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RESEARCH PAPER

The landscape of accessible chromatin in bovine oocytes and early embryos
Hao Ming a, Jiangwen Sunb, Rolando Pasquariello c, Lauren Gatenbya, Jason R Herrick c, Ye Yuanc, 
Carlos R Pintod, Kenneth R Bondiolia, Rebecca L Krisherc, and Zongliang Jiang a

aSchool of Animal Sciences, AgCenter, Louisiana State University, Baton Rouge, LA, USA; bDepartment of Computer Science, Old Dominion 
University, Norfolk, VA, USA; cColorado Center for Reproductive Medicine, Lone Tree, CO, USA; dDepartment of Theriogenology, School of 
Veterinary Medicine, Louisiana State University, Baton Rouge, LA, USA

ABSTRACT
Chromatin reorganization governs the regulation of gene expression during preimplantation 
development. However, the landscape of chromatin dynamics in this period has not been 
explored in bovine. In this study, we constructed a genome-wide map of accessible chromatin 
in bovine oocytes and early embryos using an improved assay for transposase-accessible 
chromatin with high-throughput sequencing (ATAC-seq) which revealed unique features of 
the accessible chromatin during bovine early embryo development. We found that chromatin 
accessibility is low in oocytes and 2-/4-cell embryos, followed by a significant increase in 
embryos during major embryonic genome activation (EGA), and peaked in elongating day 14 
embryos. Genome-wide characteristics of open chromatin showed that ATAC-seq signals in 
both transcription start sites (TSS) and transcription end sites (TES) were strong. Additionally, 
the distal ATAC-seq peaks were enriched in repeat elements in a type-specific and stage- 
specific manner. We further unveiled a series of transcription factor (TF) motifs with distinct 
variation of enrichment from distal ATAC-seq peaks. By integrated analysis of chromatin 
accessibility with transcriptomes and DNA methylomes in bovine early embryos, we showed 
that promoter accessibility was positively correlated with gene expression, especially during 
major EGA, and was strongly correlated to DNA methylation and CpG density. Finally, we 
identified the critical chromatin signatures and TFs that differ between in vivo and in vitro 
derived blastocysts, which provides insights to the potential mechanisms leading to low 
quality of embryos produced in vitro. Together, this comprehensive analysis revealed critical 
features of chromatin landscape and epigenetic reprogramming during bovine preimplanta
tion embryo development.
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Introduction

Preimplantation embryonic development is 
a complex process, in which a series of develop
mental milestones, including fertilization, cleavage 
divisions, and early lineage specification, must be 
successfully completed for the embryo to maintain 
viability. The molecular regulatory network con
trols each of these transitions during early embryo 
development. The precise activation and establish
ment of this regulatory network is largely depen
dent on the epigenetic reprogramming, including 
chromatin remodelling.

The accessible chromatin is highly dynamic 
and the extensive chromatin remodelling is 
essential for transcription and preimplantation 
embryo development [1]. However, it has been 

challenging to explore the global chromatin 
landscape in this period due to limited experi
mental materials. Most recently, low input or 
single-cell assays to profile chromatin remodel
ling have been developed and the genome-wide 
map of accessible chromatin in gametes and 
early embryos has been extensively analyzed in 
both mice and humans [2–9]. Unsurprisingly, 
these studies have revealed highly active chro
matin landscapes in gametes and early embryos. 
Generally, chromatin has a higher degree of 
accessibility in embryos after embryonic genome 
activation (EGA). Putative cis-regulatory ele
ments including transcription factors (TFs) that 
regulate EGA were also identified [3]. 
Additionally, by integrating the chromatin 
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accessibility with the transcriptome in early 
embryos, a regulatory network was constructed, 
which identified the transcription factors asso
ciated with preimplantation development and 
lineage specification [3]. However, the chroma
tin dynamics in bovine early embryos remains 
unknown. It remains to be determined how 
chromatin reconfigures and regulates the tran
scription programmes in bovine early embryos. 
And it is also unclear whether the chromatin 
dynamics are associated with other epigenomic 
reprogramming events such as global DNA 
methylation in the same developmental period.

As an economically valuable livestock species, 
improvement of pregnancy rates with in vitro pro
duced embryos is a critical problem which 
remains to be addressed for bovine. The efficiency 
of producing viable embryos in vitro and the 
development of such embryos after transferring 
them to recipients is inferior to their in vivo 
derived counterparts, especially in cattle [10–13]. 
In addition, the offspring from in vitro derived 
embryos, especially those from livestock species, 
have a high incidence of abnormalities including 
large offspring syndrome (LOS), severe placental 
abnormalities, respiratory problems, prolonged 
gestation, and dystocia [14–16]. The underlying 
mechanisms are largely unknown at present, but 
alterations in gene expression and epigenetic mod
ifications, largely DNA methylation, during this 
critical period are thought to be involved in LOS 
[17–20].

