygote genome activation at the 4-cell stage.
Previous studies have also shown that DNA methylation
is vulnerable to exogenous factors [12, 14, 34]. Here, the
obviously increased DNA methylation levels of CenRep
during zygote genome activation and Oct4, Nanog and
Sox2 at the 4-cell and blastocyst stages occurred in the
EB1 group, as is evident from the upregulated expression
of Dnmtl and Dnmt3a at the 4-cell stage and
downregulated transcription of Tetl and Tet3 at the 4-cell
and blastocyst stages induced by EB1. Then, incomplete
DNA methylation reprogramming reduced zygote
genome activation and pluripotent gene expression,
leading to the poor development and quality of embryos.
As how EB1 disrupted the expression of DNA
methylation reprogramming related genes, the possible
pathway might be that EB1 changes enzyme activation,
destroys energy metabolism, and then delays embryo
development progress [8, 30]. Of course, the regulatory
network of gene expression is complex, and further
studies are needed. All in all, these results collectively
demonstrate that EB1 exerts the obviously detrimental
effects on the development competence and quality of
early embryos.

Antioxidant or antiapoptotic system has been shown to
take the critical protective role during early embryo
development, and studies have also highlighted that
melatonin can take the antioxidant and antiapoptotic

effects to protect embryos against the damage induced by
exogenous factors [22-24]. In this study, EB1 was
proven to exert the detrimental effects on porcine
early embryos, and the potential mechanism could be
that EB1 destroyed nuclear remodeling, triggered
embryo apoptosis and disrupted DNA methylation
reprogramming. In our previous study, melatonin is
shown to reduce apoptosis and enhance DNA
methylation reprogramming in early embryos [21]. Then,
it is wondered that whether melatonin can eliminate the
detrimental effects of EB1 on early embryos through
regulating nuclear remodeling, apoptosis and DNA
methylation reprogramming. Here, this work demons-
trated that when EB1-exposed embryos were treated with
melatonin at the optimal concentration, which has been
proven by investigating the early development of porcine
cloned embryos [21], nuclear remodeling was obviously
promoted, apoptosis was remarkedly reduced, DNA
methylation reprogramming and gene expression were
also largely ameliorated, and, importantly, the
development competence and quality of embryos were
similar to the control group, further supporting the
potential of melatonin to protect embryos against
damage caused by exogenous compounds. Previous
studies have also displayed that melatonin can promote
nuclear remodeling, reduce apoptosis, improve DNA
methylation reprogramming and enhance gene
expression [17, 20, 21]. Thus, melatonin could protect
embryos against EBl-induced damage. As how
melatonin antagonizes EB1 to rescue the defects during
embryo development, especially the detail molecular
mechanism such as the epigenetic modification mediated
Nrf2 or NF-xB pathway or DNA damage protection to
regulate gene expression, it needs further studies [18,
19]. Overall, embryo damage induced by EB1 is
effectively eliminated by melatonin.

In conclusion, this study displays that EB1 reduces the
development competence and quality of porcine early
embryos, and the underlying mechanism is that EB1
destroys nuclear remodeling, triggers apoptosis and
further disrupts DNA methylation reprogramming and
gene expression. Moreover, melatonin is shown to
effectively protect against EB1-mediated defects during
early embryo development.

MATERIALS AND METHODS

Chemicals were purchased from Sigma Aldrich
Corporation, and plasticware was obtained from
Nunclon, unless otherwise stated.

All the experiments were approved and supervised by
Animal Care Commission of Qingdao Agricultural
University according to animal welfare laws, guidelines
and policies.
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Oocyte in vitro maturation

Oocyte in vitro maturation has been reported in our
previous study [35]. Briefly, ovaries were collected from
a local slaughterhouse and transported to laboratory.
Follicles were aspirated, and follicular contents were
washed with HEPES-buffered Tyrode’s lactate.
Cumulus-oocyte complexes (COCs) were recovered,
washed and cultured in maturation medium. After 42 h,
COCs were vortexed in hyaluronidase to remove
cumulus cells. Only oocytes with the visible polar body,
regular morphology and homogenous cytoplasm were
used in the subsequent experiments.

