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SUMMARY

The establishment of DNA methylation patterns in oocytes is a highly dynamic process marking gene-regulatory events during fertiliza-
tion, embryonic development, and adulthood. However, after epigenetic reprogramming in primordial germ cells, how and when DNA
methylation is re-established in developing human oocytes remains to be characterized. Here, using single-cell whole-genome bisulfite
sequencing, we describe DNA methylation patterns in three different maturation stages of human oocytes. We found that while broad-
scale patterns of CpG methylation have been largely established by the immature germinal vesicle stage, localized changes continue into
later development. Non-CpG methylation, on the other hand, undergoes a large-scale, generalized remodeling through the final stage of
maturation, with the net overall result being the accumulation of methylation as oocytes mature. The role of the genome-wide, non-CpG
methylation remodeling in the final stage of oocyte maturation deserves further investigation.

INTRODUCTION

A woman is born with approximately 295,000 oocytes ar-
rested in the prophase of meiosis I, also commonly referred
to as the germinal vesicle (GV) stage (Wallace and Kelsey,
2010). Unlike in mice whose oocytes start to grow and
mature from the neonatal period, human oocytes stay
quiescent in meiosis I until puberty or beyond (Smallwood
and Kelsey, 2012). After puberty, 10-15 GV oocytes are re-
cruited for growth and maturation during each menstrual
cycle, of which only 1-2 reach the mature metaphase II
(MII) stage soon before the ovulation, ready for fertiliza-
tion, while the rest of the growing oocyte cohort degen-
erate. The genetic and epigenetic basis for the selection of
dominant oocytes destined for ovulation and fertilization
from the rest of the growing cohort is poorly understood
(Surani, 2015).

DNA methylation is a dynamic process during the
growth and development of oocytes. It has been shown
in mice that DNA methylation is erased in the primordial
germ cells during early embryonic development and re-
established after birth as the oocytes start to grow and
mature. The wave of DNA methylation erasure and re-
establishment is repeated after fertilization in pre-implan-
tation embryos (Smallwood and Kelsey, 2012). These waves
of DNA methylation changes in oocytes and embryos are
essential for resetting genomic potential, establishing the
germline, and marking correct developmental genes (Bog-

danovic et al., 2016; Hargan-Calvopina et al., 2016; Hon
et al., 2013; von Meyenn and Reik, 2015). In humans, the
process of DNA methylome erasure in primordial germ cells
and in pre-implantation embryos was recently demon-
strated in several genome-wide studies, and this process re-
sembles what was previously described in mice, although
some significant differences exist (Gkountela et al., 2015;
Guo et al., 2014a, 2015; Smith et al., 2014; Tang et al.,
2015; von Meyenn and Reik, 2015). The timing of de
novo DNA methylation of oocytes after epigenetic erasure
of parental marks in embryos is not only scientifically
intriguing, but also presents a clinically important oppor-
tunity for guiding the efforts in developing in vitro matura-
tion methods for fertility treatment.

However, the DNA methylome establishment and
maintenance during human oocyte growth and matura-
tion beyond the early prenatal stage has not yet been illu-
minated, partly due to technical limitations of genome-
wide studies in cells only available in very small numbers
(Yu et al.,, 2015). Previous studies mapping the DNA
methylome in human oocytes (Okae et al., 2014; Smith
et al.,, 2014) had to pool a large number of oocytes in
certain stages of development, and therefore were un-
able to specifically investigate DNA methylome variations
among different oocyte maturation stages. Recent ad-
vances in single-cell bisulfite sequencing technologies
(Farlik et al., 2015; Gravina et al., 2015, 2016; Schwartz-
man and Tanay, 2015; Smallwood et al., 2014) now enable
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Table 1. Overview of All Samples

PatientID GV MI MII

A BY20, BY21  BY13, BY14, BY18

B BY06, BYO7  BYO05

C BY08

D BY02 BY03

F BY16, BY17

G BY19

H BY09

I BY11

J BY23, BY27, BY29
K BY39 BY40

L BY42 BY41, BY57

M BY52, BY55, BY56
N BY50, BY51, BY54

See also Figure S1 and Tables S1-S3.

DNA methylome analysis in small samples, down to the
level of single cells.

Here, we use single-cell whole-genome bisulfite sequencing
(SC-WGBS) techniques to explore the patterns of DNA
methylation in three different maturation stages of human
oocytes, from the least mature GV stage, to intermediate
metaphase I (MI) stage, and then to the mature MII stage.
We found that while CpG methylation is mostly established
during the GV stage, non-CpG methylation continues to
accumulate throughout the maturation process. The bio-
logical role that may be played by genome-wide non-CpG
methylation remodeling in the final stage of oocyte matura-
tion remains to be investigated.