Here, we examined the accessible chromatin in 
bovine oocytes and across consecutive stages of 
early embryos using ATAC-seq. Our data provide 
a high-resolution map of accessible chromatin 
during bovine early embryo development. We 
also performed an integrative analysis of tran
scriptome, DNA methylome, and chromatin 
dynamics and describe an essential complement 
of the regulatory network during bovine early 
embryo development. Finally, we analyzed the 
differences of chromatin accessibility by combin
ing the gene expression profiles between in vitro 
and in vivo produced blastocysts, which sheds 
light on the mechanisms contributing to embryo 
defects and relatively low pregnancy rates after 
embryo transfer when using in vitro produced 
blastocysts.

Materials and methods

Ethics statement

In vivo produced oocytes and embryos were 
obtained from cross breed cows housed at the 
Reproductive Biological Center at the School of 
Animal Sciences, Louisiana State University 
Agricultural Center (LSU AgCenter). The animal 
protocol was approved by the Animal Care and 
Use Committee of LSU AgCenter (A2017-19).

Bovine in vitro and in vivo embryo production

For in vitro production, germinal vesicle stage 
oocytes (GV oocytes) were collected as cumulus- 
oocyte complexes from follicles of 3–5 mm in 
diameter aspirated from slaughterhouse ovaries. 
BO-IVM medium (IVF Bioscience) was used for 
oocyte in vitro maturation. Maturation was con
ducted in four-well dishes for 22–23 hours at 
38.5°C with 6% CO2. Cumulus cells were com
pletely removed and maturation was confirmed 
by light microscopy examination. Cryopreserved 
semen from a Holstein bull with proven fertility 
was diluted with BO-SemenPrep medium (IVF 
Bioscience) and added to drops containing 
COCs with a final concentration of 2 × 106 sper
matozoa/ml. Gametes were co-incubated in 6% 
CO2 in air at 38.5°C for 18 hours. Embryos were 
then washed and cultured in BO-IVC medium 
(IVF Bioscience) at 38.5°C with 6% CO2.

For in vivo production, ovarian stimulation 
and embryo retrieval from cross bred cows 
(n = 10) were performed as previously described 
[21,22]. Superovulation was achieved using five 
doses of intramuscular injections of FSH begin
ning 5 days after insertion of a Controlled Intra- 
vaginal Drug Release (CIDR) device. Two doses 
of prostaglandin F2 alpha were given along with 
the last two FSH treatments, followed by CIDR 
removal. Standing oestrus (Day 0) was seen 
approximately 48 h post-prostaglandin injection. 
GnRH was then administered at oestrus. Each 
cow was inseminated 12- and 24-h post- 
standing oestrus. Morulae and blastocysts were 
collected by routine non-surgical uterine flushing 
on days 5, 6, and 7. Elongating embryos were 
collected by uterine flushing on day 14 (D14).
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Embryo stages were then evaluated under light 
microscopy and only Grade 1 embryos by stan
dards of the International Embryo Technology 
Society were selected for further study. All oocytes 
and embryos were washed with D-PBS containing 
1 mg/ml polyvinylpyrrolidone (PBS-PVP) and 
transferred into 50 μl droplets of 0.1% protease 
to remove the zona pellucida. Oocytes and 
embryos were rinsed three times in PBS-PVP 
and confirmed to be free of contaminating cells, 
and then snap frozen in minimal medium and 
stored at −80°C until ATAC-seq library prepara
tion. D14 elongating embryos were classified based 
on morphology and length, and embryos with 
similar length (1–3 mm) were selected for further 
study. In this study, for biological replicates, we 
pooled approximately 50 oocytes (GV: n = 6; and 
MII: n = 5), 20 embryos at 2-, 4-, 8, and 16-cell 
stage (n = 6), 10 in vitro derived morula (n = 6) 
and blastocyst (n = 4) stage embryos, 10 in vivo 
derived morula (n = 4) and blastocyst (n = 4) stage 
embryos, and individual elongating embryos 
(n = 6) for the ATAC-seq analysis (Table S1).

ATAC-seq library preparation and sequencing

The ATAC-seq libraries of bovine oocytes and 
embryos were prepared as previously described 
with minor modifications [2,3]. Briefly, oocytes 
or embryos were lysed in ice-cold lysis buffer 
(10 mM Tris-HCl (pH 7.4), 10 mM NaCl, 3 mM 
MgCl2 and NP-40 (0.5%)) for 15 minutes on ice 
to prepare the nuclei. Immediately after lysis, 
Nuclei were then incubated with the Tn5 trans
posase (TDE1, Illumina) and tagmentation buffer 
at 37°C for 30 minutes with shaking on a thermo
mixer at 500 g. After the tagmentation, 0.5 ul of 
10% SDS was added directly into the reaction to 
end the tagmentation and tagmentated DNA was 
purified using MinElute Reaction Cleanup Kit 
(Qiagen). PCR was performed to amplify the 
ATAC-seq libraries using Illumina TrueSeq pri
mers and multiplex by indexes primers with the 
following PCR conditions: 72°C for 3 min; 98°C 
for 30 s; and 12 cycles of 98°C for 15 s, 60°C for 
30s, and 72°C for 3 min; followed by 72°C for 
5 min. After the PCR reaction, libraries were pur
ified with the 1.1X AMPure beads (Beckman). 
The concentration of the sequencing libraries 

