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The dynamics of DNA methylation during epigenetic reprogramming of
primordial germ cells in medaka (Oryzias latipes)
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ABSTRACT
Primordial germ cells (PGCs) are precursors of eggs and sperm. How the PGCs epigenetically
reprogram during early embryonic development in fish is currently unknown. Here we generated
a series of PGC methylomes using whole genome bisulfite sequencing across key stages from 8
days post fertilization (dpf) to 25 dpf coinciding with germ cell sex determination and gonadal sex
differentiation in medaka (Oryzias latipes) to elucidate the dynamics of DNA methylation during
epigenetic reprogramming in germ cells. Our high-resolution DNA methylome maps show a
global demethylation taking place in medaka PGCs in a two-step strategy. The first step occurs
between the blastula and 8-dpf stages, and the second step occurs between the 10-dpf and 12-
dpf stages. Both demethylation processes are global, except for CGI promoters which remain
hypomethylated throughout the stage of PGC specification. De novo methylation proceeded at
25-dpf stage with the process in male germ cells superseding female germ cells. Gene expression
analysis showed that tet2 maintains high levels of expression during the demethylation stage,
while dnmt3ba expression increases during the de novo methylation stage during sexual fate
determination in germ cells. The present results suggest that medaka PGCs undergo a bi-phasic
epigenetic reprogramming process. Global erasure of DNA methylation marks peaks at 15-dpf and
de novo methylation in male germ cells takes precedence over female germ cells at 25 dpf. Results
also provide important insights into the developmental window of susceptibility to environmental
stressors for multi- and trans-generational health outcomes in fish.
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Background

DNA methylation is one of the major forms of
epigenetic modifications that are associated with
transcriptional regulation [1], genomic imprinting
[2], suppression of repetitive elements [3,4] and
DNA–protein interactions during the develop-
ment of organisms. DNA methylation plays an
important role in embryonic development and
undergoes dramatic changes in two epigenetic
reprogramming windows: first in preimplantation
embryos and second in primordial germ cells
(PGCs) during sex-specific fate specification. In
both windows, DNA methylation patterns are
reprogrammed genome-wide, and the majority of
the inherited methylation marks are erased, gen-
erating cells with a broad developmental poten-
tial [5].

PGCs are the only embryonic cells with the
potential to transmit genetic and epigenetic infor-
mation to the next generation. Epigenetic

reprogramming of mammalian PGCs is well char-
acterized. In mice, PGC demethylation proceeds in
two phases [6]. At phase 1, DNA demethylation
starts from embryonic day 8 (E8.0) and completes
at E9.5. The PGCs lose DNA methylation levels
established in epiblasts (E6.5). In phase 2, PGCs
undergo locus-specific DNA demethylation start-
ing at E10.5 and reach a ground state of hypo-
methylation at E13.5 [6–8]. Similarly, in humans,
global erasure of DNA methylation marks gives
rise to a stem cell state for PGCs, and de novo
methylation allows a controlled sex-specific gene
expression pattern in germ cells [9–11]. However,
the process of epigenetic reprogramming of PGCs
in fish is currently unknown.

Any perturbations of global epigenetic repro-
gramming events in PGCs have the potential for
fertility problems later in life and adverse health
outcomes in descendants [12]. Previous studies
suggest that these reprogramming errors can
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cause a change in the epigenome and associated
transcriptome in PGCs, and that epigenetic shifts
can be permanently programmed and transmitted
to subsequent generations via both sperm [13] and
eggs [14,15]. A variety of environmentally induced
transgenerational health effects have been
observed in both mammals and fish [16–22]. In
most of the transgenerational studies, experiments
were designed to expose animals during the win-
dow of PGC reprogramming, and the effects were
found to be transmitted to subsequent generations
via germline transmission. Analysis of sperm and
PGCs, whose ancestors were developmentally
exposed to chemical stressors, yielded differentially
methylated regions on the genome-specific to
exposure, suggesting that environmental exposures
can alter epigenetic modifications on PGCs and
sperm genome [18,23,24]. However, how environ-
mental stressors establish epigenetic alterations in
PGCs and what controls their precise transmission
to eggs and sperm and subsequent generation is
enigmatic. Fish, mainly medaka and zebrafish, are
promising animal models for studying the epige-
netic inheritance of acquired traits [16,22,25–30]
and have advantages over mammalian models due
to external fertilization and embryo development.
It is, therefore, imperative to understand epige-
netic reprogramming in fish.