RESULTS

Data Structure and DNA Methylome Survey

We collected a total of 30 human oocytes from 13 individ-
uals during assisted reproductive technologies (ART) cycles.
Ten oocytes were included in each maturation stage
(GV, M1, and MII) (Table 1). Many individuals contributed
multiple oocytes in the same or different maturation
stages. A wide range of age, stimulation protocols and
response, and fertility diagnoses exist among these indi-
viduals (Table 2), reflecting the general ART practices.
None of the oocytes collected was ever exposed to sperms
or discarded due to quality concerns. Each oocyte was
denuded of surrounding cumulus cells and the zona pellu-
cida was removed to ensure a single oocyte was collected as
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the starting material, before being analyzed using the
SC-WGBS method (Figure S1i). Each experiment from cell
lysis, bisulfite conversion to library preparation was always
performed on three to four oocytes and a negative control
(water) simultaneously. In none of these experiments did
the negative controls reveal a bioanalyzer peak, ruling out
contamination (Figure S1ii). We intentionally used samples
from different individuals and different oocyte maturation
stages in each experiment to decrease possible bias intro-
duced by experimental batch effects. For the same reason,
each of the two Illumina HiSeq runs to sequence these
libraries included multiple samples from different indi-
viduals and all three maturation stages.

The SC-WGBS method we used was comparable with
previously published protocols (Table S1) (Farlik et al.,
2015; Smallwood et al., 2014). With a mean mapping effi-
ciency at 29.4% and duplication rate at 83.3%, an average
of 1.15 million uniquely mapped reads were obtained for
each single oocyte (Table S2). Approximately 1%-5% of
the genome was covered in each cell and the coverage
was genome wide. Merging the oocytes within each of
the three stages increased average genomic coverage to
33.2% for each maturation stage, and the merged analyses
were used to compare different maturation stages, which
also helped to minimize some of the effects of patient
heterogeneity.

Even though multiple measures were taken to eliminate
somatic contamination of the oocytes, including removal
of zona pellucida which was rarely done in previous
genomic studies, we further confirmed the lack of contam-
ination in our oocyte samples using two different ap-
proaches. We first correlated the methylation levels of 68
oocyte-specific imprinted regions in each of our oocytes
with those of different cell types published in Okae et al.
(2014), and found high correlations between the two sets
of oocytes and low correlations with all the other cell types
(Table S3). Another validation approach was to correlate
the average methylation levels of each sliding window in
a single oocyte sample with those in the merged sample.
Each oocyte showed high concordance with the pooled
sample, demonstrating technical reproducibility and the
lack of contamination (Table S4).

Some of the individuals contributed multiple oocytes
within the same stage, while some other oocytes from
two different stages were from the same individual (Ta-
ble 1). On average, the CpG methylation level was 48.9%,
consistent with previous studies in mouse oocytes (Fig-
ure S2A). Also similar to previous studies in mouse oocytes
(Kocabas et al.,, 2006; Shirane et al., 2013; Smallwood
etal., 2011; Veselovska et al., 2015), gene bodies, especially
highly transcribed gene bodies, preferentially acquired
DNA methylation compared with the intergenic regions
(Figures S3A and S3B).



Table 2. Characteristics of All Individuals

Ovarian Stimulation

Total No. of

History of Live

Individual ID Clinic ID Age (years) Diagnosis Protocol Oocytes Retrieved Birth
A 1 35 anovulatory infertility GnRH antagonist 20 yes
B 1 36 severe male factor infertility GnRH antagonist 12 no
C 1 42 age-related infertility GnRH agonist flare 9 no
D 1 36 anovulatory infertility GnRH antagonist 21 yes
F 1 38 anovulatory infertility GnRH antagonist 19 no
G 1 37 tubal factor infertility luteal Lupron 14 no
H 1 40 age and male factor infertility luteal Lupron 7 no
I 1 40 age-related infertility GnRH antagonist 8 yes
J 2 38 fertility preservation luteal Lupron 11 no
K 1 41 age-related infertility GnRH antagonist 6 no
L 1 34 severe male factor infertility luteal Lupron 19 no
M 3 28 oocyte donor GnRH agonist flare 26 yes
N 3 29 oocyte donor GnRH agonist flare 15 yes

Previous studies in mouse oocytes, mouse brain tissue,
and human pluripotent stem cells (Guo et al., 2014b; Lister
et al., 2013; Shirane et al., 2013; Ziller et al., 2011) found
non-CpG methylation to be a prominent feature in these
cell types. We found the non-CpG methylation in human
oocytes to be 5.2% of CHH and CHG sites on average,
which is significantly higher than was reported for somatic
cells (Ziller et al., 2011) (Figures S2B and S2C). This
high fraction of non-CpG methylation is not an artifact
of incomplete bisulfite conversion, which was consistently
found to be 99% or higher based on spiked-in unmethy-
lated ADNA (Table S2).

Global Methylation Patterns during Oocyte
Maturation

After the initial general survey of the oocyte methylome
described above, we next investigated how the CpG and
non-CpG methylation levels changed on a genome-wide
scale over the course of oocyte maturation. It was previ-
ously shown that merging a few individual single-cell
methylomes provides an accurate representation of the
DNA methylation landscape in the bulk sample, which
makes SC-WGBS a powerful tool to investigate the DNA
methylome in very rare material (Farlik et al., 2015; Small-
wood etal., 2014; Ziller et al., 2011). Hence for the in-depth
analyses, we used merged data from each stage to compare
the three maturation stages. By merging all CpG or non-
CpG sites from all of the oocytes at the same stage of matu-
ration, we find that the global average CpG methylation
level stays the same from GV to MII stage (from 48.1% =+