In vitro fertilization (IVF) and embryo culture,
treatment and collection

The procedures for IVF and embryo culture have been
described in our previous reports [13, 21]. Briefly,
spermatozoa were diluted with modified Tris-buffered
medium, and matured oocytes were transferred into
fertilization medium and co-incubated with spermatozoa.
Then, embryos were washed and cultured in porcine
zygote medium-3 (PZM-3) for the subsequent
development, and the cleavage and blastocyst rates were
evaluated at 48 h and 156 h, respectively.

For embryo treatment, embryos were cultured in PZM-3
with 0, 5, 10, 25 or 50 uM EBI for 12 h or 24 h, or co-
incubated with 0.1 uM melatonin during the development
progress [21].

For embryo collection, 1-cell, 4-cell and blastocyst
embryos in the CON (untreated), EB1 (10 uM EBL1 for
24 h), MT (0.1 uM melatonin) and ME (10 uM EBL1 for
24 h and 0.1 pM melatonin) groups were collected at 12
h, 48 h and 156 h, respectively.

Examination of nuclear remodeling and blastocyst
cell number

Embryosat2 h,4 h,6 h, 12 h, 18 h, 24 h and 156 h were
treated with acidic Tyrode's solution to remove zona
pellucida, fixed in 4% paraformaldehyde, and stained
with Hoechst 33342, respectively [21]. Then, nuclear
status and blastocyst cell number were examined, and
the percentage of every nuclear status and average cell
number per blastocyst were calculated.

Assessment of embryo apoptosis

Detection of embryo apoptosis using the TUNEL method
with an In Situ Cell Death Detection Kit (Roche) has
been described in our previous work [29]. Briefly,
blastocysts were fixed with 4% paraformaldehyde,
permeabilized with 0.5% Triton X-100, incubated in the

terminal deoxynucleotidyl transferase mediated dUTP
nick end labeling reaction medium, and stained with
Hoechst 33342. Then, the number of apoptotic cells per
blastocyst was counted.

Quantitative real-time PCR

Measurement of gene expression with quantitative real-
time PCR has been applied in our previous study [33].
Briefly, total RNA was extracted from 50 pooled
embryos at each stage using a RNeasy Micro Kit
(Qiagen). Reverse transcription was performed using a
PrimeScript® RT Reagent Kit (TaKaRa). For quantitative
real-time PCR, reactions were performed in the 96-well
optical reaction plate using a SYBR® Premix ExTaq™ II
kit (TaKaRa) and a 7500 Real-Time PCR System. For
every sample, the cycle threshold (CT) values were
obtained from three replicates. The primers were
presented in Supplementary Table 1. Relative expression
levels of genes were analyzed using the 22A¢T method.

Bisulfite sequencing

Bisulfite sequencing has been reported in our previous
work [31]. Briefly, pooled embryos were digested and
treated with sodium bisulfite to convert all unmethylated
cytosine to uracil using an EZ DNA Methylation-
Direct™ Kit (Zymo Research). For samples of 500, 200
and 50 pooled embryos at the 1-cell, 4-cell and blastocyst
stages, digestion was performed in the M-Digestion
Buffer, cytosine to thymine conversation was carried out
at 98° C for 10 min and 64° C for 2.5 h, and samples
were desalted and purified. Subsequently, nested PCR
was performed to amplify the target regions of genes
using the primers described in Supplementary Table 2.
The amplified products were verified, cloned into T-
Vectors and sequenced. The sequenced results were
analyzed to get the methylated (the black circle) and
unmethylated (the white circle) CpG sites, and then DNA
methylation level for every sequenced result was
calculated by dividing the number of methylated CpG
sites by the total number of CpG sites not including the
mutated or single nucleotide polymorphism (SNP) CpG
sites.

Statistical analysis

Differences in data (mean £ SEM) were analyzed with
the SPSS statistical software. Statistical analyses of
data concerning embryo development, blastocyst cell
number, nuclear remodeling, embryo apoptosis, gene
expression and DNA methylation were performed with
t-test when the comparison was made between two
groups or one-way analysis of variance when there were
more than two groups. For all analyses, differences
were considered to be statistically significant when
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P<0.05, and #ddifferent superscripts were applied to
indicate statistically significant differences.
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SUPPLEMENTARY MATERIALS

Supplementary Tables

Supplementary Table 1. Detail of primers for quantitative real-time PCR.