was determined by using Qubit dsDNA HS 
Assay Kit (Life Technologies). The size of 
the sequencing libraries was determined by 
means of High Sensitivity D5000 Assay with 
a Tapestation 4200 system (Agilent). Indexed 
libraries were then pooled and sequenced on the 
Illumina HiSeq platform with 150-bp paired-end 
reads.

ATAC-seq data processing and filtration

Sequencing reads of all samples underwent adapter 
removal using NGmerge [23], followed by quality 
assessment using FastQC. Reads were then aligned 
to the bovine reference genome UMD3.1.1 using 
Bowtie 2.3 with the following options: – very- 
sensitive -X 2000 – no-mixed – no-discordant. 
Only unique alignments within each sample were 
retained in subsequent analysis (Table S2). 
Moreover, alignments resulting from PCR dupli
cates or located in mitochondria were excluded.

The Bovine genome was tiled with consecutive 
non-overlapping 2,000bp bins. The accessibility of 
each of the 2,000bp bins was assessed by the num
ber of fragments per million mapped (FPM) that 
was aligned to the bin. There was a total of 
1,328,402 bins with at least one aligned fragment 
in at least one sample. Pearson correlation between 
each pair of samples was computed and cluster 
analysis was performed using hierarchical cluster
ing in R. Five samples including two in vitro mor
ula and one of each in vitro 8-, 16-cell and 
blastocyst stage embryos were identified as outliers 
because they were not clustered with the rest of 
samples at the same developmental stage in the 
cluster analysis and therefore excluded from sub
sequent analysis. Similar to cluster analysis, t-dis
tributed stochastic neighbour embedding (t-SNE) 
was performed on pairwise correlation data in 
R with functions Rtsne in package Rtsne, 
respectively.

Peak calling and enrichment of genomic features 
in peaks

ATAC-seq peaks were called separately for each 
sample by MACS2 [24] with the following 
options: – keep-dup all – nolambda – nomodel. 
Peaks in individual samples from the same 
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development stage were subsequently merged 
using bedtools (https://bedtools.readthedocs.io/ 
en/latest/). The annotations of genomic features, 
including transcription start sites (TSS), transcrip
tion end sites (TES), exons, introns, and CpG 
islands and repeat-elements: long interspersed 
nuclear elements (LINEs), short interspersed 
nuclear elements (SINEs), long terminal repeats 
(LTRs) and simple sequence repeats (Simple) 
were downloaded from UCSC genome browser. 
Promoters were defined as 500bp up- and down- 
stream from the TSS of each annotated gene (TSS 
± 500bp). Intergenic regions were defined as geno
mic regions before the TSS of the first gene and 
after the TES of the last gene in each chromosome, 
and in-between the TES and TSS of two consecu
tive genes. Peaks that did not overlap with anno
tated promoters were deemed as distal peaks. To 
evaluate the enrichment of the above genomic 
features with identified ATAC-seq peaks, a set of 
random peaks was first generated by matching the 
length of ATAC-seq peaks. The enrichment was 
then assessed by the ratio (or the log of the ratio) 
between the numbers of ATAC-seq and random 
peaks that overlapped with the corresponding 
genetic feature. The enrichment of transcriptional 
factor motifs in peaks was evaluated using 
HOMER (http://homer.ucsd.edu/homer/motif/).

Assessment of promoter accessibility

Promoter accessibility in each developmental stage 
was assessed by the number of ATAC-seq fragments 
(FPM) mapped to the defined promoter region (i.e., 
TSS ± 500bp) in all samples from that stage. Z-score 
for each promoter at each stage was obtained by 
standardizing the FPM values stage-wisely, having 
mean 0 and variance 1 within each stage. Promoters 
with z-scores below zero at all the stages were 
deemed to have constantly low accessibility; while 
those with z-scores above zero at all the stages were 
deemed to have constantly high accessibility. The 
remaining promoters were deemed to have dynamic 
accessibility. Pearson correlation was calculated 
between promoter accessibility and corresponding 
gene expression across stages. Promoters with acces
sibility that highly correlates with corresponding 
gene expression were then identified (with cor ≥ 0.5).