4.2% to 49.6% = 5.5%, p > 0.5), while the average CHG
and CHH methylation levels increase significantly as the
oocyte maturity increases (from 3.2% =+ 0.8% to 7.2% =
4.1% for CHG, from 3.7% + 0.9% to for 8.3% =+ 4.7% for
CHH, p < 10™*) (Figure 1A). The majority of the methylated
cytosines are found in CHH motifs, and the percentages of
methylated CHG and CHH continue to increase as the
oocytes mature, which is consistent with the increased
non-CpG methylation level observed above (Figure 1B).
When we plotted the average methylation levels of
non-overlapping sliding windows of 1 Mb in size along
each chromosome, the global changes in non-CpG
methylation patterns, as well as the lack of variation in
CpG methylation patterns, from immature to mature oo-
cytes can be easily appreciated (Figure 1C). The plot of an
example region surrounding a maternally imprinted gene
GRB10 is shown in Figure 1D. As evident from the plot,
CpG sites were almost fully methylated in all three stages,
while non-CpG methylation levels increased in multiple
windows from GV or MI to MII stage. These analyses sug-
gest that at least on a global level, CpG methylation is re-es-
tablished first during oocyte growth, and non-CpG sites are
gradually methylated up to the last stage of maturation.
We then investigated whether the difference in average
overall methylation levels was due to any particular
genomic feature. The mean and 95% confidence interval
of the methylation levels of all the CpG or non-CpG sites
were plotted for the major genomic features. This analysis
revealed that the lack of difference in CpG methylation
levels across the three maturation stages was also seen in
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Figure 1. Genome-wide CpG and Non-CpG Methylation Patterns

(A) Average methylation levels (mean and SD) of all CpGs, CHGs, or CHHs at each oocyte maturation stage. Hash indicates significant
change from GV or MI to MII (Wilcoxon rank sum two-sided test, p < 0.05). Left y axis: percentage of methylated CpGs (in blue); Right
y axis: percentage methylated CHGs (in red) or CHHs (in black).

(B) Composition of methylated cytosines in each maturation stage. From GV or MI to MII stage, significant increases in percentage of CHH
and CHG, and significant decreases in percentage of CpG (two-sided t test, p < 0.05).

(legend continued on next page)
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all genomic features analyzed. Similarly, the increases in
CHH or CHG methylation levels from immature to mature
oocytes that were detected in the global analysis distribute
evenly across various genomic features (Figures 2A-2C).
The only exception is in CpG islands, which showed very
low CpG and non-CpG methylation across all three matu-
ration stages. Of note, the non-CpG density in CpG islands
is similar to that in the rest of the genome. These re-
sults confirm that non-CpG methylation re-establishment
occurs in a generalized manner, and CpG methylation is
essentially completed early during the oocyte maturation
process.

Next, using Pearson correlation coefficients we correlated
the methylation levels of non-overlapping sliding win-
dows of 3 kb in size (also called bins hereafter) containing
two of the three cytosine categories (CpG, CHG, and
CHH), to further examine the question of whether methyl-
ation variations associated with oocyte maturation occur
independently in CpGs and non-CpGs. As predicted from
the global and regional patterns seen above, in each stage
of maturation the methylation levels of CHH and CHG of
all the bins are closely correlated, but CpG methylation
level does not strongly correlate with CHH or CHG methyl-
ation level in the same bin in any of the maturation stages
(Figures 3A and 3B; Table S5). Similar patterns emerged
when we correlated the methylation changes associated
with maturation in these overlapping bins. When a bin
contains both CHH and CHG, as the oocytes becomes
more mature the CHH methylation change is highly corre-
lated with that of CHG. However, the CpG methylation
variations across different maturation stages do not corre-
late with those of non-CpGs in the same bin (Figure 3C
and Table S5). These results confirmed the different timing
in methylation establishment between CpG and non-CpG
methylation. It has been previously suggested that the
same enzymes and machineries probably are responsible
for methylation establishment of all non-CpG sites, rather
than being discriminatory for either CHH or CHG (Guo
et al., 2014b), which is consistent with our data.

Regional Methylation Patterns

Even though the global CpG methylation patterns clearly
remain stable from immature GV stage to mature MII
stage, regional or subtle differences among the three devel-
opmental stages could still exist. For the non-CpG sites,

local changes may follow a completely different pattern
compared with global changes. Therefore, we used a sliding
window (or bin) of 3 kb in size and 600 bp in step to scan
the methylome for regional variations among the three
maturation stages. Only bins with at least five counts of
CpG or non-CpG sites were included in the analysis, and
pairwise comparisons (Student’s t or Z test based on the
site counts of each bin) were performed only at sites that
were covered by both maturation stages in question. A sta-
tistically significant difference was defined by a p value
of <0.0001 and the lower bound of 95% confidence interval
of >0.1. These criteria resulted in a false discovery rate
(FDR) of <2.7%. Bins with only data from a single indi-
vidual were excluded to decrease individual bias. Using
this analytical approach, we identified 4,377 differentially
methylated regions (DMRs) between GV and MI stages,
and 2,826 between MI and MII stages, for CpG sites (Fig-
ure S4A). More DMRs were located in the areas covered
by non-CpG sites, with 2,183 and 11,207 for CHG sites,
and 71,198 and 205,919 for CHH sites, in the GV versus
MI and MI versus MII comparisons, respectively (Fig-
ure S4A). More non-CpG DMRs showed increased methyl-
ation than decreased methylation from immature to
mature stages, which is consistent with the global change
of average methylation level.

