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Mitochondrial DNA (mtDNA) is important for oxidative phosphorylation; dysfunctions can play a role in
many mitochondrial diseases and can also affect the aging of cells and individuals. DNA methylation is an
important epigenetic modiﬁcation that plays a critical role in regulating gene expression. While recent
studies have revealed the existence of mtDNA methylation there are still controversies about mtDNA
methylation due to the special structure of mtDNA. Mitochondria and DNA methylation are both
essential for regulating oocyte maturation and early embryo development, but whether mtDNA
methylation changes during this process is unknown. By employing bisulﬁte sequencing, we found that
in the process of mouse oocyte maturation, postovulatory oocyte aging, and early embryo development,
all analyzed mitochondrial genes, including 16S-CpGI, DCR, ND6, 12S, and ATP8, lacked 5’mC. Thus, mtDNA
methylation does not occur in the oocyte and early embryo.
© 2019 Elsevier Inc. All rights reserved.
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1. Introduction
As the most common DNA modiﬁcation in organisms, DNA
methylation mainly occurs in the ﬁfth carbon atom of cytosine (50 C)
[1]. It has been shown that several cytosine DNA methyltransferases, including DNMT1, DNMT3a, and DNMT3b, play
important roles in this process [2]. DNA methylation plays vital
roles in cell differentiation, reprogramming, X chromosome inactivation, and gene imprinting [3]. Abnormal DNA methylation plays
a role in many human diseases [4] and aging [5]. DNA methylation
is essential for normal development as well. Studies have shown
embryonic lethality in mice with DNMT1 deletion and growth
deﬁciency of the null mutant ES cells [6].
As the only DNA-carrying organelle in mammalian cells, mitochondria drive oxidative phosphorylation and play crucial roles in
normal cell functions, including ATP synthesis [7], cytoplasmic Ca2þ
equilibrium [8], cell cycle dynamics [9] and cell apoptosis [10].
Mitochondrial dysfunction is associated with aging [11], cancer [12]
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and other diseases [13]. Studies have shown that abnormal mitochondrial distribution can cause oocyte maturation arrest [14] and
abnormal early embryonic development [15].
Through synthesis of ATP, mitochondria regulate the production
of SAM [16,17], the methyl donor in DNA methylation [18]. In
addition, mitochondrial function severely inﬂuences nDNA (nuclear DNA) methylation [19,20]. Although nDNA methylation has
been widely studied, mtDNA methylation has been a controversial
topic. Several studies have shown the absence of 5 mC in mtDNA
from Paramecium aurelia [21], frogs and HeLa cells [22], Neurospora crassa, rat and calf [23]. However, other studies have reported
that 5 mC is detected in mitochondria of mouse and hamster cell
lines [24], humans [25], and carrots [26]. In addition, Shock et al.
reported DNMT1 in mitochondria [27]. DNMT3a was also detected
in mitochondria of mouse and human CNS [28].
There is increasing evidence for mitochondrial DNA methylation. MtDNA methylation is essential for cellular functions and it
plays a role in aging [29,30] and diseases, including neurodegenerative disease [28,31], and cancer [32]. Moreover, mitochondria
also play an important role in oocyte maturation and early embryonic development [15,33]. However, whether mtDNA methylation plays roles in reproduction remains unclear. Here, we
determined the mtDNA methylation in mouse oocyte maturation,
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postovulatory oocyte aging and early embryo development, by
using the method of bisulﬁte sequencing.
2. Materials and methods
2.1. Animals
ICR mice at 6e8 weeks of age were purchased from SPF (Beijing)
Biotechnology Co., Ltd and raised in the SPF environment with 12 h
light and 12 h dark at constant temperature (23 ± 1  C) and humidity (60 ± 5%). All animal experiments conformed to the animal
ethics of the Institute of Zoology, Chinese Academy of Sciences.
2.2. Oocyte and embryo collection
For collecting GV oocytes, female ICR mice at 6e8 weeks of age
were killed. The ovaries were isolated and dissected in M2 culture
solution. Cumulus cells surrounding oocytes were removed by acid
M2 culture solution. 5e10 GV oocytes were collected in 200 ml PCR
tubes and stored at 20  C.