Gene Primer sequence (5'-3") Length (bp) Accession number
Sodl F: TTGGAGACCTGGGCAATGTGAC 184 NM_001190422
R: CTTCCAGCATTTCCCGTCTTTGTA
Gpx4 F: ATGCACGAATTCTCAGCCAAG 122 NM_214407
R: GTGTAGTTTACCTCCGTCTTGCC
Cat F: AGGTGGGGCTCCAAATTACTAC 136 NM_214301
R: CACCTGGGTGACATTATCTTCG
Bcl2l1 F: CTGGTGGTTGACTTTCTCTCCTAC 119 NM_214285
R: GTTTCCGCTTCTGATTCAGTCC
Bax F: CAGTAACATGGAGCTGCAGAGG 159 XM_003127290
R: GCCTTGAGCACCAGTTTACTGG
Caspase3 F: CAGTTGAGGCAGACTTCTTGTATG 149 NM_214131
R: AGTAAGAATGTGCATAAGCTCAAGC
Dnmtl F: GCGTCTTGCAGGCTGGTCAGTA 152 NM_001032355
R: CTTCTTATCATCGACCACGACGCT
Dnmt3a F: ATGTGGTTCGGAGACGGCAAGT 195 NM_001097437
R: GCTCTCGTCGTTGTCATGGCA
Tetl F: TGTCGGCTTGGCAAGAAAGA 115 NM_001315772
R: AGACCACTGTGCTGCCATTA
Tet3 F: CCCCTACTCAGGAAATGAGGTCTC 126 XM_021087365
R: CCCCAAATTCAGCCTCAAACTG
Eifla F: AGATGAGGCTAGAAGTCTGAAGGC 113 NM_001243218
R: CAATGTCATCAAACTGGATTTCATC
Oct4 F: GAAGGTGTTCAGCCAAACGAC 185 NM_001113060
R: CGATACTTGTCCGCTTTC
Nanog F: CCTCCATGGATCTGCTTATTC 209 NM_001129971
R: CATCTGCTGGAGGCTGAGGT
Sox2 F: AACCAGAAGAACAGCCCAGAC 155 NM_001123197
R: TCCGACAAAAGTTTCCACTCG
18s F: AATCTCGGGTGGCTGAACGC 143 NR_002170
R: CCGTTCTTAGTTGGTGGAGCGAT
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Supplementary Table 2. Detail of primers for bisulfite sequencing.

Gene Primer sequence (5'-3") Length (bp)  Accession number
CenRep F: GGTATTGTTGTTTGTTTGGTGATT 231 Z75640

R: AAAATTTATTCCTCAAACCCAATTT
Oct4 Outer 409 NC_010449

F: ATTAGATTTGTGTGAGGATTTGAGAG
R: AAAACCCAATAAAACCAAAACTCTC
Inner 249
F: GTGTATAGAGTAGTGGAGAGGG
R: CCCAATCCCACCCACTAA
Nanog Outer 518 EF_ 522119
F: TGAATTGGAGATTTAAAGGAG
R: TAAAATCATAAAAATCTCCTCC
Inner 498
F: GGAGATTTAAAGGAGTTTTAGGTTAAGAAA
R: TCTCCTCCAAATATTAAAAATATCAAAAA
Sox2 Outer 461 NC_010455
F: GTGTTTGTAAAAGGGGGAAAGTAG
R: CCGCAACAATAAAATTACCACC
Inner 321
F: AAGGGAGAGAAGTTTGAGTTTTAGG
R: AACTCCGTCTCCATCATATTATACATAC

Supplementary Table 3. Development of early embryos treated with different concentration EB1 for 24 h.

EBI1 (M) No. embryos No. embryos cleaved No. blastocysts Blastocyst cell number
(Rep) (% = SEM) (% = SEM) (mean = SEM)*

0 192 (5) 155 (80.78 + 1.78)? 40 (20.96 £ 0.73)? 41 + 2 (n=40)?

