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ABSTRACT

Post-fertilization epigenome reprogramming erases epigenetic marks transmitted through
gametes and establishes new marks during mid-blastula stages. The mouse embryo undergoes
dynamic DNA methylation reprogramming after fertilization, while in zebrafish, the paternal DNA
methylation pattern is maintained throughout the early embryogenesis and the maternal genome
is reprogrammed in a pattern similar to that of sperm during the mid-blastula transition. Here, we
show DNA methylation dynamics in medaka embryos, the biomedical model fish, during epige-
netic reprogramming of embryonic genome. The sperm genome was hypermethylated and the
oocyte genome hypomethylated prior to fertilization. After fertilization, the methylation marks of
sperm genome were erased within the first cell cycle and embryonic genome remained hypo-
methylated from the zygote until 16-cell stage. The DNA methylation level gradually increased
from 16-cell stage through the gastrula. The 5-hydroxymethylation (5hmC) levels showed an
opposite pattern to DNA methylation (5-mC). The mRNA levels for DNA methyltransferase
(DNMT) 1 remained high in oocytes and maintained the same level through late blastula stage
and was reduced thereafter. DNMT3BB.17 mRNA levels increased prior to remethylation. The mRNA
levels for ten-eleven translocation methylcytosine dioxygenases (TET2 & TET3) were detected in
sperm and embryos at cleavage stages, whereas TET1 and TET3 mRNAs decreased during gas-
trulation. The pattern of genome methylation in medaka was identical to mammalian genome
methylation but not to zebrafish. The present study suggests that a medaka embryo resets its
DNA methylation pattern by active demethylation and by a gradual remethylation similar to
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mammals.

Introduction

DNA methylation is one of the major forms of epige-
netic modifications which is associated with transcrip-
tional regulation [1], genomic imprinting [2],
suppression of repetitive elements [3,4], and DNA-
protein interaction during the development of organ-
isms. In vertebrates, DNA methylation occurs predo-
minantly at the CpG sites and is catalysed by DNA
methyltransferases (DNMT). In mammals, there are
two types of DNA methyltransferases involved in
DNA methylation regulation: DNMT1 and DNMT3
family [5]. The function of DNMTT1 is to maintain the
methylation of genomic DNA after DNA replication
(6]. DNMT3A and DNMT?3B are responsible for de
novo methylation of genomic DNA [7]. DNMT3C is
a duplication of DNMT3B and found in germ cells
(8], while DNMT3L is an important cofactor of
DNMT3A and DNMT3B [9-11]. Methylated DNA

is demethylated in two ways — passive demethylation
(also known as replication-based demethylation) and
active demethylation. Passive demethylation occurs
due to a dilution of methylation signal on DNA
strands which do not receive methylation marks
through DNMT-mediated recruitment process [12-
15]. Active DNA demethylation is achieved through
TET-mediated oxidation of 5-methylcytosine (5mC)
to 5-hydroxymethylcytosine (5hmC), 5-formylcyto-
sine (5fC), and 5-carboxylcytosine (5caC), followed
by replication-dependent dilution of oxidized 5mC or
thymine DNA glycosylase (TDG)-mediated excision
of 5-fC and 5-caC coupled with base excision repair
[16]. The current known mechanism of active
demethylation involves TET/TDG and GADD45A/B
proteins [17-20].

The sperm and oocyte are highly specialized
cells and possess a capacity to form an entire
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embryo upon fertilization. After fertilization, the
epigenetic modifications are reprogrammed to
totipotent status by blastula stage [21-23]. DNA
methylation plays an important role in embryonic
development and undergoes dramatic changes
during embryogenesis. In mammals, global geno-
mic DNA methylation levels of the zygote decrease
after fertilization and reach the lowest level at
blastula stage [24-27]. After fertilization, the
paternal nucleus undergoes rapid demethylation
during the first cell cycle and then continues
demethylation during cleavage, whereas the mater-
nal nucleus undergoes the process of gradual
demethylation. Evidences suggest that both passive
and positive demethylation are involved in this
process [26,28]. When the mammalian embryos
develop into the blastocyst stage, the parental
nucleus gains the similar methylation pattern and
reaches the lowest level during rest of the cleavage
stages [13,24,26]. In zebrafish, the zygotic genome
does not undergo demethylation process. Unlike
in mice and humans, the overall methylation level
of the paternal nuclear genome remains stable
during early embryonic development, while the
overall methylation level of the maternal nuclear
genome increases beginning from the 32-cell stage.
When the embryo is at initial blastocyst (1k-cell)
stage, the methylation of the maternal genome
reaches a pattern equivalent to the overall methy-
lation of the paternal genome [29-31], suggesting
that zebrafish reprogram the parental epigenetic
modifications through the way different from
mammals.