Medaka (Oryzias latipes) is an important bio-
medical model organism [25,31–33], with advan-
tages including genetic sex determination in the
Hd-rR strain [34], external fertilization, availabil-
ity of large numbers of eggs and sperm, short
generation time (3–4 months/reproductive
cycle), a sequenced genome, and a small genome
size [27,35]. Additionally, the molecular mechan-
isms underlying early embryogenesis, germ cell
migration, and differentiation are complementary
to human and mouse [36]. For instance, medaka
embryos undergo DNA methylation program-
ming similar to the patterns occurring in preim-
plantation stage human and mouse embryos
[26,37,38]. In medaka, as in many other organ-
isms, PGCs form early in embryonic development
[39], and are distinguishable at early gastrulation
(stage 13), converge to the embryonic axis until
late gastrulation, and then migrate posteriorly
into dense bilateral clusters in the ventral lateral
areas of the abdomen [36,40]. However, direct

evidence of DNA methylation reprogramming
during PGC specification in fish is still missing
[41]. To fill this gap in information, we generated
a series of single-base resolution genomic methy-
lomes and investigated the DNA methylation
dynamics during epigenetic reprogramming in
medaka PGCs using a whole genome bisulfite
sequencing (WGBS) approach.

Results

Genome-wide DNA methylation dynamics in
medaka PGCs

To gain insights into epigenetic reprogramming in
medaka PGCs, we performed whole genome bisul-
fite sequencing on PGC samples isolated at 8, 10,
12, 15, and 25 days post fertilization (dpf), coin-
ciding with gonadal sex determination and gona-
dogenesis in medaka. The numbers of larvae used
in each sample are shown in Table S1. WGBS
libraries were prepared from three independent
samples at each time point. Table S1 summarizes
the outcome of the sequencing runs of all WGBS
samples. A set of data from blastula was obtained
from the published literature [42] and analysed
using the same pipeline as the initial PGC
reprogramming.

The dynamics of global DNA methylation in
PGCs are shown in Figure 1(a). Two phases of
demethylation processes were observed. The first
demethylation phase occurred from the blastula to
8-dpf stage, and the second phase occurred from
the 10-dpf to 12-dpf stage. In the blastula stage,
the global methylation level at CpG dinucleotides
was 80%, showing a hypermethylated status. In the
8-dpf stage PGCs, methylation levels were already
reduced to 50%, indicating that the bulk of methy-
lation erasure occurred in PGCs prior to the 8-dpf
stage. From the 8-dpf stage, PGC methylation
levels decreased gradually to 39% at the 15-dpf
stage, which was the lowest level observed during
reprogramming of medaka PGCs. To determine
the detailed DNA methylation dynamics, the gen-
ome was divided into 5 kb tiling probes with a 2.5
kb stepping size [6]. Since shorter tile sizes may
not contain CpGs within a tile, while longer tile
sizes, such as 5 kb span, ensure the presence of
sufficient numbers of CpGs for analysis. Beanplot
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showed the distribution of CpG methylation levels
of the pooled replicates of medaka blastula, and
PGCs showed a consistent global methylation
dynamic pattern (Figure 1(b)). To confirm the
global DNA methylation dynamics in medaka
PGCs, we also used global 5mC ELISA to deter-
mine methylation levels at each stage, showing a
similar dynamic profile to the WGBS results
(Figure S1(c)). Intriguingly, female PGCs main-
tained hypomethylation levels in the 25-dpf stage,
while genome-wide methylation levels in male

PGCs increased up to 50% at the same stage,
suggesting de novo methylation already occurred
in male PGCs (Figure 1(a,b)). The genomic methy-
lation levels increased up to 56% in the sperm [26],
demonstrating that the remethylation process con-
tinued during spermatogenesis (Figure 1(a)).