Identifying distal peaks with stage-specific 
accessibility

ATAC-seq peaks from all individual samples 
were merged by bedtools. All merged peaks 
that do not overlap with any annotated promo
ters were deemed as distal peaks. The accessibil
ity of each of these identified distal peaks in 
each individual developmental stage was then 
quantified by the number of sequence fragments 
(FPM) mapped to the peak region in all samples 
from the stage. To identify the distal peaks 
with stage-specific accessibility, we formulated 
a vector for each developmental stage to repre
sent the stage-specific pattern, which has its size 
equal to the number of stages and consists of all 
zeros except having one at the entry correspond
ing to the stage. Then, the Pearson correlation 
between these stage pattern vectors and the vec
tor representing the accessibility of each distal 
peak across stages was calculated. Peaks with an 
adjusted (FDR, false discovery rate) p-value 
≤0.05 against a stage pattern were deemed as 
the peaks with stage-specific accessibility with 
respect to the corresponding stage.

RNA sequencing (RNA-seq) data processing

We processed published RNA-seq datasets from 
embryos derived in vivo [21] and in vitro [25]. 
Briefly, the sequencing reads that passed filters 
were trimmed to remove low-quality reads and 
adaptors by TrimGalore-0.4.3. The quality of 
reads after filtering was assessed by fastQC, fol
lowed by alignment to the bovine genome 
(UMD3.1.1) by STAR (2.5.3a) with default para
meters. Individual mapped reads were adjusted to 
provide FPKM (fragments per kilobase of exon 
model per million mapped fragments) values 
with bovine genome as reference.

Identification of stage specifically expressed 
genes

To identify stage specifically expressed genes, 
a binary vector was formulated to represent the 
stage-specific pattern for each stage. The size of all 
these vectors is identical and equal to the number of 
total samples in the data. In other words, each 
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sample has a corresponding entry in each of the 
vectors. Each vector consists of all zeros except 
with one at the entries corresponding to the samples 
from the stage to be represented by this vector. 
Genes with a FPKM > 10 in more than half of the 
samples at each individual developmental stage are 
considered constantly expressed (or housekeeping) 
genes; thus, they are not stage specifically expressed 
genes and removed as a preprocessing step to iden
tify stage specifically expressed genes. Pearson cor
relation was then computed between each pattern 
vector and the expression level in all samples of each 
remaining gene. A gene with an adjusted p-value by 
FDR ≤ 0.05 was deemed as a specifically expressed 
gene of the stage. Stage specifically expressed genes 
were identified for oocytes including samples of GV 
and MII oocytes, minor embryonic genome activa
tion (EGA) including samples at the 4-cell stage, 
major EGA including samples at 8- and 16-cell 
stages, and blastocyst.

Identification of EGA genes

To identify minor and major EGA genes, the 
stage specifically activated genes were first iden
tified for 4-cell, 8-cell and16-cell. For the identi
fication of specifically activated genes of each 
stage, a binary vector was formulated to repre
sent the desired expression pattern. The size of 
the vector is equal to the total number of sam
ples at all early stages up to the stage for which 
stage specifically activated gene is to be identi
fied (i.e., target stage). Each vector consists of all 
zeros except ones at entries corresponding to 
samples at the target stage. Genes with a FPKM 
> 1 in more than half of the samples among 
either GV or MII oocytes are considered as 
genes expressed in oocytes, thus are excluded 
from the identification of EGA genes. Then, 
Pearson correlation was computed between 
expression levels of each remaining gene and 
the pattern vector described above. Genes with 
p-value ≤0.05 associated with a stage were 
defined as specifically activated genes for that 
stage. Genes activated at 4-cell stage were subse
quently labelled as minor EGA genes; while the 
combination of 8-cell and 16-cell activated genes 
was considered as major EGA genes.

Whole genome bisulfite sequencing (WGBS) data 
processing

We used WGBS data from our previous studies 
[22,26]. For the present analysis, only estimated 
methylation level of CpG sites covered by at least 
five sequencing reads were used; methylation level of 
all other CpG sites was considered unknown. The 
methylation level of each annotated promoter (TSS 
± 500bp) was measured by the average methylation 
level of all CpG sites with data located within the 
promoter.

Assessment of promoter CpG density

CpG density of annotated promoters (TSS ± 500bp) 
was assessed by function CpGDensityByRegion in 
R package BSgenome. In our analysis, when cate
gorization of the promoter CpG density was 
needed, it was done as follows: low (<25), medium 
(≥25 and ≤75) and high (>75).

Comparative analysis between in vivo and 
in vitro derived blastocysts

To perform differential analysis of promoter acces
sibility between in vivo and in vitro derived embryos, 
promoters with FPM below 25% quantile in both 
derivations were excluded for downstream analysis. 
A total of 3211 and 426 promoters were identified 
with differential accessibility by using two- or four- 
fold change thresholds, respectively. Differential 
gene expression between in vivo [21] and in vitro 
[25] derived blastocysts were conducted using 
R functions (lmFit and eBayes). A total of 273 
genes were identified with differential expression 
(adjusted p-value ≤0.05). Integrative analysis on the 
changes of promoter accessibilities and their corre
sponding gene expression changes between in vitro 
and in vivo was conducted using the promoters with 
differential accessibilities (four-fold change thresh
old) and the differential expressed genes. The enrich
ment of transcriptional factor motifs in peaks was 
evaluated using HOMER as previously described.