Medaka (Oryzias latipes) is an important biomedi-
cal research model organism [32-34]. Advantages
include genetic sex determination in Hd-rR strain
[35], external fertilization, daily spawning, availability
of large numbers of eggs and sperm, short generation
time (2-3 months per reproductive cycle) and easy
maintenance, sequenced genome, and smaller gen-
ome size [36]. Additionally, molecular mechanisms
underlying early embryogenesis, germ cell migration,
and differentiation are believed to be complementary
to mouse [37]. Despite being an excellent model
organism, the medaka epigenetic programming has
not been studied except for a study which reported
that the genomic DNA is highly methylated at
CCGG sites in embryos [38] and warrant investiga-
tion to generate a baseline epigenetic information on

epigenetic reprogramming of embryo. In the present
study, the global DNA methylation/demethylation
changes and the expression of methylation/demethy-
lation-related genes were measured to provide an
overall profile of DNA methylation dynamics during
the epigenetic programming of medaka embryo. We
demonstrate that medaka zygote completes DNA
demethylation of genome within the first cell cycle
(1-cell stage). Embryos keep the genome hypomethy-
lated for the first several cleavage stages and achieve
hypermethylation from the stage-13 through the gas-
trula. The expression of DNMT genes and TET
demethylase genes further confirm the genome
methylation and demethylation data. Our results pro-
vide a DNA methylation reprogramming model dur-
ing early embryonic stages in medaka, demonstrating
that the medaka uses active demethylation process to
erase the parental methylation, and overall epigenetic
reprogramming is identical to that of mammal but
not zebrafish.

Methods
Fish care and embryo collection

The medaka strain Hd-rR was used and maintained
under standard conditions at the University of North
Carolina Greensboro according to Institutional
Animal Care and Use Committee (IACUC)-
approved methods established for this species
(Protocol #16-003). Briefly, medaka fishes were raised
on a light-dark cycle of 14 h:10 h. During the first 10
d of post-hatching development, juveniles were sup-
plied with ground food and thereafter with flake food
twice and brine shrimp once a day. Tanks were siphon
cleaned periodically, and water temperature was
maintained at 25 + 1°C. The eggs were collected
immediately after fertilization, cleaned and kept in
embryo-rearing medium at 25 + 1°C in petri dishes.
The samples were collected at various stages between
fertilization and gastrulation. The embryos were
staged by developmental time and morphology
under brightfield microscope according to Iwamatsu
(2004) [39].

Genomic DNA and total RNA extraction

Genomic DNA and total RNA from each embryo
samples were extracted using ZR-Duet™ DNA/



RNA MiniPrep Plus kit (Zymo Research, D7003)
according to the manufacturer’s instruction.
Genomic DNA and total RNA were quantified
using Nanodrop 2000, and stored at —80°C until
further analysis.

Whole genome bisulfite sequencing of
methylated DNA and sequence data analysis

Whole genome bisulfite sequencing (WGBS)
libraries were prepared with NEBNext® Ultra™ II
FS DNA Library Prep Kit (NEB, E7805S) accord-
ing to the manufacturer’s user manual. For each
sample, 100 ng genomic DNA added with 0.5%
unmethylated E. coli DNA as a control of bisulfite
conversion efficiency, and was incubated 12 min
with Ultra II FS Enzyme. DNA fragments were
ligated with methylated adaptor. The adapter-
ligated DNA fragments were purified with
NEBNext Sample Purification Beads supplied
with kit. Purified DNA fragments were bisulfite-
treated with EZ DNA Methylation-Lightning Kit
(Zymo Research, D5030) according to the manu-
facturer’s handbook. The bisulfite-treated DNA
fragments were amplified with 13 cycles using
Taq DNA polymerase (NEB). Finally, the
MethylC-Seq libraries were used to perform 150-
bp single-end sequencing with Illumina NextSeq
500 instrument at the DNA Core Facility of the
University of Missouri, USA.