Next, we investigated methylation changes on
single CpG sites and genomic features. As shown
for the distribution of CpG methylation levels
across the genome, global loss of methylation
affected the methylation levels of all the elements
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Figure 1. DNA methylation dynamics in medaka PGCs. (a): Global CpG methylation levels observed in PGCs at different stages of life
history; (b): Beanplots showing the distribution of CpG methylation levels of the pooled replicates of medaka blastula and PGCs.
Methylation was quantitated by taking 5 kb genomic probes approach; (c): Distribution of CpG methylation levels across the
genome; (d): Average CpG methylation of the genomic features in PGCs at different stages of life history; (e): Average CpG
methylation profiles over all medaka annotated genes starting from 5 kb upstream (−5 kb) of the transcription start site (TSS),
through scaled gene bodies to 5 kb downstream (+5 kb) of transcription end sites (TESs); (f): Average CpG methylation profiles over
all medaka CpG islands, CGI shores, and CGI shelves.
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examined (Figure 1(c)). Both phases of methyla-
tion erasure were global prior to the 12-dpf stage.
Although the timing varied slightly, methylation of
promoters, exon, introns and 3ʹUTRs followed the
trend of whole genome methylation, while the
5ʹUTRs maintained low levels of methylation
throughout the developmental time points
(Figure 1(d)). The methylation pattern in gene
regions, especially low methylation at the tran-
scription start sites (TSSs) and slightly increased
levels in gene bodies, was maintained during this
phase (Figure 1(e)). Average CpG methylation
profiles over all medaka annotated genes starting
from 5 kb upstream (−5 kb) of the transcription
start site (TSS) through scaled gene bodies to 5 kb
downstream (+5 kb) of the transcription end site
(TES) showed global demethylation occurring
across gene regions. The methylation patterns
over CpG islands, CGI shores, and CGI shelves
were maintained during this phase (Figure 1(f)).
The average CpG methylation profile overall
medaka CpG islands, CGI shores, and CGI shelves
showed global demethylation over CGI-related
regions. In the mouse, the methylation level of
chromosome X is slightly higher than in the auto-
somes and shows resistance to demethylation [7].
However, in medaka, we did not observe differ-
ences in methylation of the 5 kb probes and CGIs
between autosomes and chromosome 9, where the
Y chromosome-specific region is located [43]
(Figure S1(d,e)), suggesting that medaka do not
possess a mature Y chromosome.

To determine the ground methylation state in
medaka PGCs, we plotted the 5 kb probe methyla-
tion levels at the 15-dpf stage, during which the
global methylation reached the lowest level. The
distribution of 5 kb probe methylation in the 15-
dpf medaka PGCs showed methylation in a major-
ity of probes, maintaining 30% to 50% with a
unique peak (Figure 2(a)), suggesting that it is the
ground methylation state for medaka PGCs. Next,
we compared genome-wide 5-methylcytosine levels
on non-CpG sites. Non-CpG methylation was
maintained at low levels close to non-conversion
rates (Figure S2(a)). Interestingly, the 12- and 25-
dpf stage PGCs exhibited a significantly higher level
of non-CpG methylation compared to the non-con-
version rate (Figure 2(b)), paired t-test, *p < 0.05,
***p < 0.001).

DNA methylation dynamics of repeat elements

Repeat elements comprise 17.5% of the medaka
genome in total [35]. Next, we analysed the aver-
age methylation levels of major classes of medaka
repeat elements, including long and short inter-
spersed elements (LINEs and SINEs), long term-
inal repeats (LTR), DNA transposons, and low
complexity and simple repeats. DNA methylation
is important for the repression of retrotranspo-
sons, which make up approximately 3.9% of the
medaka genome [35,44]. We examined the methy-
lation states of major medaka retrotransposon
classes, including LINEs, SINEs, and LTRs. In 8-
dpf to 15-dpf PGCs, the majority of retrotranspo-
son loci were progressively demethylated, similar
to the unique portion of the genome, but a notable
fraction of L1 and RTE loci remained partially
methylated (Figure 2(c) and S2(b)). In particular,
the majority of LINE, SINE, and LTR loci showed
>30% methylation in the 15-dpf stage PGCs, which
showed the lowest methylation level (Figure 2(d)).
We observed a general trend that RTEs and
Chapaev were continuously demethylated in
female PGCs from the 15-dpf to 25-dpf but not
in male PGCs (Figure 2(e,f)).

DNA methylation dynamics of CpG islands (CGIs)

CGIs were identified based onHMMby applying the
R software package makeCGI [45,46]. In total, we
identified 52,932 CGIs in the medaka genome with
an average length of 308 bp (Figure S3(a)). Within
them, 5,319 CGIs were located on promoter regions
(Promoter-CGI, Figure S3(b)). Interestingly, we
found promoter-CGIs remained hypomethylated
across all stages compared to non-promoter-CGIs
(Figure 3(a)). Gene ontology analysis showed that
promoter-CGIs had a significant enrichment.
Particularly, among biological processes, the most
enriched GO terms included ‘chromatin assembly’,
‘nucleosome assembly’, ‘histone modification’,
‘MAPK cascade’ and ‘cell fate commitment’ (Figure
S3(c)). Among cellular components, the most
enriched GO terms included ‘nucleosome’, ‘DNA
packaging complex’, ‘protein-DNA complex’, ‘chro-
matin’ and ‘transferase complex’ (Figure S3(d)).
Among molecular functions, the most enriched GO
terms included ‘histone-lysine N-methyltransferase
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activity’, ‘DNA-binding transcription factor activity’,
and ‘transcription regulator activity’ (Figure S3(e)).
Pathway analysis showed enrichment at ‘FGF signal-
ing pathway’ and ‘Endothelin signaling pathway’
(Figure S3(f)).