Gene ontology and pathway analysis

Gene ontology (GO) and pathway analysis was 
performed using Ingenuity Pathway Analysis 
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(IPA) (Qiagen). GO and pathways terms with an 
FDR adjust p-value ≤0.05 were deemed statistically 
significant.

Results and discussion

Accessible chromatin landscape in bovine 
oocytes and early embryos

To investigate accessible chromatin in bovine 
oocytes and preimplantation embryos, we per
formed ATAC-seq analysis on GV and MII 
oocytes, in vitro embryos at the 2-cell, 4-cell, 
8-cell, 16-cell, morula and blastocyst stages, 
in vivo embryos at morula and blastocyst, and 
D14 elongating embryos (Table S1). We sequenced 
an average of 110 million paired-end reads per 
sample, which provided the expected genomic 
coverage (Table S2). The raw FASTQ files are 
available at Gene Expression Omnibus (GEO) 
(www.ncbi.nlm.nih.gov/geo) under accession 
number GSE145040.

We performed t-Distributed Stochastic 
Neighbour Embedding (t-SNE) and unsupervised 
hierarchical clustering to validate the reproducibil
ity of ATAC-seq data (Figure 1a,b). All biological 
replicates showed highly consistent results 
(Figure 1a,b). Accessible chromatin of oocytes and 
embryos could be divided into four distinct profiles 
(Figure 1a-c; Figure S1A): 1) low accessibility in 
oocytes (GV and MII) and during minor EGA 
(2-/4-cell stage), 2) high accessibility during major 
EGA (8-/16-cell, and morula stage), 3) less accessi
bility in blastocyst stage embryos, and 4) the highest 
accessibility in elongating embryos. This dynamic 
and sequential chromatin remodelling is consistent 
with transcription silencing in oocytes, transcrip
tion activation at the minor EGA (oocytes to 
4-cell) and major EGA (8-cell to morula), dynamic 
transcription activation and inhibition during first 
differentiation events at blastocyst stage and drastic 
transcription initiation for embryo elongation 
[21,25], which further validate our ATAC-seq data.

We found elevated chromatin accessibility at 
upstream sequences (promoters) of many crucial 
transcription factors, such as POU5F1, NANOG, 
and GATA6, which coincides with their 
gene expression during bovine early embryo 
development (Figure 1d,e; Figure S1B). Notably, 

the ATAC-seq peaks of POU5F1 were enriched 
upstream of TSS and within intronic regions in 
embryos, especially from the 8-cell to blastocyst 
stage (Figure 1d). These enrichments have also 
been reported in mice and humans [2,27]. 
Specifically, the expression of NANOG was sig
nificantly increased from the 8-cell stage, which 
coincides with their promoter ATAC-seq enrich
ment within the promoter at the same stage 
(Figure 1e). Overall, these results show that the 
ATAC-seq provides reliable and highly sensitive 
data to detect open chromatin in bovine preim
plantation embryos.

Figure 1. Accessible chromatin landscape in bovine oocytes 
and early embryos. (a) Distribution of samples in the two- 
dimensional space, where the embeddings were computed by 
t-SNE with the data of the pairwise Pearson correlation evalu
ated using the accessibility of 2,000bp genome bins. (b) 
Hierarchical clustering of all samples, where the distance 
among samples was measured by the pairwise Pearson correla
tion evaluated using the accessibility of 2,000bp genome bins. 
The colour spectrum, ranging from yellow to black, indicates 
correlation from high to low. (c) The genome browser view 
showing the enrichment of ATAC-seq peaks in bovine oocytes 
and early embryos. The genome browser views showing the 
ATAC-seq peaks and RNA-seq reads enrichment near POU5F1 
(d) and NANOG1 (e).
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Unique features of the accessible chromatin 
during bovine early embryo development

We next sought to determine the chromatin 
dynamics in specific genomic regions during bovine 
early embryo development. ATAC-seq peaks were 
enriched both at the transcription start (TSS) and 
transcription end (TES) sites, especially in embryos 
from the 8-cell to morula stage (Figure 2a,b). The 
significant enrichment of open chromatin at TSS 
and TES sites suggests that they might act as pro
moters and enhancers, respectively, to regulate gene 
expression during early embryo development [28].

A large fraction of ATAC-seq peaks in bovine 
oocytes and early embryos overlapped with pro
moters (Figure S2A). Interestingly, promoters 
showed less chromatin accessibility in MII 
oocytes than in GV oocytes (Figure S1A and 
S2A). The chromatin condensation phenomenon 
is conserved in various mammalian oocytes 
including bovine oocytes and regulates the tran
scription silencing in oocytes, which is one of the 
hallmarks of oocyte remodelling [29–33]. The 
majority of ATAC-seq peaks were detected in 
the intergenic and intron regions (Figure S2B). 
Although DNA sequences in intergenic are 
regarded as ‘junk DNA’, studies have shown 
mutations in such loci can change the chromatin 
state and DNA conformation [34–36]. In addi
tion, long-range regulatory elements harboured 
in ‘junk sequence’ have interactions with distal 
genes and influence their expression [37].