We then investigated whether these DMRs are prefer-
entially distributed in certain genomic regions. The CpG
DMRs with decreased methylation from GV to MI stage
were more concentrated in CpG islands (odds ratio
1.71 compared with the genomic mean, 95% confidence
interval 1.34-2.15). While the non-CpG DMRs mostly
distribute in a generalized pattern across the genome,
CHH DMRs are slightly more concentrated in LINE repeat
regions (odds ratio 1.20-1.25 compared with the genomic
mean, Figure S4B), and this small enrichment in LINE
regions is not due to cytosine density.

To further characterize these DMRs, we performed gene
ontology (GO) analysis to test whether certain biological
pathways were enriched in genes with promoters located
in these regions. Non-CpG DMRs were not enriched for
any particular pathway, indicating that the differential
methylation of non-CpGs associated with oocyte matura-
tion occurs in a generalized manner. However, genes with
an increase in CpG methylation in the promoter region
from GV to MI stage were enriched in plasma membrane

(C) Gircular genomic plot of average DNA methylation level in 1-Mb non-overlapping bins. Circles from outside to the center: cytochro-
mosome, CHH methylation levels (blue, MII; green, MI; red, GV), CHG methylation levels, CpG methylation levels, and average coverage
depth per oocyte (scale: 0-1,930 CpG sites). Each peak represents a 1-Mb bin.

(D) An example region (Chr7: 50,800,000-50,900,000) that includes imprinted gene GRB10. Panels from the top down: location of plotted
region on Chr7 (red line); CpG islands; GRBI0 transcripts on UCSC browser; CpG methylation levels (scale: 0%-100%); CHG methylation
levels (scale: 0%-20%); CHH methylation levels (scale: 0%-20%). Blue, MII; green, MI; red, GV.

n = 10 oocytes per maturation stage. See also Figure S2.
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and ion channel-related pathways (Table S6), which
may be linked to germinal vesicle breakdown during this
transition. Genes with decreased CpG methylation in their
promoter regions from MI to MII stage were enriched for
extracellular matrix pathways, which could be related to
zona pellucida remodeling as the oocyte matures and pre-
pares for fertilization.

The results from all of the above global and regional an-
alyses suggest that while CpG methylation has been largely
established by the immature GV stage, there is still some
fine-tuning occurring in local genomic regions, espe-
cially in regions with high CpG densities, such as CpG
islands. Non-CpG, especially CHH, methylation, on the
other hand, is undergoing a large-scale remodeling, with
the net overall result being accumulation of methylation
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as oocytes mature. The remodeling of non-CpG methyl-
ation occurs across the genome in a generalized manner,
rather than selecting for a certain biological pathway or
genomic location.

DISCUSSION

We obtained single-cell, single-base-resolution DNA meth-
ylomes in human oocytes from three different maturation
stages. Global and regional analyses generated one major
conclusion: CpG methylation is, for the most part, estab-
lished before the immature GV stage, although some local
fine-tuning still occurs. By contrast, non-CpG methyla-
tion in the genome gradually accumulates as the oocyte
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Figure 3. Pearson Correlations among CpG, CHG, and CHH Methylation Levels and Stage Differences
(A) Scatterplot of CpG, CHG, or CHH methylation levels in all 3-kb bins that contain the pair of cytosine categories in question.
Pearson correlation coefficient in each scenario is calculated and used in (B). Only MII stage is shown here (r = 0.22, 0.21, 0.85,

respectively, p < 107%°).

(B) Heatmap of Pearson correlation coefficients in methylation levels. Each coefficient is calculated from pairwise correlation. Scale bar on

upper left applies to both (B) and (C).

(C) Heatmap of Pearson correlation coefficients of methylation level differences between two maturation stages.
n = 10 oocytes per maturation stage, See also Table S5 and Figure S4.

matures, and this methylation establishment process is
generalized, rather than focused on particular genomic re-
gions or functional features.

For the final analyses we merged all the samples from
each maturation stage, which not only increased the
genomic coverage significantly but also minimized the
impact of patient heterogeneity on the final conclusion.
However, individual characteristics, such as age or fertility
status, and differences in ovarian stimulation from stimu-
lated assisted reproductive technology cycles could still
be factors that confound our findings. Nevertheless, our
findings of stable CpG methylation during oocyte matura-
tion is reassuringly consistent with an earlier study using
unstimulated oocytes and in vitro maturation protocol,
which found unchanged CpG methylation of four im-
printed genes during in vitro oocyte maturation (Kuhtz
et al., 2014). With the rare availability of human oocytes,

especially MII oocytes, for research purposes a collective
effort from multiple research teams is needed in the future
to collect a sample large enough to address all the limita-
tions of sample heterogeneity.