Next, we identified differentially methylated
CGIs (DMCGIs) between adjacent stages. First, we
focused on the DMCGIs identified between 10-dpf
and 12-dpf, during which the second demethylation
phase occurred. In total, we found 95 DMCGIs
hypermethylated and 3,612 DMCGIs hypomethy-
lated in 12-dpf PGCs compared with 10-dpf PGCs

(Figure 3(b)). Within the 3,612 hypomethylated
DMCGIs, only 81 DMCGIs overlapped with pro-
moter regions (Figure 3(d)). Gene ontology analysis
showed no significant enrichment of these genes.
However, we found 407 DMCGI shores and 417
DMCGI shelfs overlapping with the promoter
region (Figure 3(d)). Next, we focused on the
DMCGIs identified between 15-dpf and 25-dpf
male PGCs, during which remethylation occurred
in male PGCs. In total, we found 3,274 DMCGIs
hypermethylated and 66 DMCGIs hypomethylated
in 25-dpf male PGCs compared with 15-dpf

Figure 2. DNA methylation profiles of non-CpG sites and dynamics of repeat elements. (a): Methylation level distribution of 5 kb
probes in blastula and 15-dpf medaka PGCs; (b): Non-CpG methylation levels increased significantly in medaka PGCs from 12-dpf and
25-dpf males; (c): Average CpG methylation of the repeat elements in medaka PGCs; (d): The methylation levels of the majority of
retrotransposons were found to be between 30% and 50%; (e): RTE showing continued demethylation in PGCs including in 25-dpf
female PGCs; (f): Chapaev transposons showing continued demethylation including in 25-dpf female PGCs.
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(Figure 3(c)). The 3,274 hypermethylated DMCGIs
remained hypomethylated in 25-dpf female PGCs
(Figure 3(f)). Within the 3,274 hypermethylated
DMCGIs, only 102 DMCGIs overlapped with pro-
moter regions (Figure 3(e)). Gene ontology analysis
showed no significant enrichment of these genes.
Similar to DMCGIs identified between 10-dpf and
12-dpf, 407 DMCGI shores and 410 DMCGI
shelves overlapped with the promoter region
(Figure 3(e)), suggesting that those DMCGIs are
located at remote regulatory regions.

Analysis of differentially methylated promoters

To investigate the genes involved in DNA methy-
lation reprogramming in medaka PGCs, we iden-
tified differentially methylated promoters (DMP)
in each subsequent stage pairs (Figure S4).
Consistent with global DNA methylation
changes, the majority of DMPs were identified
between blastula and 8-dpf stage PGCs, 10-dpf
and 12-dpf PGCs, and 15-dpf PGCs and 25-dpf

male PGCs. In total, 10,094 DMPs were demethy-
lated in PGCs from the blastula to 8-dpf stage,
and 286 DMPs gained methylation in PGCs from
the blastula to 8-dpf stage (Figure 4(a)). The
majority of the DMPs between 10-dpf and 12-
dpf PGCs were demethylated (1,453 out of
1,480), of which 177 DMPs overlapped with
CGIs. Gene ontology analysis showed these
genes enriched in ‘biological_processes’ and ‘cel-
lular processes’ related items in biological pro-
cess; ‘plasma membrane receptor complex’ and
‘integral component of plasma membrane’ related
items in cellular component; and ‘acetylcholine
receptor activity’ and ‘oxidoreductase activity’ in
molecular function (Figure 4(c)). In PGCs from
15-dpf embryos and 25-dpf males, 1,335 DMPs
were identified, of which 1,332 DMPs were
remethylated. Similar to DMCGIs identified
between 15-dpf and 25-dpf male PGCs, 1335
hypermethylated DMPs were hypomethylated in
25-dpf female PGCs (Figure 4(b)). Within them,
176 DMPs overlapped with CGIs. Gene ontology
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analysis showed that these genes were enriched
with ‘membrane’ related items in the cellular
component category (Figure 4(d)). Intriguingly,

pathway analysis showed that these genes were
enriched in the ‘Alzheimer’s disease’ related path-
way (Figure 4(d)).
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Expression of DNA methylation-related genes in
medaka PGCs