Repetitive elements constitute 46.5% of the 
bovine genome [38], and the majority of these ele
ments are retrotransposons, including Long 
Interspersed Elements (LINEs), Short Interspersed 
Elements (SINEs), long terminal repeats (LTR) and 
Simple sequence repeats [39]. An emerging body of 
evidence has shown that they are involved in the 
regulation of chromatin structure [40–43], tran
scription [44,45], RNA processing [46,47] and mes
senger RNA localization and translation [48,49]. 
We found a large fraction of ATAC-seq peaks in 
early bovine embryos overlapped with distal 
regions, and most of the enriched regions mapped 
to repetitive elements (Figure 2c). It is noteworthy 
that certain classes of repeats are highly transcribed 
in early embryos [50,51] and can function as pro
moters and enhancers [52–54]. We confirmed that 

distal ATAC-seq peaks are enriched in repeat ele
ments in a type-specific and stage-specific manner, 
i.e., 1) they were enriched in LINE, SINE, and LTR 
during major EGA stages but depleted in Simple 
repeats during the same developmental period, 2) 
distal ATAC-seq peaks were more enriched in 
SINE, LRT, and Simple than LINE elements. 3) 
they were preferentially enriched at LTR during 
major EGA stages and a similar enrichment was 
seen in LINE. However, enrichment in Simple 
repeats was the opposite, i.e., more distal peaks at 
Simple loci were found in oocytes, 2-/4-cell and 

Figure 2. Unique characteristics of accessible chromatin in 
bovine oocytes and early embryos. (a) The enrichment of ATAC- 
seq peaks at annotated promoters (TSS ± 5kb) and annotated 
transcription end sites (TES ± 5kb) (normalized and on average) 
in oocytes and embryos. The enrichment was measured at 
individual base pair level by FPM (Fragments per Million 
mapped reads). (b) The genome browser view showing the 
enrichment of ATAC-seq peaks near two active genes (GATA3, 
left panel; FOXA1, right panel) in oocytes and embryos. ATAC- 
seq peaks near TSSs and TESs were shaded in different colours 
(TSSs in yellow; TESs in green). (c) Enrichment of ATAC-seq 
peaks in the promoters and distal peaks (right panel), and 
repetitive elements (left panel). (d) Transcription factor motifs 
identified from distal ATAC-seq peaks at each stage during early 
embryo development.
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D14 embryos. The observed open chromatin in 
repeat elements provides valuable information to 
further explore its functions in bovine early embryo 
development.

We also identified 994 known transcription factor 
(TF) motifs from distal ATAC-seq peaks in early 
bovine embryos. Among them, there were 218 motifs 
for which the transcriptomic data are available for the 
corresponding genes in bovine embryos (Table S3). 
By comparing those TFs identified from human 
embryo distal ATAC-seq peaks [2], 12 TF motifs 
were found to be present in both bovine and human 
embryos (Figure 2d). The enrichment within TF 
motifs is in a highly stage-specific manner, and most 
of them have important functions in early embryo 
development. For example, CTCF, KLF, and OTX2 
are maternal transcription factors [55–57]. By mining 
published bovine embryo RNA-seq data [58], we 
found their expression is constantly high throughout 
oocyte and early embryo stages, while their binding 
motifs are not highly enriched until the 8-cell stage. 
Both the binding motifs and the expression levels of 
some TFs including TFAP2 C, GATA2, GATA3, and 
PITX1 were strongly enriched and high at the 8-cell 
stage, which agrees with previous findings that they 
are essential during the major EGA and onwards 
[59,60].

Notably, the motifs of trophectoderm (TE) lineage 
markers, GATA2 and GATA3 were also strongly 
enriched in 8-/16-cell and morula stages, suggesting 
a preparation for the early trophoblast linage emer
gence. Interestingly, as early as GV and the 2-cell 
stage, GATA2 motifs became enriched, indicating it 
might play additional roles during bovine embryonic 
genome activation. TFAP2 C is a regulator of TE 
development at late embryonic stages and plays 
a crucial role in formation and differentiation of 
the trophoblast lineage in mammals, including 
bovine [59,61–65]. Intriguingly, we found that, 
although the expression of TFAP2 C was high in 
the later stages, the enrichment of its binding motifs 
decreased dramatically in the morula and blastocyst 
stages, which is opposite to that observed in humans 
[66]. We thus speculated that the signalling network 
directing trophoblast lineage specification may occur 
much earlier in bovine embryos.