The MII and aging MII oocytes were collected according to
previous procedures [34]. Female ICR mice at 6e8 weeks of age
were superovulated by IP (Intraperitoneal Injection) with 10U of
PMSG (Pregnant Mare Serum Gonadotropin) followed by IP with
10U of HCG (human chorionic gonadotropin). MII and aging MII
oocytes were respectively collected at 13e15 h or 22e24 h of HCG
injection. Cumulus cells were digested with 0.2%e0.3% hyaluronidase and acidic M2 medium. 5e10 oocytes were collected in 200 ml
PCR tubes and then stored at 20  C.
For early embryo collection, female mice were immediately
mated to fertile males after HCG injection following 48 h of PMSG
injection. Then the zygotes were obtained from plugged female
mice. Zygotes were cultured in KSOM medium and then early
embryos at different stages were respectively collected.
2.3. Bisulﬁte treatment
About 30e40 oocytes or embryos were processed using the EZ
DNA Methylation-Direct Kit (Zymo Research) according to the
manufacturer’s instructions.
The cells were processed employing bisulﬁte on the basis of
previous procedures in our lab [35]. 5e10 cells in 200 ml PCR tubes
were digested for 30e60 min at 37  C with 1.5 ml lysis solution
including 10 mM Tris-HCL, 10 mM EDTA, 1% SDS, and 20mg/ml
proteinase K. Digestion was stopped with 0.3 M NaOH for 15 min at
37  C. Then 15 ml 2% low melting point agarose was added to the
tube at 75  C and mixed by pipetting. The mixture was quickly
added to 500 ml chilled mineral oil in a 2 ml tube and the tube was
then moved to 20  C, to form the beads for coating DNA. The
beads were treated with 500 ml bisulﬁte solution (3.3 M sodium
metabisulﬁte, Merck; 167 mM hydroquinone, Sigma; pH 5.0) and
covered with 200 ml mineral oil in the dark for 4e16 h at 50  C. The
beads were washed with 1 ml TE buffer (0.1 M Tris-HCl 50 mM
EDTA, PH 8.0) for 3  15min, 500 ml 0.3 M NaOH for 2  15min,
1 ml TE buffer for 2  15min and 500 ml deionized water for
2  15min. The treated beads were stored at 20  C.
2.4. PCR ampliﬁcation
After treatment with EZ DNA Methylation-Direct Kit, DNA was
used for PCR ampliﬁcation according to the manufacturer’s instructions of Taq HS DNA polymerase (Takara).
The bisulﬁte-treated beads were used for PCR ampliﬁcation
according to our previous report with slight modiﬁcations [35]. The
beads were used directly as template for ﬁrst-round PCR. 25 ml
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reaction mixture included one bead, 2.5 ml 10  PCR buffer (Mg2þ
plus), 2 ml 2.5 Mm dNTP mixture, 1.25 ml 10 mM forward and reverse
primer, and 0.125 ml Taq HS DNA polymerase. The procedure of
ﬁrst-round PCR was performed as follows: 6 min at 94  C, followed
by 35 cycles of PCR for 1 min at 94  C, 2 min at 55  C, and 2 min at
72  C, and ﬁnally extended to 10 min at 72  C. The second-round
PCR was performed under the condition of 6 min at 94  C, followed by 35 cycles of PCR for 1 min at 94  C, 1 min at 55  C, and
1 min at 72  C, and ﬁnally extended to 10 min at 72  C. The PCR
product was detected by agarose electrophoresis.
2.5. TA cloning and sequencing
The PCR products with A tailing were cloned with the pM18-T
vector. Positive cloning by PCR detection was sequenced.
2.6. Sequencing data analysis
We analyzed the BS-Sequencing data by the online tool: BISMA
(Bisulﬁte Sequencing DNA Methylation Analysis) [36].