Bismark (Version: v0.19.0) was used to map
bisulfite sequencing reads onto medaka genome
(Ensembl release-89) with default parameters
[40]. To guarantee to get the most accurate map-
ping result, we only retained the reads being
mapped on unique position of the genome. Then,
a custom Bash script was used to calculate the
sequencing depth and the genome distribution of
filtered mapped results. In following analysis,
reads only mapped on chromosomes were consid-
ered. The utility ‘bismark_methylation_extractor’
wrapped in Bismark was used to extract methyla-
tion levels on each site. The mapped reads on both
of strands were considered to calculate methyla-
tion level. CpG methylation calls were analysed
using SeqMonk software (Version 1.43.0, https://
www.bioinformatics.babraham.ac.uk/projects/seq
monk/). The genome was divided into consecutive
5-kb probes with a step size of 2.5 kb. Probes
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contain at least 5 CpG sites, and each CpG site
was covered by at least 5 reads which were
retained for further analysis. Methylation percen-
tages were calculated using the bisulfite feature
methylation pipeline in SeqMonk. For analysis of
promoters, the Ensembl gene set annotations for
medaka (Ensembl release 89) was used, and 2kb
upstream of a transcription start site (TSS) was
defined as a promoter. Only promoters containing
at least five CpG sites, each of which covered by at
least five reads, were considered for further analy-
sis. To identify differentially methylated probes or
promoters, we first calculated the difference of
methylation levels of a prober or promoter in
two samples and constructed the Chi-Squared
Test with SeqMonk software. If the difference of
methylation level of the prober or promoter was
larger than 0.2 and the p-value was less than 0.001,
the probes or promoter was identified as differen-
tially methylated. The sperm WGBS data have
been submitted to the following website: https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE128797.

Global DNA methylation quantification assay

Global DNA methylation was measured using
5mC DNA ELISA Kit (Zymo Research, D5326)
according to the manufacturer’s instruction man-
ual. A 100 ng genomic DNA was used for each
technical replicate, two technical replicates were
used for each biological replicate, and at least
three biological replicates were used for each
stage. The DNA was denatured at 98°C for 5 min
in a thermal cycler, then transferred immediately
to ice for 10 min. The entire denatured DNAs
were transferred to the wells of the plate and
used to coat the plate wells with 5mC coating
buffer by incubation at 37°C for 1 h. After washing
three times with 200 ul of 5mC ELISA Buftfer, the
wells were incubated at 37°C for 30 min in 200 pl
of 5mC ELISA Buffer. Antibody mix was prepared
by diluting anti-5-methylcytosine (1:1000) and
secondary antibody (1:1000) in 5mC ELISA
Buffer. Total of 100 ul antibody mix was added
to each well and incubated at 37°C for 1 h. After
washing three times with 200 ul of 5mC ELISA
buffer, 100 pl of HRP Developer was added to each
well, and then, incubated at room temperature for
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30-60 min to develop colour. Absorbance at
405nm was measured using BioTek Synergy2
plate reader.

To quantify the percentage of 5mC, a standard
curve was generated. The Negative Control (100
ng/pl) and Positive Control (100 ng/ul) were pre-
mixed to generate a set of standards with known
5mC percentage and assayed in parallel with the
samples. A logarithmic second-order regression
was generated to determine the relation of 5mC
percentage and absorbance. Then the equation
below was used to determine the 5mC percentage
for DNA samples based on their absorbance.

%5 — mC — e— {(Absorbance - y_intercept)}

Slope

Then the 5mC percentage was corrected with the
medaka CpG density. According to the manufac-
turer, the E. coli CpG density/genome length is
0.075, and medaka CpG density/genome length is
0.019 (13,320,763/700,386,597, calculated accord-
ing Ensembl genome release 89). The fold differ-
ence between E. coli and medaka CpG density is
3.94, and all genome DNA methylation ratios were
corrected.

