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Significance statement
Our study provides extensive genome-wide datasets that
detail at single-base resolution the profound resetting of
epigenetic information experienced by gametes and pre-
implantation embryos. It also provides new insights into
establishment and maintenance of DNA methylation im-
prints. Data are of utmost importance as a reference for
species similarity and differences in epigenetic mecha-
nisms occurring during a critical window of develop-
ment. We consider our study to be of interest to



oocytes, 61% of genomic CpGs were represented, and
CpG coverage from other stages ranged from 62 to 85%
of CpG with > 1 read, and 2–42% of CpGs with > 5
reads (Supplementary Figure 2). Most downstream ana-
lysis was performed over features such as 100-CpG win-
dows, and not at individual CpGs, to enable us to
aggregate sufficient methylation calls to accurately quan-
tify methylation across these features.



not seen in global methylation either in cow or pig, but
below we show evidence for de novo methylation in pig.
In all species, methylation is lowest at the blastocyst stage,
with the pig showing the most precipitate decline between
morula and blastocyst stages (49.5% to 13.4%). When seg-
regating the genome into specific annotations, it is clear
that all genomic features follow similar trends, although
their averaged methylation levels vary markedly. In both
species, promoter CpG islands consistently have the low-
est methylation, while interspersed repeats (SINEs and
LINEs) have the highest (Fig. 1b, c). The general transi-
tions in methylation are also apparent in genome browser
views, which reveal the contrast between highly methyl-
ated sperm and the mosaic methylation pattern of oocytes
(alternating hyper- and hypomethylated domains) and the
persistence of an oocyte-like pattern of methylation in the
cleavage stages, albeit with some reduction in methylation
level. This oocyte-like pattern appears to persist weakly
even in cow blastocysts, whereas the genome in pig blasto-
cysts has very low methylation with little apparent struc-
ture (Fig. 2a, b; Supplementary Figure 3).

For a more detailed evaluation of methylation dynam-
ics, we defined non-overlapping tiles of 100 CpGs over
both genomes, yielding 287679 and 268407 probes in
the pig and cow genomes, respectively. Our level of

sequence coverage allowed us to quantify methylation
levels of over 90% of these tiles at all stages. Also, in-
spection of methylation levels of 100-CpG tiles revealed
qualitative differences between the two species. In the
pig, oocytes have a bimodal distribution of methylation,
with the greatest numbers of 100-CpGs tiles in the
unmethylated (0–10%) or fully-methylated (80–90%, 90–
100%) fractions, whereas bovine oocytes have a far
higher proportion of fully methylated tiles and propor-
tionately more partially methylated (the 10–20%, 20–
30%, 30–40% and 40–50% bins; Fig. 2c, d). Conversely,
and consistent with the global methylation level, over







Fig. 4 (See legend on next page.)
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blastocysts also occurred against relatively high levels of
promoter methylation (Fig. 4).

We also evaluated expression and methylation of genes
for key factors known to be involved in the mouse and/or
human in maintaining DNA methylation at germline dif-
ferentially methylated regions (gDMRs): the zinc-finger
proteins ZFP57 and ZNF445 that have sequence-specific
binding for methylated gDMRs and recruit TRIM28
(KAP1), part of the complex that mediates DNA methyla-
tion and repressive chromatin [36, 39, 41, 51, 67]. ZFP57
is a maternal effect protein for gDMR maintenance in the
mouse but is not expressed in human oocytes. Strikingly,
in both pig and cow ZFP57 transcripts were undetectable
in oocytes and only appeared at the 8–16 cell or morula
stages; in pig, lack of expression was associated with high
promoter methylation in oocytes (Fig. 4). In contrast, and
similar to the situation in human [67], ZNF445 transcripts
were abundant in pig [74] and cow oocytes, suggesting
that this protein substitutes for ZFP57 in the initial main-
tenance of gDMR methylation (Fig. 4). The detection in
cow and/or pig oocytes of transcripts for TRIM28 and
DPPA3, which in the mouse are maternal effect proteins
for DMR maintenance (TRIM28 [41];) or for protecting
the maternal genome from active demethylation (DPPA3
[42];), would be compatible with roles of these proteins
also in these two species.