Together, the open chromatin in bovine early 
embryos was shown near both TSSs and TESs of 
active genes. Distal ATAC-seq peaks were found to 

be enriched in repetitive elements in a stage- and 
type-specific manner, specifically, it was highly 
enriched in SINE and LTR and depleted in 
SIMPLE during EGA and later developmental stages. 
The accessible chromatin enrichment of TF motifs 
was independent of the corresponding TF transcrip
tion level but followed a stage-specific manner.

Regulatory network in bovine oocytes and early 
development

Chromatin remodelling and DNA methylation are 
two of the essential epigenetic mechanisms regu
lating gene expression and embryonic stage transi
tions during early development. To determine the 
regulatory networks of accessible chromatin, DNA 
methylation, and gene expression in bovine pre
implantation embryos, we performed integrated 
analysis using the promoter ATAC-seq dataset, 
previously published DNA methylation dataset 
[22,26], and RNA-seq dataset [25] generated 
from the same developmental stage (Figure 3a). 
We identified stage-specific expressed genes and 
examined their promoter chromatin accessibility, 
as well as DNA methylation and CpG densities at 
their promotor regions. Among the analysed 
ATAC-seq peaks, we catalogued promoter chro
matin accessibility across all stages and found 219, 
125, and 350 genes with constantly low, high, and 
dynamic accessibility, respectively. From those 
genes, 160, 4, 276, and 254 genes were identified 
as specifically expressed genes at oocyte, minor 
EGA (2-/4-cell), major EGA (8-/16-cell), and blas
tocyst stages, respectively (Figure 3a; Table S4).

We found that stage-specific genes had dynamic 
promoter accessibility which correlated with their 
gene expression (Figure 3a). These genes preferen
tially function in transcription, regulation of cell 
growth, and in utero embryonic development. We 
also found that promoters with constantly high 
accessibility were preferentially CpG-rich, as has 
been reported in both humans and mice [2,3,67], 
whereas promoters with constantly low accessibil
ity were generally CpG-poor (Figure 3a). 
Specifically, the majority of open chromatin was 
located at genes with medium and high CpG con
tent compared to those with low CpG content 
(Figure 3b). Moreover, DNA methylation was 
negatively correlated with promoter open 
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chromatin especially between the groups with con
stantly low and high accessibility across all stages 
(Figure 3a). Interestingly, a significant correlation 
between chromatin accessibility and gene expres
sion was found in major EGA stages, suggesting 
chromatin dynamics plays a dominate role in reg
ulating gene expression during this period. GO 
analysis showed that genes activated in this stage 
were involved in the regulation of important func
tions during embryogenesis, including immune 
response, steroid metabolic process, cell-matrix 
adhesion, as well as cell proliferation and differ
entiation (Figure 3c). Most of these identified GO 
terms are associated with early embryo 

differentiation and maternal recognition [68–72], 
suggesting that the embryo prepares for lineage 
differentiation and implantation as early as major 
EGA stages in bovine.

In sum, promoter chromatin accessibility in 
early bovine embryo development positively cor
relates with gene activities, CpG densities, and 
negatively correlates with promoter DNA methy
lation. Notably, open chromatin in promoter 
regions is the main factor to impact the transcrip
tome profiles during bovine major EGA.

Distinct gene network programmes between 
in vivo and in vitro derived embryos

Here we sought to reveal critical chromatin signa
tures associated with bovine in vivo and in vitro 
derived blastocysts, which would help to under
stand the potential epigenetic mechanisms leading 
to embryonic loss and pregnancy failure observed 
with in vitro produced embryos. Although the 
global accessibility of chromatin between in vitro 
and in vivo produced embryos did not vary much 
(Figure 1; Figure S1), the chromatin accessibilities 
of specific genes or specific loci are dramatically 
different. A total of 3,211 (>2-fold change) or 426 
(>4-fold change) promoters were identified with 
differential enrichment of ATAC-seq peaks 
between in vivo and in vitro derived blastocysts. 
By integrating the published transcriptomes of 
bovine embryos derived in vivo [21] and in vitro 
[25], we found that for the majority of the 
expressed genes promoter accessibility alone has 
minimal impact on their expression (Figure 4a; 
Figure S3). We then performed differential gene 
expression analysis between in vitro and in vivo 
blastocysts and integrated them into the changes 
of promoter accessibilities (4-fold change thresh
old). Interestingly, among 273 identified differen
tially expressed genes, we identified 124 genes with 
consistent changes in their promoter accessibilities 
and expression levels (Figure 4b; Table S5). Genes 
with consistent change were involved in cell func
tions determining the quality of blastocysts, such 
as protein metabolism, macromolecule assembly 
and localization, organelle organization, and mito
chondrion function (Figure 4c). Particularly, a set 
of genes regulating mitochondrion organization 
and activities were significantly different between 

Figure 3. Transcription and promoter regulation in bovine 
oocytes and early embryos. (a) Heat maps showing promoter 
chromatin with constantly low, constantly high, or dynamic 
accessibility (first panel), the expression (FPKM) of stage- 
specific expressed genes (oocyte: (GV and MII), minor EGA (2-/ 
4-cell), major EGA (8-/16-cell, and morula), and blastocyst) 
(second panel), promoter DNA methylation (third panel), and 
promoter CpG densities (fourth panel). (b) Scatter plots show
ing promoter chromatin accessibilities and gene expression for 
all genes (black) or genes with promoters of low (blue), med
ium (yellow), or high (red) CpG densities. Spearman correlation 
coefficients are shown. (c) Top represented gene ontology (GO) 
terms for the major EGA stage-specific genes.