Global DNA 5-hydroxymethyicytosine
quantification assay

Global DNA genomic 5-hydroxymethylcytosine was
measured by using a Quest ShmC™ DNA ELISA Kit
(ZymoResearch, D5426) according to the manufac-
turer’s instruction manual. A total of 25 ng genome
DNA was used for each technical replicate, two
technical replicates were used for each biological
replicate, and at least three biological replicates
were used for each stage. Briefly, anti-
5-Hydroxymethylcytosine Polyclonal Antibody was
diluted in coating buffer (1 ng/pl) and incubated
with wells at 37°C for 1 h. Each well was washed
with 200 pl of 1X ELISA Buffer three times and
incubated with 1X ELISA buffer at 37°C for 30
min. DNA samples and standards were denatured
at 98°C for 5 min in a thermal cycler and then
transferred immediately to ice for 10 min. The
denatured DNAs were diluted into 1 ng/ul with 1X
ELISA buffer, then transferred to the wells, and
incubated at 37°C for 1 h. Anti-DNA HRP antibody
was diluted in 1X ELISA buffer with the ratio 1:100

and incubated at 37°C for 30 min after removing
DNA solutions. Each well was washed with 200 pl of
1X ELISA buffer for three times. A 100 ul of HRP
Developer was added to each well and allowed for
colour development at room temperature for 60
min. BioTek Synergy2 plate reader was used to
measure the absorbance at 405 nm.

To quantitate the 5ShmC percentage in a DNA
sample, a standard curve was generated using the
provided controls. The control data as absorbance
(Y-axis) vs. per cent 5ShmC (X-axis) was plotted and
the linear regression (equation below) was used to
determine the ‘% 5hmC’ for the DNA samples
(unknowns).

%5 — hmC = (Absorbance — y — intrcept)/Slope

Real-time qRT-PCR

Real-time qRT-PCR analysis was performed for DNA
methylation- and demethylation-related genes, 4
DNMTs and 3 TETs. Specific primer pairs used in
the QRT-PCR were designed using Primer3web [41]
and are shown in Supplemental Table 1. Primer
sequence spanned at least one junction of exon and
intron to avoid amplification of genomic DNA. j-
actin was used as an endogenous reference gene to
determine the relative expression. Target gene expres-
sion was analysed by 27" method [42]. qRT-PCR
was performed by using PowerUp SYBR™ Green
Master Mix (Applied Biosystems, A25742) using
a QuantStudio 3 Real-Time PCR System with the
following temperature regimes: 2 min at 50°C and 10
min at 95°C for pre-incubation, 40 cycles at 95°C (15s)
and 60°C (1 min). Expression levels in all the stages
were normalized to the expression levels in sperm.

Statistical analysis

ELISA and qRT-PCR results were analysed and
plotted using R language, RStudio and Excel
Statistical differences between different stages were
determined using one-way ANOVA followed by
Tukey’s multiple comparisons test. For important
sample pairs, we also used two-sample t-test to
further justify on differences. Data are presented as
mean + standard error of the mean (SEM), and p <
0.05 was considered as significant. Correlation



coefficient was calculated to measure the correlation
of methylation and hydroxymethylation.

Results

DNA methylation (5-mC) dynamics during early
embryonic development

The global genomic DNA methylation levels at
various embryonic stages are shown in Figure 1
(a). To confirm the 5-mC ELISA results, we
sequenced sperm methylome by WGBS and used
published WGBS data at blastula stage [43,44]. We
found no significant differences on global methy-
lation in two methods and confirming the validity
of ELISA results (Supplemental Figure 1A). One-
way ANOVA test showed significant difference in
global methylation among stages examined (p <
0.005). As Tukey’s multiple comparisons test did
not show significant difference between each sam-
ple pairs, we used two samples t-test to justify the
differences between important stages. In gametes,
paternal genome was highly hypermethylated
(83.03%), while maternal genome was hypomethy-
lated (26.59%). The methylation levels in the
sperm were higher than that in the oocytes (two
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samples t-tests, p < 0.05). After fertilization, the
global genome methylation level in zygotes (Stage
2) had no significant difference compared with
oocyte (22.91% vs. 26.59%) but was significantly
lower than sperm (22.91% vs. 83.03%, two samples
t-tests, p < 0.05), indicating that there was an
immediate demethylation process in paternal gen-
ome after fertilization within the first cell cycle.
The genome was globally hypomethylated during
the first four cleavages, and gradually increased
from 16-cell to late gastrulation. The global methy-
lation level in gastrulation stages was close to
sperm, but higher than oocyte, zygote, 2-cell, and
4-cell embryos. From late gastrulation to early
neurula, there was a significant decrease in global
DNA methylation level (88.83% vs. 58.23%, two
samples t-test, p < 0.05), indicating that tissue
differentiation was associated with demethylation
in medaka embryo.