5 187 (5) 140 (74.81 + 2.80)%® 34 (17.96 £ 1.12) 36 + 2 (n=33)®

10 198 (5) 140 (70.48 + 1.09)b¢ 22 (10.73 £ 1.03)° 312 (n=21)"

25 201 (5) 136 (67.97 + 1.94)° 12 (6.11 £ 1.24)° 31+ 3 (n=10)°

50 188 (5) 122 (65.04 + 3.05)° 10 (5.61 £ 0.98)¢ 28 + 3 (n=7)°

@*Values in the same column with different superscripts differ significantly (P<0.05).
*Blastocyst cell number, less than 16, was not included.

Supplementary Table 4. Development of early embryos treated with 10 uM EB1 for different time.

Time (h) No. embryos No. embryos cleaved No. blastocysts Blastocyst cell number
(Rep) (% £ SEM) (% £ SEM) (mean £ SEM)*

0 142 (3) 115 (81.23 + 2.25)2 29 (20.20 + 2.24)? 41 + 3 (n=29)?

12 144 (3) 107 (74.72 + 2.78)? 23 (15.86 + 1.55)* 35 + 3 (n=23)®

24 159 (3) 110 (69.43 + 1.92)° 15 (9.59 + 0.90)° 30 £ 3 (n=14)°

abyalues in the same column with different superscripts differ significantly (P<0.05).
*Blastocyst cell number, less than 16, was not included.
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Supplementary Table 5. Effect of melatonin on the development of EB1-exposed embryos.

Group No. embryos No. embryos cleaved No. blastocysts Blastocyst cell number
(Rep) (% = SEM) (% = SEM) (mean = SEM)*

CON 200 (5) 159 (79.80 + 1.10)? 43 (21.75 £ 1.39)2 42 £ 2 (n=42)*

EB1 180 (5) 125 (69.57 + 1.60)° 19 (10.67 £ 1.61)° 30 + 3 (n=17)°

MT 174 (5) 147 (84.41 + 1.23)¢ 50 (28.68 + 1.71)¢ 48 £ 2 (n=49)¢

ME 206 (5) 154 (75.25 + 1.41)¢ 38 (18.26 + 0.90)? 38+ 1 (n=37)?

CON referred to embryos untreated. EB1 referred to embryos treated with Enniatin B1. MT referred to embryos treated with
melatonin. ME referred to embryos treated with both melatonin and enniatin B1.

>dyalues in the same column with different superscripts differ significantly (P<0.05).

*Blastocyst cell number, less than 16, was not included.

Supplementary Table 6. Effect of melatonin on nuclear remodeling of EB1-exposed embryos during the first cell

cycle.