DNA methyltransferases are involved in DNA
methylation regulation [47]. Active demethyla-
tion is achieved through TET-mediated oxida-
tion of 5-methylcytosine (5mC), followed by
replication-dependent dilution or base excision
repair [48]. To determine which dnmt or tet
genes are involved in DNA methylation repro-
gramming in medaka PGCs, we measured the
expression of DNA methylation-related genes in
different stages by real-time quantitative RT-
PCR (Figure 5). The expression of dnmt1 was
detected in all stages examined (Figure 5(a))
and significantly increased from 15-dpf to 25-
dpf female PGC samples. The expression of
dnmt3aa was detected in all stages examined
(Figure 5(b)) and showed no significant
changes. The expression of dnmt3ba was low
from 8-dpf to 12-dpf and could not be detected
in 15-dpf samples (Figure 5(c)). However, the
expression of dnmt3ba increased at the 25-dpf
in both female and male PGCs (Figure 5(c)),
indicating that dnmt3ba might play a critical
role in the genome de novo methylation during
gametogenesis. The expression of dnmt3bb.1
significantly decreased from 15-dpf to 25-dpf
compared with 10-dpf (Figure 5(d)). The
expression of tet1 was detected only in 25-dpf
PGCs (Figure 5(e)), suggesting that it is not
involved in demethylation during PGC specifi-
cation. The expression of tet2 was detected in
all stages examined with significantly higher
expression in 10-dpf PGCs (Figure 5(f)), sug-
gesting the possible role of this gene in DNA
demethylation during PGC specification. The
expression of tet3 was detected in all stages
examined (Figure 5(g)) and had no significant
changes. There were positive correlations
between 5-mC levels and levels of dnmt3ba
and tet2 (Figure 5(h), correlation coefficient:
0.1660 between 5-mC and dnmt3ba expression,
and 0.5468 between 5-mC and tet2 expression),
suggesting the involvement of dnmt3ba in DNA
remethylation and tet2 in DNA demethylation
during PGC development in medaka.

Discussion

The dynamics of DNA methylation during epige-
netic reprogramming of PGCs in fish is currently
unknown. In the present study, we performed
comprehensive profiling of DNA methylation pat-
terns at single-base resolution across the whole
genome during key stages of PGC development
in medaka to elucidate the process of epigenetic
reprogramming of PGCs in fish. We found two
phases of demethylation during medaka PGC
reprogramming (Figure 6). The first demethyla-
tion phase completes before 8-dpf, during which
the PGCs undergo demethylation globally. The
second demethylation phase starts at 10-dpf and
is completed by 12-dpf, during which the PGCs
complete the demethylation process. By 25-dpf,
male PGCs undergo de novo methylation
(remethylation), while female PGCs are still hypo-
methylated at a level similar to 15-dpf (a ground
state). This is the first study to demonstrate epige-
netic reprogramming in a non-mammalian verte-
brate, which provides a baseline information for
future studies concerning totipotency, stem cell
differentiation, transgenerational epigenetic
inheritance, and environmentally induced repro-
ductive impairments. These two phases of
demethylation during PGC reprogramming are
also reported for humans and mice [6,7] suggest-
ing similar epigenetic events occurring in medaka
and mammals during the differentiation of germ
cells. Because of genetic diversity and species-spe-
cific responses to stressors, molecular alterations
induced by environmental or nutritional stressors
in one vertebrate species are often not translatable
to other species. This synergy in fish and mam-
mals allows for comparative analysis of molecular
responses to stressors during early embryonic
development in vertebrates, in general.

The ground methylation state of 5 kb tiling
probes for medaka PGCs range from 30% to
50% at 15-dpf, during which the global methyla-
tion reached the lowest level. As the processes of
DNA methylation reprogramming during PGC
specification only have been studied in mice and
humans [6–11], we compared the ground methy-
lation stage among three species. In the E13.5
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mouse embryo, the level of genome methylation
drops to 14% and 7% in male and female PGCs
[6], respectively. In the human embryo, the low-
est methylation level is found at 10 to 11 weeks
after gestation, with only 7.8% and 6.0%