The higher methylation levels of non-CpG sites in hu-
man oocytes is consistent with what has been reported
for other cell types that possess high potential for matura-
tion or further differentiation, including mammalian brain
cell types and human pluripotent stem cells (Lister et al.,
2013), as well as mouse oocytes (Tomizawa et al., 2011).
The biological roles that non-CpG methylation may play
in these specific cell types remain to be investigated. Could
non-CpG methylation be marking a poised epigenetic state
for future differentiation and continued development in
these cell types? This question needs to be answered by
future mechanistic studies. Future investigation in single-
cell transcriptomic changes associated with human oocyte
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maturation may help to elucidate the physiological roles
played by non-CpG methylation during human oocyte
maturation.

The DNA methylome of human oocytes shares many
other similar features with mouse oocytes, such as prefer-
entially acquiring DNA methylation within the gene
bodies, especially in those genes that are highly transcribed
(Kocabas et al., 2006; Shirane et al., 2013; Smallwood et al.,
2011; Veselovska et al., 2015). However, to the best of our
knowledge, there has not been a study in mouse or other
species that directly examines the non-CpG methylation
changes during oocyte maturation. Several studies investi-
gated non-CpG methylation in mouse or human oocytes
in one of the maturation stages, but none compared oo-
cytes in two or three different stages of maturation.

Specific DNA methyltransferases (DNMTs) involved in
genomic non-CpG methylation in mouse oocytes have
been examined by Shirane et al. (2013). Using mutant
mouse GV oocytes lacking Dnmt1, 3a, 3b, or 3L, it was
shown that genomic non-CpG methylation in oocytes de-
pends on the Dnmt3a-Dnmt3L complex, while Dnmt1 and
3b are dispensable. Our study could hold potential clinical
significance, because in vitro maturation of oocytes is
an important assisted reproductive intervention that has
been under intense investigation for many years, and its
success will have wide applications in infertility treatments
and especially in fertility preservation in childhood cancer
patients. By manipulating the non-CpG methylation in
immature oocytes such as by upregulating the responsible
DNMTs, it may be possible to facilitate or accelerate the
maturation process, and subsequently use the resulting
mature oocytes for therapeutic purposes.

In conclusion, our study utilized the recently introduced
single-cell WGBS technology to investigate the DNA meth-
ylome establishment during the human oocyte maturation
process. The datasets of these precious human oocyte sam-
ples may serve as an important resource for germ cell and
stem cell research communities. The results support the
notion that genomic CpG methylation is for the most
part stable as human oocytes mature, yet non-CpG methyl-
ation is dynamic and continues to accumulate during the
oocyte maturation process. The biological role that non-
CpG methylation may play in human oocyte maturation
requires further investigation.

EXPERIMENTAL PROCEDURES

Human Oocyte Collection

All human oocytes used in this study were obtained in embryology
laboratories at Saint Barnabas Center for Reproductive Medicine
and Sher Institutes for Reproductive Medicine under the regulatory
oversight of Institutional Review Board (IRB)-approved Human
Subjects protocol at each institution. All consented materials
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were donated anonymously and carried no personal identifiers.
After oocyte retrieval procedures under standard Assisted Repro-
ductive Technology protocols, oocytes that were destined to be
discarded were collected under previously obtained written
informed consent. To eliminate contaminations from cumulus
cells, we removed zona pellucida from each oocyte using either
acid Tyrode’s solution or mechanical separation techniques. Each
oocyte was washed in PBS twice and immediately frozen in 2 pL
of PBS in a —80°C freezer until shipment on dry ice. Oocytes
were received for further studies at Albert Einstein College of Med-
icine (AECOM) under the approval of AECOM IRB, which deemed
the project exempt under 45 CRF 46.102(f).

None of the oocytes was exposed to sperms or discarded due to
fertilization or quality issues. GV and MI oocytes were collected
at the time of maturity check. Most of the MII oocytes were
collected from oocyte donors who had excess oocytes to dispose,
due to rare circumstances that removed them from the donor
list. MII oocytes from individual ] were donated to research due
to a change in her social situation. These oocytes were cryopre-
served without any damage before being donated to our research.
One MII oocyte (BY03) was MI at the time of maturity check
and thus excluded from clinical use, but was found to be MII
later at the time of zona pellucida removal for research. We specif-
ically removed the zona pellucida from each oocyte to eliminate
the contamination of cumulus cells and other cell types. All oo-
cytes were processed by the same embryologist (T.S.), including
the removal of zona pellucida, washing, cryopreserving, and
shipping. All WGBS experiments were carried out by the same
individual (B.Y.).

SC-WGBS
All experiments were carried out in a clean PCR hood designated
for single-cell work. Each experiment from cell lysis, bisulfite
conversion to library preparation consisted of three to four single
oocytes at different maturation stages, a negative control (water),
and a positive control (purified bulk DNA). Each individual oocyte
was lysed using 1 pL of proteinase K in M-Digestion buffer (Zymo
Research) at 50°C for 30 min. Unmethylated ADNA (Promega) was
spiked-in oocyte samples (10 pg/sample) after the cell lysis step. A
Pico methylSeq kit (Zymo Research) was used for library prepara-
tion. Bisulfite treatment was performed by adding 130 uL of light-
ening conversion reagent to each sample and incubating at 98°C
for 8 min and 54°C for 60 min. This step simultaneously fragmen-
tizes and bisulfite-converts DNA. Complementary strands were
then synthesized by using random PreAmp primers, with two cy-
cles of incubation at 98°C for 2 min, 8°C for 5 min, 16°C, 22°C,
28°C, 36°C, and 36.5°C for 1 min each, and 37°C for 8 min.
DNA clean-up was carried out on Zymo-Spin IC columns following
the manufacturer’s protocol. The library amplification step con-
sisted of ten PCR cycles at the settings of 94°C, 45°C, 55°C for
30 s each, and 68°C for 1 min. The library preparation was
completed by PCR amplification with Illumina indexed primers.
The incubation setting for amplification was 94°C and 58°C for
30 s each, and 68°C for 1 min, for a total of ten cycles.