DNA hydroxymethylation (5-hmC) dynamics
during embryonic development

To determine if positive demethylation mediated by
enzyme

TET involved in embryonic DNA
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Figure 1. Genome methylation (5-mC) and hydroxymethylation (5-hmC) in medaka during embryogenesis. (a): Constitutive global
DNA methylation; one-way ANOVA analysis showed p < 0.001; two-sample t-test showed significant differences between Sperm vs.
Oocyte, Sperm vs. Zygote and Late gastrula vs. Early neurula; (b): constitutive global DNA hydroxymethylation levels; one-way
ANOVA analysis showed p < 0.0001, Tukey’'s multiple comparisons test showed significant differences between Zygote, 2-cell, 4-cell
vs. Sperm, blastula stages, and gastrula stages; (c): correlation between 5-mC and 5-hmC levels during embryogenesis. (d):

differentially methylated probes between Sperm and Blastula embryos. Data represent mean *

Asterisk indicates statistical significance (*p < 0.05; **p < 0.01).

SEM in Figure 1(a) and (b).
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methylation reprogramming, the levels of DNA
hydroxymethylation (5-hmC) were determined by
5-hmC ELISA. The global genomic 5-hmC level in
different stages are shown in Figure 1(b). One-way
ANOVA test showed that there was a significant
difference in global hydroxymethylation among
examined stages (p < 0.0001). The maximum level
of hydroxymethylation was observed in zygote
(Stage 2), 2-cell (Stage 3), and 4-cell (Stage 4)
(Tukey’s multiple comparisons test), which were
significantly higher than sperm, blastula, and gastru-
lation stages. The 5-hmC significantly accumulated
during demethylation, when 5-mC levels were low.
There was a negative correlation between 5-mC
levels and 5-hmC levels (Figure 1(c) and
Supplemental Figure 1B, correlation coefficient =
—0.8288), suggesting DNA hydroxymethylation was
involved in DNA demethylation during early
embryos stages in medaka.

Methylome of paternal DNA was not inherited by
blastula embryo

In zebrafish, the global methylation of the pater-
nal nuclear genome remains stable during early
embryonic development, while the methylation
of maternal genome is reprogrammed to
a pattern equivalent to the paternal genome
[29-31], suggesting that methylome of sperm is
inherited by blastula embryo in zebrafish. To
address if the methylome of medaka sperm was
inherited by blastula embryo, we sequenced
sperm epigenome by WGBS and analysed the
published blastula stage epigenome in Hd-rR
strain of medaka [44] with the same pipeline.
To obtain better genome coverage, we combined
three sperm sample replicates together in this
analysis. Using a 5kb probe strategy, we found
that the majority of 5kb probes were hypo-
methylated in sperm compared with blastula
embryo (Figure 1(d)). For functional genomic
feature, we observed a similar pattern in promo-
ter analysis in which the majority of promoters
were hypomethylated in sperm compared to
blastula embryo (Supplemental Figure 1C),
demonstrating blastula embryos obtain methy-
lome through dramatic reprogramming but not
directly inherited from sperm.