methylation in male and female PGCs, respec-
tively [9,10]. These levels are lower than medaka
15-dpf PGCs. Since there is no information on
epigenetic reprogramming of PGCs in other fish
species, it is not possible at this moment to
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levels. Data represent the mean ± SEM. Asterisk indicates statistical significance (*p < 0.05, **p < 0.01, ***p < 0.001).
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conclude if this methylation state is unique for
medaka or is universal for fish in general. During
epigenetic reprogramming of zebrafish embryos,
the lowest methylation level has been reported to
be 80% in oocytes; however, no demethylation
occurs in cleavage stages after fertilization,
which is unique and different from mammals
and medaka [26,49,50]. Tet1 and Tet2 function
to regulate locus-specific methylation during
PGC development [51]. According to a recent
study by Hill et al., Tet1 also functions as a
transcription regulator during mouse gametogen-
esis by stimulating a set of germline reprogram-
ming-responsive (GRR) genes that are critical in
gamete generation and meiosis [52].
Observations show that medaka tet1 is not
expressed during PGC demethylation, while tet2
mRNAs remain abundant during demethylation
stages, suggesting that tet2 may play a critical role
in locus-specific methylation during the develop-
ment of PGCs in medaka. Although the present

study did not examine the dynamics of GRR gene
expression, future investigation of the medaka
PGC transcriptome, including the association of
TETs with GRR genes, would explain the roles of
tets in the specification of PGCs and gametogen-
esis in medaka. A number of recent studies have
demonstrated that tets are sensitive to environ-
mental stressors [53–55], suggesting the effects of
tets in stressor responses are most likely mediated
through epigenetic modifications both in germ
cells and somatic tissues.

Transposable elements comprise 17.5% of the
medaka genome, which is lower than the mouse
genome (37%) and the human genome (45%)
[35,44,56]. In medaka PGCs, large portions of
LINE, SINE and LTR are hypermethylated at 15-
dpf, which are similar to the methylation pattern
of intracisternal A particles (IAPs) in mice. As
IAPs are not found in the medaka genome,
LINEs, SINEs and LTRs may play a functional
role in the transgenerational epigenetic inheritance

Figure 6. A schematic of DNA methylation dynamics during reprogramming of PGCs in medaka. Demethylation in PGCs occurs in
two phases. The first phase occurs prior to 8-dpf (First demethylation phase), and the second phase lasts from the 10-dpf to 12-dpf
stage (second demethylation phase). Global DNA methylation level increase from 15-dpf to 25-dpf stage in male PGCs, whereas
female PGCs still remain hypomethylated. Cartoons representing expression patterns of the genes involved in DNA methylation and
hydroxymethylation are shown on the lower panel.
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of phenotypes in medaka. A gender-specific
dynamic pattern was observed in PGCs at 25-dpf,
during which RTE and Chapaev transposons
remained demethylated in females, while the
male PGCs begin to undergo de novo methylation,
indicating the possibility for differential roles of
TEs in female and male gametogenesis. Given the
advantages of smaller genome size and compara-
tively low copy numbers of TEs [35], medaka (Hd-
rR strain) has great potential as a model for inves-
tigating the mechanisms underlying the roles of
transposable elements in development, disease,
and transgenerational inheritance.

CpG islands are not annotated in the latest
medaka genome assembly (ASM223467v1), so we
utilized a widely used method designed for other
vertebrates to identify CGIs in medaka genome
[45,46]. Medaka CGIs showed distinguishing
dimorphisms. CGIs located on promoter regions
continued to remain hypomethylated during
reprogramming of PGCs, which is similar to the
levels observed in mice and humans [7], indicat-
ing their role in development of PGCs in a devel-
oping embryo. Approximately 25% of DMCGI’s
shores or shelves overlapped with promoters, sug-
gesting that a number of non-promoter CGIs
located close to gene regions may function
through remote cis-regulators. The majority of
non-promoter CGIs remained hypermethylated
during PGC reprogramming, suggesting that
these regions might be carriers of epigenotypes
in medaka.

Because PGCs are the only embryonic cells to
transmit epigenetic changes to the next generations
[57], it is extremely important to establish a relation-
ship between epigenetic reprogramming of PGCs
and transgenerational inheritance of environmen-
tally established epigenetic marks and the emer-
gence of phenotypic traits in subsequent
generations that were not directly exposed to envir-
onmental stressors. However, the mechanisms
underlying the epigenetic inheritance of ancestral
exposure effects are not clearly understood. When
developing embryos are exposed to an environmen-
tal stressor, differential DNAmethylation marks can
be established in PGCs. Based on our and others’
findings of epigenetic reprogramming of PGCs, we
propose the following possible mechanisms for
transgenerational inheritance: 1) environmental

stressor-induced DNA methylation marks are resis-
tant to global erasure processes; 2) environmental
stressor-induced DNA methylation marks are
erased during reprogramming and are re-estab-
lished during the de novo methylation process by
yet unknown mechanisms; or 3) the genome uses
other mechanisms (e.g., miRNAs or tRNAs) to
memorize exposure-specific epigenetic marks that
are finally incorporated during gametogenesis or
the late stage of sperm packaging [58,59].