3. Results
3.1. The structure of mouse mitochondrial DNA and CpG
dinucleotide distribution of mouse mitochondrial genes
The mouse mitochondrial DNA is 16299bp in closed circular,
shown in Fig. 1A. H strand (Heavy Strand) is the major ending
strand. Mouse mtDNA encodes a total of 37 genes, including 13
ORFs that are involved in oxidative phosphorylation, 2 rRNAs-12S
and 16S, 22tRNAs. Each gene has no intron. Some genes are overlapping. MtDNA includes short DNA, non-coding regions, also
called displacement-loop regions (DCR), with an origin of replication and transcriptional promoters.
The mouse mtDNA contains 287 CpG sites-CpG dinucleotides.
We found only one CpG island in mtDNA, located at 16sRNA (mt16S-CpGI), indicated by the online soft: MethPrimer [37]. 16sRNA is
1582bp, and contains 38 CpG sites. Mt-16S-CpGI contains 7 CpG
sites. As the only non-coding region of mtDNA, DCR (DCR-N and
DCR-C) of 877bp, it contains 16 CpG dinucleotides. Mt-ND6, 519bp
contains 6 CpG sites. 12SRNA (12S-N and 12S-C), 955bp contains 22
CpG sites. Mt-ATP is only 204bp, and it contains 1 CpG site. Fig. 1B
shows the CpG dinucleotide distribution of mouse mitochondrial
genes. The primers of these genes for bisulﬁte sequencing PCR were
designed as shown in Fig. 1C.
3.2. Determination of the cytosine bisulﬁte conversion efﬁciency of
mtDNA
We analyzed the BS-Sequencing data by the online tool: BISMA
(Bisulﬁte Sequencing DNA Methylation Analysis). The data were
excluded for further analysis when it did not pass the quality
ﬁltering thresholds: sequence identity-90%, conversion rate-95%
[36].
Firstly, we treated oocytes and embryos by EZ DNA MethylationDirect™ Kit. After Kit convertion, the sequence identity of nuclear
gene H19 was 99.6% (Fig. 2A), and the conversion rate of H19 was
99.5% (Fig. 2C). However, the two parameters of mtDNA were
signiﬁcantly lower than nuclear gene H19. To an extreme, the
conversion rates were dramatically lower than the thresholds, at
the rates of 92.4%, 77.2%, 91.3%, 37.1% and 30.4%, respectively, in mtDCR1, mt-DCR2, mt-16S-CpGI, mt-ND6, and mt-12S. The lower conversion prevented us from performing further analysis.
Later we treated the cells directly by employing bisulﬁte. The
method is described in Materials and Methods. By the direct
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Fig. 1. The structure of mouse mitochondrial DNA (A). The CpG dinucleotide distribution of mouse mitochondrial genes (B). The primer sets of mitochondrial genes for bisulﬁte
sequencing PCR (C).

bisulﬁte treatment, the sequence identity and conversion rate both
had been signiﬁcantly improved, so we could perform further
analysis; the data are shown in Fig. 2B and A. Nevertheless, the rate
of sequence identity and conversion rate of some mitochondrial
genes displayed certain differences when compared to H19 and
Snrpn.
3.3. The absence of 5’methylcytosine in mtDNA of mouse oocytes at
the GV and MII stages, and postovulatory aging MII oocytes
By employing bisulﬁte sequencing, we determined the
methylation of mtDNA in mouse oocytes at immature GV stages,
mature MII stages, and postovulatory aging MII oocytes. In order to
prove the feasibility and reliability of bisulﬁte sequencing, we
analyzed the methylation level of one paternally imprinted gene
H19 and a maternally imprinted gene Snrpn. As shown in Fig. 3, the
paternally imprinted gene H19 was almost demethylated during
mouse oocyte maturation. H19 was methylated at a rate of 1.0% at
the GV stage and it was methylated at a rate of 2.2% at the MII stage.
H19 was fully demethylated in postovulatory aging MII oocytes.
However, the maternally imprinted gene Snrpn was almost fully
methylated in oocytes at the GV stage (97.2%), the MII stage (91.0%),
and in postovulatory aging MII oocytes (88.5%).