The indexed libraries were assessed for quality using High-
Sensitivity DNA chips on the Agilent Bioanalyzer 2100. Every
experiment included in the final analysis had flat bioanalyzer



tracing for the negative control. The quantity of each sequencing
library was measured with a Qubit fluorometer. Three oocyte
libraries were multiplexed and sequenced on one lane of an
Illumina HiSeq2500 for 150-bp single-end sequencing. All
libraries in this study were sequenced during two HiSeq runs,
each of which included multiple oocytes from all three matura-
tion stages and different individuals, in order to decrease tech-
nical variations.

DNA Methylation Data Processing

Raw sequence reads were trimmed to remove the adaptor contam-
ination and poor-quality reads using Trim Galore! (v0.3.5, www.
bioinformatics.babraham.ac.uk/projects/trim_galore/). Single-cell
WGBS libraries are non-directional due to the multiple rounds of
random priming. Trimmed sequences were mapped to the human
genome (build hg19) using Bismark21 (v0.10.1; parameters: -bow-
tie2, -non_directional). All trimmed sequences were also mapped
to the Enterobacteria phage A genome (GenBank: J02459.1) to
obtain the bisulfite conversion rate of each sample. Duplicate se-
quences were excluded using Bismark Deduplication. Methylation
calls were made on the aligned and de-duplicated sequences using
Bismark Methylation Extractor.

Estimation of Regional Methylation Level

We first took a sliding-window approach to estimate the regional
methylation level of oocytes (Smallwood et al., 2014). To increase
the confidence of estimation, we merged together sequences of in-
dividual oocytes from the same maturation stage. The genome was
scanned using a 3-kb sliding window with a 600-bp step size. The
methylation level r?z,-‘, of either CpG, CHG, or CHH (calculated
separately), within window i from an oocyte in maturation stage
j, was calculated based on a binomial distribution with add-one
smoothing, as follows:

.
A i+l

m; (Equation 1)

=t
Cij +Cij +2

where ¢; and ¢;; are methylated and unmethylated cytosine read
counts, respectively. The SE was given as

se;j= (Equation 2)

where n;; is the sum of ¢;; and ¢;;

Partial methylation, or asymmetric allelic methylation, refers to
the percentage of single cytosine sites with reads that are not fully
methylated or unmethylated.

Identification of Differentially Methylated Regions
To identify DMRs between oocytes from stage a and stage b, we
used the following test statistic:

A A
Mjg — Mjp .
Siap=——" (Equation 3)
S€iab

where se; ;5 is the pooled SE of the two samples defined as

SCiap = \/S€2, +S5€2,.

When methylation counts in a window passed all of the four
following criteria,

(Equation 4)

ﬁli.a'ni,u>5 (c1.1)
(1 - r?z) >S5 (c1.2)
Mie nip>S (c1.3)
(1 - 7/'\71'.[;> Nip>S (cl1.4)

the test statistic s;,, follows a standard normal distribution,
and we obtained a two-sided p value for it. Additionally the
confidence interval of the methylation level difference was esti-
mated as

A A .
Mg — Mip +Z*S5€qp (Equation 5)

under an « level of 0.05, with z approximated as 1.96.

When a window does not pass all of the criteria (c1.1 to c1.4),
the test statistic s; 4 follows a Student t distribution, under a degree
of freedom

2
(sefn + seﬁb)

1 oA .
€l (ma —1) =5/~ 1)

Additionally the p value and confidence interval were also
obtained.

Similar to the method previously reported (Ziller et al.,
2013), we applied two cutoffs for DMRs: (1) significance: a
p value of <0.0001 indicating significance; and (2) effect size:
the absolute value of the upper and lower bounds of 95% confi-
dence interval of the methylation level difference larger than
0.1. To assess FDRs in DMR calling, we applied an R package
(fdrtool), and FDRs were estimated from all p values in DMR
calling (Strimmer, 2008a, 2008b). The highest estimated FDR
was 2.7%.

Of note, when local variations in methylation (<3 kb in
size) are present, we may identify false positives in our pairwise
comparisons due to the possibility that the cytosine sites
covered in the two stages do not overlap. To avoid this situation,
we only included the cytosine sites that are shared by both
stages when calculating the regional methylation levels for
DMR calling.

dfiap =

(Equation 6)
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Figure S1 (i). Representative photographs of oocytes collected at different maturation stages;
(ii). Representative library fragment size distribution on the Bioanalyzer platform. Related to

Table 1.
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Table S1. Comparison with published SC-WGBS methods. Related to Table 1.