Given that PGCs undergo reprogramming of
DNA methylation and histone marks, it is not
clear if the reprogramming events clear out all envir-
onmentally established DNA methylation marks
and establish a clean state. It is not clearly under-
stood whether environmental chemicals induce
DNAmethylation marks that escape the reprogram-
ming described herein. In mammals, the basic prin-
ciples of epigenetic reprogramming in embryos and
germ cells have been known and studied for many
years; however, major aspects, including the
dynamics of these processes and their role in the
inheritance of phenotypic traits, remain enigmatic
[60,61]. Understanding this process in another
model organism opens the door for further investi-
gation into the mechanisms underlying epigenetic
reprogramming and inheritance of phenotypes.
Furthermore, similarities in these epigenetic pro-
cesses between human, mice, and medaka further
strengthen the possibility for medaka to serve as an
ideal model for comparative epigenetic and transge-
nerational inheritance research.

Conclusions

The present report performed a systematic study
of genome-wide DNA methylation dynamics
across key stages of PGC development during
which epigenetic reprogramming occurs in
medaka fish, elucidating dynamics of genome
DNA demethylation and remethylation during
PGC specification in medaka. PGCs undergo
two phases of demethylation during epigenetic
reprogramming. The global erasure of DNA
methylation in PGCs is completed by 12-dpf.
Genomic remethylation in PGCs starts at 25 dpf
in males but not in females. Given that DNA
methylation reprogramming processes are con-
served among humans, mice, and medaka,
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biological processes concerning PGC develop-
ment, totipotency, and transgenerational epige-
netic inheritance can be further illustrated by
studying them in medaka, and the present
methylome database serves as a baseline for
future studies.

Methods

Fish care and embryo collection

An Hd-rR strain of transgenic medaka with
vasa-GFP [62] was maintained and bred under
standard conditions. Procedures for handling
and using animals were approved by the
Institutional Animal Care and Use Committee
(IACUC #16-003) of the University of North
Carolina, Greensboro. Briefly, several pairs of
adult broodstock medaka were raised in 20-litre
tanks on a light-dark cycle of 14 h:10 h with a
recirculatory water system with an exchange of
25% water every 4 h. Tanks were siphon-cleaned
periodically, and the water temperature was
maintained at 26 ± 1°C. The eggs were collected
immediately after fertilization, cleaned, and kept
in embryo rearing solution at 26 ± 1°C in petri
dishes. Only fertilized eggs were used for the
study. Embryos that hatched within 10 days of
fertilization were selected for the study. During
the first 10 days of post-hatch development,
juveniles were supplied with the ground food
and thereafter with flake food twice and brine
shrimp once a day. The embryos were staged by
developmental time and morphology [63]. At
25-dpf, each embryo was sexed by gonad mor-
phology, differential numbers of GFP-positive
PGCs under fluorescent microscopy, and the
presence or absence of male-specific orange col-
ouration on the body or by dmy PCR [34].

Primordial germ cell isolation

To obtain purified PGCs, we used a Percoll gradi-
ent [64,65], combined with magnetic-activated cell
sorting using an anti-GFRα-1 antibody [66,67].
This method was superior over FACS for the iso-
lation of a pure population of PGCs from devel-
oping medaka because leucophores (yellow
pigments) interfered with the FACS sorting

process. To collect gonads, the trunk region was
excised from medaka larva together with develop-
ing gonads and washed with DMEM containing
antibiotics. Then, DMEM containing collagenase
(0.5 mg/ml final) and DNase I (0.00005% final)
was added to the tissue and incubated for 2 h with
periodic pipetting and continuous but gentle shak-
ing. Then, the cell suspension was filtered with a
40 μm filter and centrifuged at 600 x g for 15 min,
washed, and suspended in DMEM (1% ES FBS).