We determined the methylation of 5 mitochondrial genes,

including mt-16S-CpGI, mt-DCR (DCR-N and DCR-C), mt-ND6, mt12sRNA (12S-N and 12S-C), and mt-ATP8. As shown in Fig. 3, we
found that there was no methylation in these 5 genes (0.0% 0.0%
0.0% 0.0% 0.0% 0.0% 0.0%) in the GV stage oocytes. DNA methylation
also did not occur in these 5 genes in MII stage oocytes (0.0% 0.0%
0.0% 0.0% 0.0% 0.0% 0.0%). Similarly, these mitochondrial genes
were not methylated in postovulatory aging MII oocytes.
3.4. MtDNA methylation status in mouse early embryo
development
At the zygote stage, H19 and Snrpn were both partly methylated
at methylated rates of 64.7% and 42.3%, respectively, as shown in
Fig. 4. However, there was no 5’mC (5-methylcytosine) in mitochondrial genes, including mt-16S-CpGI, mt-DCR-N, mt-DCR-C, mtND6, mt-12S-N, mt-12S-C, and mt-ATP8, all of which displayed a
methylation rate of 0.0%.
In 2-cell embryos, H19 and Snrpn were both partly methylated at
methylated rates of 51.7% and 20.0%, respectively, as shown in Fig. 4.
However, there was no 5’mC (5-methylcytosine) in all examined
mitochondrial genes, except for mt-DCR-N which only had 1.2% CpG
sites methylated.
In 8-cell embryos, H19 and Snrpn were both partly methylated at
methylated rates of 52.0% and 28.8%, respectively, as shown in
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Fig. 2. Sequence identity and conversion rate, treated by EZ DNA Methylation-Direct™ Kit (Kit-) and Bisulﬁte directly (BSe). (A) Kit-sequence identity. (B) BS-sequence identity. (C)
Kit-conversion rate. (D) BS-conversion rate. The number presents percentage (%). The imprinted genes H19 and Snrpn were used as the negative and positive controls.

Fig. 3. Cytosine methylation proﬁles of mtDNA in mouse oocytes at the GV and MII stages, and postovulatory aging MII oocytes. The imprinted genes H19 and Snrpn were used as
negative and positive controls. Each line presents an individual clone and each circle presents a CpG site within the regions analyzed, with open circles for unmethylated cytosine,
black-ﬁlled circles for methylation cytosine and gray-ﬁlled circles for undetermined cytosine. The number represents the percentage of methylated cytosine.

Fig. 4. However, there was no 5’mC (5-methylcytosine) in examined
mitochondrial genes, except for mt-DCR-N which had only 0.1% CpG
sites methylated.
At the morula stage, H19 and Snrpn were both partly methylated
at methylated rates of 29.3% and 35.1%, respectively, as shown in

Fig. 4. The methylation levels of 50 C in all 5 mitochondrial genes
were 0.0%.
At the blastocyst stage, H19 and Snrpn were both partly methylated at methylated rates of 28.3% and 39.5%, respectively, as
shown in Fig. 4. However, all 5 mitochondrial genes did not show
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Fig. 4. Cytosine methylation proﬁles of mtDNA during mouse early embryo development from zygote to blastocyst stages. The imprinted genes H19 and Snrpn were used as the
negative and positive controls, respectively. Each line presents an individual clone and each circle presents a CpG site within the regions analyzed, with open circles for unmethylated cytosine, black-ﬁlled circles for methylation cytosine and gray-ﬁlled circles for undetermined cytosine. The number represents the percentage of methylated cytosine.

methylation of 50 C, and the methylation levels of mt-16S-CpGI, mtDCR-N, mt-DCR-C, mt-ND6, mt-12S-N, mt-12S-C, and mt-ATP8 were
all at 0.0%.

4. Discussion
MtDNA methylation has been a controversial topic. Recently, an
increasing number of studies have conﬁrmed the existence of
mtDNA methylation [18]. MtDNA methylation is essential for
cellular function; it is related to aging [29,30] and diseases
including neurodegenerative disease [28,31] and cancer [32].
However, the dynamics and roles of mtDNA methylation during
oocyte maturation, aging and early embryo development remained
unclear. Here, we performed experiments to clarify this question by
employing the method of bisulﬁte sequencing.