Yuetal Farlik et al Smallwood et al
One-tube cell lysis and bisulfite conversion Yes Yes Yes
Simultaneous bisulfite conversion and fragmentation Yes Yes Yes
Post-bisulfite adaptor tagging Yes Yes Yes
Commercially available library preparation pico Methylseq kit (Zymo Research) EpiGnome Methyl-Seq kit (Epicenter) No
Compatible with [llumina primers Yes Yes No
Compatible with paired-end sequencing Yes Yes Yes
Species/Cell type human oocyte human, mouse cell lines mouse oocyte, ESC
Sequencing read length 150bp, single-end 100bp, paired-end 100bp, paired-end
Bisulfite conversion rate 298.8% >99% 297.7%
Median total sequencing reads per single cell 23,738,203 4,002,609 15,707,312
Median unique sequencing reads per single cell 997,952 617,336 2,746,323
Mean mapping efficiency 29.4% NP* 20.1%
Median CpG site coverage per single cell 1,211,444 ** 1,334,685 3,372,259
Bias towards CpG island 0.35 14 2.6
Median non-CpG coverage 18,848,813 NP* 71,512,185

*NP: Not presented in the paper

**for diploid cells (GV, MI oocytes); 972,851 if include haploid MII oocytes




Table S2. HiSeq raw data overview. Related to Table 1.

No. qualit % mapped % Duplicated No. CHG or |BS conversion
Sample_ID PLID Oocyte stage re(llds ! reazz rer;ds No. CpG CHH rate
BY06 B GV 23,215,291 20.6% 77.6% 1,018,198 20,581,390 98.9%
BYO07 B GV 13,126,625 25.4% 77.6% 760,889 14,873,484 99.1%
BY11 | GV 105,931,981 40.0% 95.7% 715,876 13,840,703 99.2%
BY16 F GV 25,196,170 29.8% 81.6% 1,406,393 26,873,721 99.1%
BY17 F GV 40,063,804 49.6% 92.3% 1,197,153 22,791,936 99.1%
BY19 G GV 34,359,315 11.9% 77.8% 987,963 18,547,068 98.8%
BY20 A GV 25,901,314 46.2% 82.8% 1,932,869 38,097,390 99.4%
BY21 A GV 28,891,197 44.6% 93.5% 561,901 11,076,421 99.3%
BY39 K GV 18,790,726 22.5% 81.9% 1,225,734 21,800,916 99.2%
BY42 L GV 27,339,925 18.3% 86.1% 1,314,527 23,373,907 99.2%
BY02 D MI 55,372,126 39.1% 83.6% 3,281,304 62,699,783 99.1%
BY05 B MI 24,261,115 22.7% 78.4% 1,250,165 23,872,234 99.1%
BY08 C MI 19,446,155 22.7% 70.7% 1,313,443 26,296,644 99.1%
BY09 H MI 97,947,116 44.1% 95.2% 773,021 15,430,945 99.0%
BY13 A Mi 20,838,975 47.9% 84.9% 1,347,536 26,506,071 99.0%
BY14 A Mi 18,544,265 45.8% 86.9% 1,139,071 19,900,514 99.1%
BY18 A MI 34,274,533 10.6% 78.4% 786,087 15,294,217 98.8%
BY40 K MI 24,276,996 13.3% 69.1% 1,621,459 29,287,409 99.2%
BY41 L Mi 34,803,285 21.5% 86.7% 1,585,397 28,577,652 99.3%
BY57 L Mi 19,283,410 30.2% 79.5% 1,084,221 20,559,123 99.2%
BY03 D Mil 11,977,640 33.0% 81.7% 782,631 14,432,582 99.0%
BY23 J Ml 20,541,564 20.4% 83.9% 571,683 12,039,595 99.0%
BY27 J Ml 18,802,263 38.8% 84.4% 957,739 19,150,558 99.3%
BY29 J Mil 15,762,979 33.9% 83.8% 811,224 16,161,880 99.3%
BY52 M Ml 25,245,473 35.7% 92.1% 467,504 8,957,291 99.2%
BY55 M Ml 17,886,342 14.7% 70.6% 440,056 7,824,409 99.2%
BY56 M Ml 21,068,306 32.0% 82.6% 607,245 12,512,158 99.2%
BY50 N Ml 21,349,864 27.6% 87.4% 954,668 17,042,046 99.3%
BY51 N Ml 25,199,652 21.2% 91.9% 297,668 5,725,853 99.3%
BY54 N Ml 19,100,521 18.6% 81.1% 472,642 8,481,367 99.2%




Table S3. Correlation between the methylation levels of 68 oocyte-specific imprinted regions in each of
our oocytes and those of different cell types published in Okae etal., 2014. Pearson correlation
coefficients are listed. Related to Table 1.