After making a series of 100%, 50%, 25% and
12.5% Percoll gradients, the cell suspension was
added onto the top of the Percoll gradient and
centrifuged at 1,160 x g for 20 min at room tem-
perature. PGCs concentrated between the 50% and
25% Percoll layers. A total of 1 ml of the inter-
mediate layer, including a 50-25% Percoll border,
was collected and transferred to a 1.5 ml tube.
DMEM was added to fill the tube to full, pipetted,
and centrifuged at 1,200 rpm for 5 min. After
removal of supernatant, the purified cell pellet
was resuspended in 1× PBS (with 0.1% BSA).
Approximately 1–2 μg of monoclonal anti-GFRα
antibody was added to the washed beads and
incubated for 20 min at RT to prepare a
Dynabead-antibody mixture. Ten microlitres of
Dynabead-antibody mixture were added to the
tube containing cell suspension in PBS, mixed
gently, and allowed to react at room temperature
for 10 min. The tube was then placed on a magnet
to separate the beads from the cell suspension. The
supernatant was discarded, and the cells with the
beads were then washed with 1× PBS (with 0.1%
BSA). The bead-Ab complex was washed three
times with 1 mL of 1× PBS (with 0.1% BSA). The
bead-Ab complex was resuspended in 0.4 mL of
lysis buffer (Zymo Research) to separate beads
from cells. After magnetic separation of beads,
cell lysis buffer suspension was used for total
RNA/DNA isolation.

Genomic DNA and total RNA extraction

Genomic DNA and total RNA from each PGC
sample were extracted using an AllPrep DNA/
RNA/miRNA Universal Kit (QIAGEN, Cat No:
80224) according to the manufacturer’s instruc-
tions and the procedure previously described else-
where [26]. Genomic DNA and total RNA were

494 X. WANG AND R. K. BHANDARI



quantified using Nanodrop 2000 and stored at
−80°C until further analysis.

MethylC-Seq library preparation and sequence
analysis

Whole-genome bisulfite sequencing library pre-
paration was described in a previous study [26].
Briefly, libraries were prepared with NEBNext®
Ultra™ II FS DNA Library Prep Kit (NEB, E6177)
according to the user’s manual. For each sample,
100 ng genomic DNA was added with 0.5%
unmethylated E. coli DNA. Prepared MethylC-
Seq libraries were sequenced using an Illumina
NextSeq 500 instrument at the DNA Sequencing
Core of the University of Missouri–Columbia
with a single-end 150 bp sequencing strategy.
Bismark (Version: v0.19.0) was used to map
bisulfite sequencing reads onto the medaka gen-
ome (Ensembl release-95) with default para-
meters [68]. CpG methylation calls were
analysed using SeqMonk software (Version
1.45.0). The gene annotation set was down-
loaded from Ensembl (Ensembl release 95).
Repeat element sequences were downloaded
from the UCSC Genome Browser [69]. CGIs
were identified using HMM and the R package
makeCGI [45,46]. Details of the sequencing ana-
lysis can be found in the Supplemental
Information section. Sequencing data reported
in this paper have been deposited in the public
database at NCBI Gene Expression Omnibus
(GEO) under accession number GSE130002.

Gene ontology and pathway enrichment analysis

Gene ontology and pathway enrichment analyses
were performed using the PANTHER
Overrepresentation Test (Released 20190308)
with the GO Ontology database (Released 2019-
02-02) [70–72]. Gene Ontology (GO) terms in the
biological processes (GO biological process com-
plete), molecular functions (GO molecular func-
tion complete), cellular component (GO cellular
component complete) and PANTHER Pathways
annotation were selected. Fisher’s exact test fol-
lowed by the false discovery rate (FDR) correction
were used to determine significance. An FDR

adjusted p-value < 0.05 indicates significantly
enriched GO and pathway terms.

Real-time quantitative PCR and statistical
analysis of mRNA data

The expression of genes involved inDNAmethylation
(dnmt1, dnmt3aa, dnmt3ba, dnmt3bb.1) and DNA
demethylation (tet1, tet2, tet3) were examined by
real-time qRT-PCR. The qRT-PCR method was
described in the previous study [26], and the primer
sequences are provided in the Supplemental
Information section. In brief, β-actin was used as an
endogenous reference gene. Target gene expression
was analysed by the 2−ΔΔCt method [73]. qRT-PCR
was performed using PowerUp SYBR™ Green Master
Mix (Applied Biosystems, A25742) on a QuantStudio
3 Real-Time PCR System. Expression levels in all
stages were normalized to the expression levels in the
25-dpf male PGCs. Statistical differences were deter-
mined using one-way ANOVA followed by Tukey’s
multiple comparisons test. Data are presented as the
mean ± standard error of the mean (SEM), and p <
0.05 was considered significant. Correlation coeffi-
cients were calculated to measure the correlation of
methylation and gene expression.
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