In mammals, DNA methylation mainly occurs at CpG dinucleotides [38]. CpG dinucleotide content is relatively higher and
more concentrated at the CpG islands which are commonly
hypermethylated in the promoters and regulate the expression of
genes [39e41]. Thus, we ﬁrst studied the methylation of CpG
islands in mitochondrial genes. By utilizing the prediction online
software: MethPrimer, we found only one CpG island in mouse

mitochondrial genes. This CpG Island is located at the region of
mitochondrial 16sRNA, and named mt-16S-CpGI. The results
showed that there was no 5’mC at mt-16S-CpGI during oocyte
maturation and early embryo development.
As the noncoding region of mitochondria, DCR (D-loop control
region) is similar to the promoter of nuclear genes and it is involved
in the replication and transcription of mtDNA [42]. There have been
many studies on the methylation of the mitochondrial D-loop
control region. Methylated cytosine in the mitochondrial D-loop
exists in human and murine DNA samples from blood and cultured
cells [43]. Stoccoro et al. reported that the methylation of the Dloop region decreased in LOAD (Late Onset Alzheimer’s Disease)
peripheral blood DNA [44]. However, we did not ﬁnd 5’mC in mtDCR during oocyte maturation and early embryo development.
Other mitochondrial genes have been shown to contain 5methylcytosine. Overexpression of mtDNMT1 causes downregulation of mt-ND6 by methylation [27]. In the liver of NASH, mtND6 is highly methylated, followed by decline of mRNA and protein
levels [45]. Mt-12S is hypermethylated in peripheral blood of steel
workers with high exposure to metal-rich PM [46]. However, we
did not ﬁnd 5’mC in mt-ND6 and mt-12S during oocyte maturation
and early embryo development.
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Mitochondria are the energy centers of the cell and play crucial
roles in almost all cells [7]. By stabilizing chromatin structure, DNA
methylation silences gene expression [47]. Thus, the absence of
methylation in mitochondrial genes during oocyte maturation and
early embryo development may promote the expression of mtDNA
and help mitochondria perform essential functions.
Oocyte aging causes abnormal embryo development. Aging of
postovulatory oocytes has adverse effects on the lives of the
offspring [48]. Along with others we found changes of methylation
on imprinting genes [34,35,49]. Interestingly, mtDNA methylation
is also involved in aging [30]. Svetlana Dzitoyeva et al. showed the
presence of mtDNA methylation in brain samples of 24-month-old
mice and a relationship between aging and mtDNA methylation
[29]. However, we determined an absence of mtDNA methylation in
postovulatory aging mouse oocyte.
Nuclear mitochondrial sequences (Numts) may hamper the
correct detection of mtDNA methylation [50]. We found that
following kit or direct bisulﬁte treatment, the sequence identity of
mtDNA was lower than H19. Liu et al. found that the circular
structure of mtDNA hampered the bisulﬁte conversion and caused
overestimation of mtDNA methylation levels [51]. Equally, we
found that following kit treatment, the cytosine conversion efﬁciency of mtDNA was signiﬁcantly lower, compared to H19. Meanwhile, we found that using the method of direct bisulﬁte treatment
resulted in improving the sequence identity and conversion
efﬁciency.
Because of the limited number of oocytes and embryos, it is very
difﬁcult to isolate enough mtDNA without contamination from
genomic DNA and linearize circular mtDNA. In addition, we just
detected the methylation of only part of mitochondrial genes, not
the whole methylation level of mitochondrial genes. The sensitivity
of the bisulﬁte method is lower for mtDNA [18]. As the BSSequencing can only detect the methylation of CpG dinucleotides,
we cannot exclude the possibility of non-CpG methylation existence in mitochondria. We propose that, in order to study mitochondrial DNA methylation, more efﬁcient and sensitive methods
need to be developed.
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The paper addresses an important area of research focused on
mitochondrial DNA methylation that has always been a controversial topic. DNA methylation is essential for normal development
and mitochondria play an important role in oocyte maturation and
early embryonic development. However, whether mtDNA methylation exists and whether mtDNA methylation may have functions
in oocyte maturation, aging and early embryonic development is
unknown. Here we found that mtDNA is not methylated during
oocyte maturation and early embryonic development. We believe
that the ﬁndings of this study are relevant to the scope of your
journal.
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