Gametic DMRs and candidate imprinted genes in the pig
and cow
We looked in more detail at the gametic methylation pat-
terns as a means of understanding the nature of methyla-
tion differences and the potential for specifying imprinted
genes. As a first analysis, we assigned 100-CpGs tiles as
hypermethylated (≥ 75%) or hypomethylated (≤ 25%) in ei-
ther gamete. Tiles hypermethylated both in sperm and oo-
cyte generally followed the genome average in both pig
and cow in relation to distribution of genomic features
such as genes, CGIs and interspersed repeats (Supplemen-
tary Figure 6a,b). The same was true for sperm-specific
DMRs, albeit with some enrichment for intergenic regions
(Supplementary Figure 6c). In contrast, tiles hypomethy-
lated in both gametes were very strongly enriched in CGIs
and promoters, as might be expected (Supplementary Fig-
ure 6d). For oocyte-specific DMR tiles, there was also a
very strong enrichment in genes and CGIs (Supplemen-
tary Figure 6e). Indeed, we identified 700 CGIs specifically
methylated in pig oocytes and 1411 methylated in cow

oocytes. This is comparable to mouse (1329) and human
(1440) oocyte-specific methylated CGIs [32,

,
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SNRPN (representing seventeen 100-CpGs tiles or 1.52%).
Therefore, it seems that the approach may be less specific
in the cow, with a likely higher rate of false positives. When





occurred in the presence of relatively constant levels of
Dnmt3A/3B transcripts during first cleavage divisions.
The dynamics of DNMT expression in oocytes and early
embryos have been characterised in mouse, bovine, rhesus
monkey and humans and shown to exhibit differences be-
tween species (reviewed by [70]). We detected progressive



initiating methylation mark is lost, as in the case of the
mouse Zdbf2 locus [16, 20]. In addition, in human, there
is a greater persistence of DMRs in the placenta than em-
bryo proper [23, 58], which might indicate a greater role
for non-classical imprinted genes in this tissue. The full
significance of gametic methylation beyond classical
imprinted genes remains to be elucidated.

In terms of the functions of imprinted genes, both
PEG10 and NNAT proteins are highly expressed in pla-
centa and play crucial roles during early development,
being associated with normal formation of the placenta
itself [45] (PEG10) and to the formation of nervous sys-
tem Ca2+ signalling, glucose transport, insulin secretion
and inflammation [48] (NNAT). Transcripts from GNAS
complex locus, on the other side, are involved in differ-
ent signal transduction pathways and a variety of cellular
responses, having being also associated with intrauterine
growth retardation and thus small size for gestational
age [54]. The precise physiological significance of these
observations remains to be further investigated.

It should be noted that the embryos analysed in this
study were obtained after in vitro maturation of oocytes,
in vitro fertilisation and embryo culture. The potential
for these manipulations and culture media to impair
normal DNA methylation events in oocytes and main-
tenance in cleavage embryos has been much discussed
[5–7, 74]. At this time, it appears that interventions re-
quired to obtain mature oocytes have limited impact on
the establishment of normal DNA methylation patterns
in oocytes themselves (e.g., [57]), but there is more evi-
dence that they, or embryo culture, can lead to some
compromise in methylation reprogramming or mainten-
ance of imprinted methylation in preimplantation em-
bryos [5–7, 9, 17, 18]. Therefore, the methylation
patterns of purely in vivo derived gametes and embryos
could differ in some details from the results presented
here. Similarly, it should be noted that porcine oocytes
were obtained from prepubertal rather than adult sows.
In the mouse, it has been described that although the
DNA methylation patterns are highly similar, there are a
limited number of discrete DNA methylation differences
in oocytes collected from immature compared with ma-
ture females [57]; a similar effect could apply in pig.

In conclusion, we provide a detailed comparative
evaluation of the DNA methylation patterns of oocyte
and sperm, and the post-fertilisation dynamics of methy-
lation, in the cow and pig. Our results indicate differ-
ences between these two major livestock species, and
differences in several respects from the pattern observed
in mouse, which has been the model organism of choice
to now. These differences extend to the timing and ex-
tent of methylation reprogramming and the expression
pattern of the key methylation and demethylation activ-
ities. Moreover, our data support the hypothesis we

previously suggested [5–7] about a general uncoupling
between DNA methylation and gene expression during
demethylation of gametes at preimplantation develop-
ment. This also applies to imprinted genes. In many re-
spects, the expression patterns of DNMTs as well as the
zinc-finger proteins ZFP57 and ZNF445 critical for
maintenance of DNA methylation at imprinted genes in
these species mirror those of human gametes and em-
bryos more closely than the mouse, suggesting that they