Expression of DNA methyltransferase genes
during early embryonic development

The expression of DNA methyltransferase genes
in different stages was determined by real-time
quantitative RT-PCR method (Figure 2). Results
show a distinct expression pattern for four
DNMT transcripts in medaka embryos. The
expression of DNMTI was detected in all stages
examined with a maternal expression in unfer-
tilized eggs (Figure 2(a)). The DNMTI tran-
scripts remained high from the cleavage to
blastula stage, dropped at early gastrula stage
(Stage 13), and remained at a low level through
gastrulation and early neurula stages.
DNMT3AA was maternally provided in oocyte
and the mRNAs were detected in all the stages
examined (Figure 2(b)). The expression of
DNMT3BA was high in embryos at early gas-
trula stage (Stage 13), which coincides with the
timing of zygotic genome activation (Figure 2
(c)). DNMT3BB.1 expression was detected in
unfertilized eggs and in all the stages examined
with an increased expression from 16-cell
(Stage 6) through early gastrula stage (Stage
13) (Figure 2(d)). The expression of
DNMT3BB.1 showed a pattern similar to the
trend observed prior to global DNA methyla-
tion until gastrulation stage (Figure 2(e)), indi-
cating that DNMT3BB.1 might play a critical
role in the genome de novo methylation during
embryogenesis.

Expression of TET methylcytosine dioxygenase
genes during early embryonic development

The expression of TETI was detected in all stages
examined and was expressed with high abundance
during the cleavage and blastula stage (Figure 3
(a)). The expression of TETI decreased at early
gastrula stage (Stage 13) and remained at a low
level through gastrulation and early neurula stages
(Figure 3(a)). In gametes, transcripts of TET2 only
expressed in sperm but not oocyte, showing that
TET2 was paternally expressed (Figure 3(b)). After
fertilization, the expression of TET2 initiated from
early gastrula (Stage 13, Figure 3(b)), showing that
it did not involve DNA methylation reprogram-
ming during embryogenesis. The expression of
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Figure 2. DNA methyltransferases expression during embryogenesis measured by real-time gRT-PCR. Gene expressions in all the
embryonic stages were normalized against expression in sperm (set as 1), RQ: Relative quantification. (a): DNMT1, one-way ANOVA
analysis showed p < 0.0001, Tukey’s multiple comparisons test showed significant differences between Oocyte to blastula stages vs.
Sperm, gastrula stages and Early neurula. (b): DNMT3AA, one-way ANOVA analysis showed no significant differences among
examined stages. (c): DNMT3BA, one-way ANOVA analysis showed p < 0.0001, Tukey’s multiple comparisons test showed significant
differences between Early gastrula vs. all other examined stages. (d): DNMT3BB.1, one-way ANOVA analysis showed p < 0.0001,
Tukey’s multiple comparisons test showed significant differences between 16-cell, Late blastula vs. Sperm, Oocyte, Zygote, Mid
gastrula, Late gastrula, and Early neurula. (e): A relationship between DNMT3BB.1 expression and global 5-mC levels. Data represent
mean + SEM. Asterisk indicates statistical significance (**p < 0.01, ***p < 0.001).

TET3 was detected in gametes, cleavage, and blas-
tula stages, and dramatically decreased from early
gastrula (Figure 3(c)), indicating that TET3 might
have a specific function in reprogramming during
embryogenesis.

Discussion

After fertilization, the mammalian zygote under-
goes several cleavages to develop into blastula, in
which the paternal and maternal epigenetic mod-
ifications reach the identical patterns and the cells
of embryo reach the pluripotent status after repro-
gramming. In medaka, sperm and oocyte fuse
together to form a blastodisc within the
first hour post fertilization, and then the embryo
enters the cleavage stage. Blastulation completes

between Stage 10 and Stage 11, and the gastrula-
tion continues from Stage 11 to Stage 16 [39]. The
present study mapped DNA methylation and
demethylation in sperm, eggs, and embryos of
medaka undergoing cleavage, morula, blastulation,
and gastrulation including expression profile of
the DNA methylation-related genes. This is the
first time to comprehensively map these key pro-
cesses during development in a vertebrate other
than mice, zebrafish, and human.