308 H. MING ET AL.



in vitro and in vivo derived blastocysts (Figure S4). 
During early embryo development, a massive sup
ply of energy is required to support a series of cell 
divisions and differentiation. This process is lar
gely dependent upon the activities of mitochon
dria, which could either maintain life or contribute 
to apoptosis during early development [73]. For 
example, the accessibility of PRELID1, an encoded 
protein located in mitochondria affecting mito
chondrion organization, mitochondrial function, 
as well as exerting cytoprotectant properties [74], 
was much higher in in vivo produced blastocysts 
than in vitro ones. Other genes including COX20, 
TIMM21, and PARL are crucial in regulating 
respiratory chain, cytochrome c release, and mito
chondrial structure [75–77]. Interestingly, we 
found the enrichment of ATAC-seq within these 

genes were higher in in vitro derived blastocysts 
than in vivo ones, which further indicates that 
chromatin dynamics is dysregulated due to the 
in vitro manipulation during bovine early embryo 
development.

We also performed comparative analysis of the 
TFs motif enrichment in distal peaks and their 
expression levels between in vivo and in vitro 
derived blastocysts. We identified numerous differ
ences between the in vivo and in vitro derived 
blastocysts (Figure 4d). For example, SOX2, an 
essential regulator of embryo development and 
a pluripotency marker, had increased expression 
levels and higher enrichment of binding motifs in 
in vivo blastocysts compared to their in vivo coun
terparts. Also, although TEAD2 is mainly involved 
in the early stage of preimplantation embryo devel
opment [78], the enrichment of TEAD2 motifs was 
significantly higher in in vitro blastocysts than that 
of in vivo, indicating that TEAD2 might play an 
important role in later stages of in vitro produced 
embryos. In addition, slight differences in gene 
expression were seen in TFAP2 C, KLF4, KLF5, 
GATA2, GATA3, and GATA4. TFAP2 C expression 
has been shown to be altered in early preimplanta
tion SCNT embryos [65]. A comprehensive study 
comparing both global gene expression patterns 
and the chromatin accessibility of IVF, SCNT- 
derived bovine embryos to their in-vivo counter
parts would be very interesting.

To note, superovulation was used to collect 
in vivo derived embryos in this study, which 
may introduce abnormal gene expression and 
epigenetic profiles. However, study of in 
vivo produced embryos without superovulation is 
less feasible considering a cow ovulates one or two 
oocytes per cycle. Another limitation is that we 
performed our analyses on blastocysts as a whole. 
Although it is not easy to cleanly separate ICM 
and TE cells in bovine embryos, future studies to 
differentiate the gene expression and chromatin 
dynamics of these two lineages of the bovine 
embryos would be of major interest and impor
tance. Collectively, the identified genes and TFs 
which differ between in vitro and in vivo derived 
embryos may serve as markers to determine 
embryo viability. These findings provided insights 
to the lower pregnancy rates following transfer of 
in vitro produced blastocysts.

Figure 4. Differences of chromatin accessibilities between 
in vivo and in vitro derived embryos. (a) Heat map showing 
the promoter chromatin accessibilities of in vitro and in vivo 
derived blastocysts (≥4-fold change), together with the corre
sponding gene expression. (b) Heat map showing the identified 
genes with consistent changes in the promoter chromatin 
accessibilities and their expression levels between in vitro and 
in vivo derived blastocyst (p-value < 0.05). (c) Top represented 
GO terms for genes with consistent changes in promoter chro
matin accessibilities and expression levels between in vitro and 
in vivo derived blastocysts. (d) Transcription factor motifs iden
tified from distal ATAC-seq peaks between in vitro and in vivo 
derived blastocysts.
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Conclusion

In this study, we provided a genome-wide map of 
accessible chromatin in bovine oocytes and early 
embryos, which revealed critical features of accessi
ble chromatin during bovine early embryo develop
ment. We also established the regulatory networks 
by integrating analysis of transcriptome, DNA 
methylome, and accessible chromatin, and provided 
a valuable dataset of gene regulation and epigenetic 
reprogramming during bovine early embryo devel
opment. Finally, we presented the conserved and 
distinct gene network programmes between in vivo 
and in vitro derived embryos, which provide mole
cular insights of perturbed development of in vitro 
produced embryos compared to their in vivo 
counterparts.
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