Correlation with|  Oocyte Sperm Blastocyst H9.ES H1.ES HUESG6.ES Blood
BYO06 0.90 -0.54 0.69 -0.36 -0.36 -0.13 -0.22
BYO07 0.98 -0.54 0.81 -0.30 -0.23 -0.22 -0.16
BY11 0.76 -0.48 0.66 -0.39 -0.39 -0.59 -0.52
BY16 0.79 -0.42 0.84 -0.31 -0.23 -0.09 -0.26
BY17 0.96 -0.58 0.89 0.01 0.13 0.06 0.30
BY19 0.96 -0.41 0.73 -0.30 -0.26 -0.26 -0.23
BY20 0.24 0.03 0.19 0.44 0.48 0.64 0.61
BY21 0.71 -0.29 0.68 -0.29 -0.35 -0.22 -0.20
BY39 0.98 -0.37 0.92 -0.18 -0.16 -0.02 -0.06
BY42 0.88 -0.18 0.70 0.20 0.11 0.29 0.17
BY02 0.38 -0.02 0.35 0.41 0.42 0.41 0.49
BYO05 0.90 -0.25 0.79 -0.21 -0.41 -0.28 -0.07
BYO08 0.92 -0.35 0.88 0.04 -0.10 0.17 0.29
BYO09 0.87 -0.33 0.83 -0.53 -0.58 -0.36 -0.52
BY13 0.97 -0.13 0.81 -0.12 -0.21 -0.17 -0.15
BY14 0.88 -0.60 0.72 -0.11 -0.05 0.07 -0.25
BY18 0.82 -0.70 0.53 -0.12 -0.04 0.12 -0.04
BY40 0.89 -0.49 0.78 -0.21 -0.19 -0.19 -0.22
BY41 0.94 -0.28 0.93 -0.03 -0.12 -0.04 -0.05
BY57 0.97 -0.62 0.80 -0.35 -0.23 -0.08 -0.19
BY03 0.71 -0.64 0.27 -0.29 -0.21 -0.03 -0.08
BY23 0.91 -0.42 0.95 0.08 0.11 0.09 0.10
BY27 0.39 -0.18 0.38 0.41 0.41 0.46 0.51
BY29 0.88 -0.12 0.58 -0.38 -0.44 -0.46 -0.38
BY50 0.75 -0.13 0.70 0.27 0.47 0.36 0.36
BY51 0.99 -0.50 0.53 -0.55 -0.80 -1.00 0.17
BY52 0.56 -0.61 0.21 -0.36 -0.41 -0.35 -0.43
BY54 0.97 -0.69 0.73 -0.42 -0.33 -0.15 -0.08
BY55 0.99 -0.47 0.76 0.37 0.28 0.72 0.63

BY56 0.83 -0.43 0.93 -0.51 -0.53 -0.33 -0.42



Table S4. Correlation between the average CpG methylation level of each single oocyte with that of the
merged sample of each maturation stage. Pearson correlation coefficients are listed.

Insert on the right: one example plot of a single oocyte sample (BY16) vs the pooled GV oocytes. Pearson
Correlation coefficient = 0.93. Relatedto Table 1.
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Figure S2. Methylation levels of individual samples. Related to Figure 1.
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Figure S3. Gene body methylation in relation to intergenic region methylation
and gene expression level. Related to Figure 2. n=10 oocytes per maturation stage.

A B
o 60 80+
S . . . Bl Gene body P -e— Average
2 I Intergenic region °>’ = 75+ - GV
3 2
= 401 £ » 704 == M
o9
el 55 == MIl
s = S 654
> > 0
S 204 s e
7] 0 S 60+
2 (3_.5 55+
(&) o (T)
Mi 50 T T T T 1
0 1 2 3 4 5

Maturation Stage

Quantile of gene experession levels

* Compared to intergenic region, p-value < 0.05, two-sided paired t-test



Table S5. Pearson correlation coefficients in Figure 3b,c. Related to Figure 3.

GV_CpG  GV_CHG GV _CHH

GV_CpG - 0.44
GV_CHG -

GV_CHH -
MI_CpG

MI_CHG

MI_CHH

MIl_CpG

MIl_CHG

MIl_CHH

0.48
0.68

MI_CpG

0.87
0.42
0.45

MI_CHG  MI_CHH

0.32
0.28
0.27
0.35

MIl_CpG  MII_CHG
0.33 0.80 0.14
0.26 0.39 0.14
0.30 0.42 0.13
0.36 0.80 0.14
0.75 0.30 0.14
0.31 0.13
- 0.22
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MI_MII_CpG

MI_MII_CHG

MI_MII_CHH

P-values <1019 in all cases
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-0.16
-0.01
-0.01

-0.02
-0.11
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0.16
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Figure S4. Venn diagram and genomic distribution of Differentially Methylated Regions (DMRs).
Related to Figure 3. n=10 oocytes per maturation stage.
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Table S6. Significantly enriched pathways in GO analysis. Related to Figure 3.

GO Term Fold Enrichment P-Value FDR Stage Methylation Change
(0:0044459~plasma membrane part 2.00 5.24E-10 6.90E-07 GV-MI increase
G0:0005886~plasma membrane 1.61 1.45E-08 1.91E-05 GV-MI increase
G0:0005887~integral to plasma membrane 2.03 1.43E-05 1.88E-02 GV-MI increase
G0:0031226~intrinsic to plasma membrane 1.98 2.43E-05 3.19E-02 GV-MI increase
G0:0030054~cell junction 243 2.72E-04 3.57E-01 GV-MI increase
G0:0006811~ion transport 2.33 2.23E-05 3.75E-02 GV-MI increase
G0:0031012~extracellular matrix 4.36 8.57E-05 1.07E-01 MI-MII decrease
G0:0005578~proteinaceous extracellular matrix 431 2.15E-04 2.67E-01 MI-MIIL decrease
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