In medaka, the sperm genome was highly methy-
lated which is similar to that of human, mouse, and
zebrafish, whereas the oocyte genome was hypo-
methylated. We found that the embryonic DNA
methylation reprogramming in medaka completed
in four steps after fertilization (Figure 4(a)). Step 1
(from gametes to zygotes): genome DNA methylation
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one-way ANOVA analysis showed p < 0.0001, Tukey’s multiple comparisons test showed significant differences between 16-cell, Late
morula vs. Sperm, Oocyte, Zygote, blastula stages, gastrula stages, and Early neurula. (b): TET2, one-way ANOVA analysis showed p <
0.0005, Tukey’s multiple comparisons test showed significant differences between Sperm vs. Mid gastrula, Late gastrula, and Early
neurula. (c): TET3, one-way ANOVA analysis showed no significant differences among examined stages. TET1, TET2, and TET3 are
paternally expressed and TET2 expression began after genome-zygotic transition. TET3 expression was absent after genome-zygotic
transition. Data represent mean + SEM. Asterisk indicates statistical significance (**p < 0.01, ***p < 0.001).

level decreased to 20%. This process is unique as it is
different from mice and zebrafish [13,29]. All three
model species (mice, medaka, and zebrafish) seem to
undergo a different level of DNA methylation
dynamics immediately after fertilization. In medaka,
sperm genome was hypermethylated and the majority
of genome features were hypermethylated (methyla-
tion level >0.5), except 5X-UTR (Supplemental Figure
2A and 2B). In mice, DNA methylation marks that are
inherited from parental gametes are gradually erased
by both passive and active demethylation processes,
and it takes several cell cycles to completely remove
the parental methylation marks [13,26,45]. In zebra-
fish, no demethylation was found, and no TET genes
were detected during this period [29,46]. The methy-
lation level in zebrafish zygotes equals to the average
of sperm and oocyte [29]. In medaka, DNA methyla-
tion in sperm and oocyte was erased within the first
cell cycle, and TET1 and TET3 expression were
detectable in the zygote, demonstrating that active
demethylation plays an important role in this process.
This erasure suggests the beginning of reprogram-
ming towards pluripotency in medaka at 1-cell stage
of embryo development, which is similar with mice
and human. During this level of reprogramming, the

genome still maintained 20% methylation. In mice,
bisulfite sequencing of cells undergoing reprogram-
ming, particularly during preimplantation develop-
ment, revealed some erasure-resistant genomic
regions. These protected genomic regions were intra-
cisternal A particles (IAPs), long terminal repeats of
endogenous retrovirus 1 (LTR-ERV1) elements, and
a few single-copy sequences [47,48]. It is important to
further clarify what genes are resistant to reprogram-
ming at this stage in medaka.

Step 2, 2-cell (Stage 3) to 8-cell (Stage 5): the
genome maintains hypomethylation. No signifi-
cant changes in global DNA methylation levels
were observed within Stage 3, Stage 5, and zygote,
indicating that embryos had already finished the
demethylation process in Step 1, which was similar
to human [24]. The DNMT1I was highly expressed
during this period probably to maintain the DNA
methylation status which was consistent with the
fast DNA replication and short cell cycles. In mice,
genome DNA demethylation continues during this
period [13,49], whereas in zebrafish there are no
significant changes in global DNA methylation
during this period [29], and the genome remained
in hypermethylated state as compared to mice,
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Figure 4. DNA methylation reprogramming model during
embryogenesis in medaka. (a): Sperm was hypermethylated
and oocyte was hypomethylated. Paternal genomic methylation
was erased in zygote (Step 1). Embryos stayed in hypomethyla-
tion status during first several cell cycles (Step 2). Global DNA
methylation levels increased from 16-cell stage to Late blastula
stage (Step 3). Embryos maintained hypermethylation during
gastrula stages (Step 4). Global DNA methylation level
decreased from gastrula to neurula stage. Relative quantifica-
tion expression of genes involved in DNA methylation and
hydroxymethylation were showed on lower panel. (b):
A comparative epigenetic programming during embryogenesis
in three model species — zebrafish [29,30], medaka, and mice
[23,26].