PIG sperm swim-up medium (Embryocloud, Murcia,
Spain) as previously described [5–7]. Briefly, the swim-
up medium was supplemented with bovine serum albu-
min 3 mg/mL (BSA-FAF), and 1 mL of ejaculated sperm-
atozoa was lay below 1 mL of NaturARTs® PIG sperm
swim-up medium at the bottom of a conical tube. After
20 min of incubation at 37 °C (with the tube at a 45 °
angle), 0.75 mL from the top of the tube was aspirated
and concentration adjusted to 105 cells/mL in TALP
medium for insemination of the IVF dishes with 250 μL
of this suspension. Spermatozoa and oocytes were cocul-
tured at 38.5 °C under 5% CO2 in air saturated of hu-
midity and 18 h post insemination (hpi); the putative
zygotes were washed and transferred to embryo culture
medium. For embryo culture, NCSU-23 media [47] sup-
plemented with sodium lactate (5 mM), pyruvate (0.5
mM), non-essential amino acids and 0.4% BSA-FAF
(NCSU-23A, for the 18 to 48 hpi) or NCSU-23 supple-
mented with glucose (5.5 mM), essential, non-essential
amino acids and 0.4% BSA-FAF (NCSU-23B, for 48–168
hpi) were used. At 48, 72, 120 and 168 hpi, pools of forty
2–4 cell embryos, twenty 8–16 cell embryos, ten morula
and single expanded blastocyst were selected, washed in
PBS and ZP digested by 0.5% w/v pronase in PBS. Fi-
nally, embryos were washed three times in PBS and snap
frozen in liquid nitrogen until further processing.

Ovum pick up for cow oocyte collection
Non-lactating and non-pregnant cows (n = 3) located at
the Farm Dairy facilities of the University of Murcia,
Spain, were used as oocyte donors. Ultrasound evalu-
ation was performed in order to assess the size of folli-
cle(s) or to count the number of puncturable follicles.
Ovum pick up was performed on ≥ 15 mm of diameter
follicles. The system used for follicle aspiration was a
Falco-Vet ultrasound with a 10R transvaginal probe at
7.5 MHz (Esaote, Genova, Italy). Cows were given xyla-
zine (Nerfasin®, Fatro, Barcelona, Spain—0.25 mL/100 kg
weight, IM), carprofen (Carprosan®, Fatro, Barcelona,
Spain—1.4 mg/kg weight, SC) and lidocaine (Anesvet,
Oveje.7000 220.9 999(and)n



finally washed three times in PBS and snap frozen in
LN2 and stored at − 80 °C until use (n = 2 per embryo
stage).

RNA preparation and RNA-seq
ARCTURUS® PicoPure® RNA Isolation Kit (KIT0204,
Life Technologies) was used to extract the RNA from
oocytes, embryo pools or from individual blastocysts.
RNA-seq libraries were generated using Ovation RNA-
Seq System V2 (NuGEN, Cat. 7102-08) for low amount
of starting material and further amplified with NEB Next
DNA Library Prep Master Mix for Illumina for 8 PCR
cycles (NEB, Cat. E6040S). All steps for RNA extraction
and library preparation were performed according to
manufacture guidelines. iPCRTag reverse primer with
individual index was used to generate one biological rep-
licate from each condition. One hundred base pairs sin-
gle end reads were sequenced on Illumina HiSeq 1000,
and sequencing data were bioinformatically processed.

Transcriptome analysis
Raw sequence reads were trimmed using Trim Galore to
remove adapter contamination and reads with poor
quality defined by low PHRED score. Data were mapped
to assembly UMD3.1 (cow) or Sus scrofa 11.1 (pig); hisat
algorithm was used to process the reads, and data were
visualised with the Seqmonk software package (v.1.41;
Babraham Institute). Only reads with high PHRED score
were used in the analysis. Data were passed through an
additional filter of having mapped quality score 20 or
more before the processing.

Annotated mRNA features were quantitated as log2FPM
(fragments per million reads of library) to obtain respective
expression values.

Additionally, RNA seq data were used to look for al-
ternative promoters; oocyte specific isoforms of Dnmt1
transcripts (Dnmt1o) were identified for both porcine
and bovine embryos as well as oocyte specific TET2
transcript was detected in bovine embryos, and genomic
regions 1500 bp upstream and 500 bp downstream of
these alternative transcripts were used as promoters.

DNA library preparation based on post-bisulfite adapter
tagging
An adaptation of whole genome bisulfite sequencing that
involves post-bisulfite adapter tagging (PBAT) was used
to analyse the methylome of germ cells and early em-
bryos at single-base resolution on a genome-wide scale,
as previously performed [6].

With the exception of bovine oocytes, at least two rep-
licate PBAT libraries were generated from each stage,
each comprising the equivalents of ~ 80–150 cells per
sample. In the case of the blastocyst stage, libraries were
generated from single whole blastocysts. For porcine

oocytes, PBAT was conducted on metaphase-II (MII)-
stage oocytes obtained after in vitro maturation (IVM).
Bovine oocytes were obtained by ovum pick-up after
natural ovulation or hormonal stimulation and were
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