No. No. embryos No. embryos with  No. embryos with No. embryos with Np. embryos No. embryos
Time (h) Group embryos unfertilized sperm nucl_ear sperm nucle_ar paternal pronucleus Wlth r_1u_c|ear with cytokinesis
(Rep) (%6+SEM) condensation decondensation (%6+SEM) division (%+SEM)
(%+SEM) (Y%+SEM) (Y0+SEM)
2 CON  44(3) 7 (15.28+1.39) 15 (34.7241.39) 11 (25.0041.60) 11 (25.00+1.60)? 0 (0.000.00) 0 (0.000.00)
EB1  43(3) 6 (13.60+1.10) 22 (51.21+2.63)P 10 (23.36+2.33) 5 (11.84+0.66)" 0 (0.00+0.00) 0 (0.00+0.00)
MT 59 (3) 9 (15.29+0.50) 10 (16.88+1.09)° 17 (28.65+2.34) 23 (39.18+2.92)° 0 (0.00+0.00) 0 (0.00+0.00)
ME 45 (3) 7 (15.05+1.49) 15 (33.97+2.39)° 11 (24.80+2.72) 12 (26.18+1.96) 0 (0.00+0.00) 0 (0.00+0.00)
4 CON  65(3) 10 (15.41+1.27) 15 (23.2621.53) 13 (20.06+1.35) 27 (41.27+3.35) 0 (0.000.00) 0 (0.000.00)
EB1  63(3) 9 (14.31+0.39) 25 (39.67+0.83)P 15 (23.77+2.53) 14 (22.26+1.73)" 0 (0.00+0.00) 0 (0.00+0.00)
MT 60 (3) 9 (15.08+0.79) 4 (6.61+1.47)° 12 (20.11+1.06) 35 (58.20+1.91)° 0 (00.00+0.00) 0 (0.00+0.00)
ME 58 (3) 8 (13.68+0.98) 14 (24.11+0.45) 13 (22.45+1.23) 23 (39.760.90)* 0 (0.00+0.00) 0 (0.00+0.00)
6 CON  70(3) 8 (11.62+1.71) 11 (1551+0.89)* 17 (24.3240.35) 34 (48.55+2.14)° 0 (0.000.00) 0 (0.000.00)
EB1  73(3) 8 (10.87+0.67) 24 (32.91+1.13)"  22(30.04+0.73)" 19 (26.19+1.63)" 0 (0.000.00) 0 (0.000.00)
MT 66 (3) 8 (12.10+1.24) 5 (7.84+1.93)° 7 (10.59+3.04)° 46 (69.48+2.24)° 0 (0.00+0.00) 0 (0.00+0.00)
ME 54 (3) 6 (10.84+0.60) 9 (17.26+1.37) 17 (31.19+0.61)° 22 (40.70+0.70)" 0 (0.00+0.00) 0 (0.00+0.00)
12 CON  55(3) 8 (14.4740.71) 4 (7.15%1.25)% 7(12.88+1.82) 36 (65.50£1.17)* 0 (0.00£0.00)* 0 (0.00%0.00)
EB1  86(3)  10(11.86+1.86) 21 (24.64+2.55)°  27(30.97+2.81)>  28(32.53+1.49)"  0(0.00+0.00)* 0 (0.00+0.00)
MT 73 (3) 9 (12.29+2.26) 2 (2.62+1.32)* 6 (8.40+2.78)* 52 (71.44+3.11)* 4 (5.25+2.64)° 0 (0.00+0.00)
ME 76 (3) 10 (13.03+2.19) 9 (12.05+1.07)° 14 (18.16%2.27)° 43 (56.77+3.94)° 0 (0.00+0.00)* 0 (0.00+0.00)
18 CON 65 (3) 9 (13.73£2.29) 1 (1.59+1.59) 1 (1.59+1.59) 25(38.58+2.34)  24(36.85£1.79)* 5 (7.66+1.47)
EB1 77(3) 8(10.77+2.10) 11 (14.10+1.37)° 20 (25.98+1.01)° 29 (37.68+1.16) 9 (11.47+1.25)° 0 (0.00+0.00)°
MT 58 (3) 7 (12.01+0.25) 0 (0.00+0.00)* 1 (1.39+1.39) 21 (36.60+2.36) 20 (34.64+3.46)* 9 (15.36+1.82)°
ME 70 (3) 8(11.44+1.45) 2 (2.85+1.43)* 6 (8.30+£3.85)* 27 (38.80+3.48)  23(32.87£0.96)* 4 (5.75+1.48)
24 CON 79 (3) 9(11.29+1.32) 0 (0.00+0.00) 1 (1.45+1.45) 18 (23.01+1.54)* 15 (18.66+1.27)* 36 (45.59+1.26)*
EB1 68 (3) 7 (10.21+0.71) 0 (0.00+0.00) 10 (15.06+2.54)° 25 (36.46+3.30)° 7 (10.21+0.71)° 19 (28.07+0.97)"
MT 93 (3) 10 (10.72+0.22) 0 (0.00+0.00) 1 (0.93+0.93) 16 (17.03£1.68)* 19 (20.70+£3.46)* 47 (50.62+1.56)°
ME 82 (3) 8 (9.80+1.33) 0 (0.00+0.00) 4 (4.79£0.94)2 23 (27.98+1.18)°  15(18.30£1.97)® 32 (39.14+1.25)¢

CON referred to embryos untreated. EB1 referred to embryos treated with Enniatin B1. MT referred to embryos treated with
melatonin. ME referred to embryos treated with both melatonin and enniatin B1.
adyalues at the same time in the same column with different superscripts differ significantly (P<0.05).
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