medaka, and human. Step 3, 16-cell (Stage 6) to
early gastrula (Stage 13): embryo underwent
a remethylation process and maintained
a hypermethylated status, which was confirmed
by WGBS results at blastula stage [43]. Medaka
fish have three DNMT3 genes: DNMT3AA,
DNMT3BA, and DNMT3BB.1 [50]. All of the
DNMT3 genes were detected in all the stages dur-
ing this period. Intriguingly, the expression of
DNMT3BB.1 showed the expression pattern
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coinciding with the pattern of global 5mC levels
until early gastrula stage indicating an important
role of DNMT3BB.1 in de novo methylation of the
medaka genome DNA. In medaka, the mid-
blastula transition (MBT) occurs at late blastula
(Stage 11) [44]. Due to the zygotic genome activa-
tion and depletion of maternal transcripts, several
genes show dramatic changes in expression pat-
terns from late blastula to early gastrula. For
instance, DNMT1, DNMT3AA, TET1, and TET3
expression decreased from late blastula to early
gastrula, while DNMT3BA expression increased
from late blastula to early gastrula. Intriguingly,
in our gene expression results, both DNMT3BB.1
and TET1 were significantly upregulated at 16-cell
stage compared to zygote (Figures 2(d) and 3(a)).
16-cell stage was also the initial of remethylation
(Figure 1(a)) and the erasure of 5-hmC (Figure 1
(b)), indicating 16-cell being a specific stage dur-
ing medaka embryogenesis. Previous studies
showed, by the end of this period, the mouse
genome also has a dramatic DNA remethylation,
while in zebrafish the global genome methylation
still maintains the highest level. These discrepan-
cies are indicative of dissimilar epigenetic repro-
gramming between mice and zebrafish, whereas
the pattern of medaka epigenome reprogramming
is somewhat similar to that in mice. Step 4, early
gastrula (Stage 13) to late gastrula (Stage 16): dur-
ing this period, the genome still maintained hyper-
methylation from early gastrula to late gastrula but
comparatively lower than earlier stages and
reached the highest level at late gastrula. The
expression of DNMTI significantly decreased,
indicating that the need for maintenance of fast
cleavage was complete. Intriguingly, the expression
of TET3 was terminated; while the expression of
TET2 was initiated, showing that TET2 and TET3
may have complementary functions during embry-
ogenesis in medaka. In both mice and zebrafish,
genome DNA methylation maintains the highest
level during this period [23,26,29,30]. All three
animal models maintain genome hypermethyla-
tion during gastrula, indicating that embryonic
epigenetic reprogramming and pluripotency are
maintained for a defined period of embryogenesis
in a species-specific manner.

Post-fertilization epigenome reprogramming mod-
ulates the outcome of transgenerational inheritance
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by erasing epigenetic marks transmitted through
gametes and creating new marks [49]. Medaka has
been demonstrated to be an excellent model for study-
ing transgenerational inheritance of phenotypes
[51,52]. Embryonic exposure to environmental estro-
genic chemicals results in transgenerational inheri-
tance of reproductive dysfunction in medaka [51].
The present study showed medaka genome undergoes
reprogramming of DNA methylation marks during
early embryogenesis. However, it is not clearly under-
stood if environmental estrogenic chemicals inducing
DNA methylation marks could escape the four stages
of reprogramming described herein. In mammals, the
basic principles of epigenetic reprogramming in
embryos and germ cells have been known and studied
for many years; major aspects, including the dynamics
of these processes, remain enigmatic [45].
Understanding this process in another model organ-
ism opens the door for further investigation into the
mechanisms underlying epigenetic reprogramming
and transgenerational inheritance, especially when
the model organism allows studies due to its external
fertilization and embryo development ex ovo.
Furthermore, similarities in these epigenetic processes
between human, mice, and medaka further
strengthen the possibility for medaka to serve as an
ideal model for epigenetic and transgenerational
inheritance research (Figure 4(b)).

In conclusion, this study provides dynamics of
genome DNA methylation and demethylation
during early embryogenesis in medaka together
with the dynamics of expression pattern of genes
involved in genome methylation and demethyla-
tion. Medaka embryos utilize active demethyla-
tion strategy to erase the paternal genome
methylation pattern within the first cell cycle,
and then the global DNA methylation levels gra-
dually increase from 16-cell stage to gastrula
stages. Unlike zebrafish, in which only maternal
genome has a slight increase in DNA methylation
during embryogenesis, medaka has a DNA
methylation reprogramming process similar to
mammals including human [24,25]. Although
medaka undergoes genome demethylation imme-
diately after fertilization and completes repro-
gramming quickly, the pattern of de mnovo
methylation and completion of reprogramming
event during gastrulation make medaka ideal
model for studying embryo development.
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