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ABSTRACT

Recent genome-wide omics studies have confirmed the early embryogenesis 
strictly dependent on the rigorous spatiotemporal activation and multilevel regulation. 
However, the full effect of functional pathway was not considered. To obtain complete 
understanding of the gene activation during early development, we performed 
systematic comparisons based on differential co-expression analysis for bovine 
preimplantation embryo development (PED). The results confirmed that the functional 
pathways actively transcribes as early as the 2-cell and 4-cell waves, which Basal 
transcription factor, Endocytosis and Spliceosome pathway can represent first signs 
of embryonic activity. Endocytosis act as one of master activators for uncovering 
a series of successive waves of maternal pioneer signal regulator with the help of 
Spliceosome complex. Furthermore, the results showed that pattern recognition 
receptors began to perform its essential function at 4-cell stage, which might be 
needed to coordinate the later major activation. And finally, our work presented a 
probable dynamic landscape of key functional pathways for embryogenesis. A clearer 
understanding of early embryo development will be helpful for Assisted Reproductive 
Technology (ART) and Regenerative Medicine (RM).

INTRODUCTION

The preimplantation studies of mammalian embryos 
provide key insights into the question of when, where, 
and how cells take on fate separate [1]. In addition, 
understanding early development offers a striking 
opportunity for Assisted Reproductive Technology (ART) 
[2]. Mammalian preimplantation embryonic development 
includes a series of important events, such as oocyte 
maturation, the first cell mitosis, maternal to zygotic 
transition (MZT), embryonic genome activation (EGA), 
and cell fate decision [3–5]. All of the above molecular 
events are critically depended on a strictly controlled 
system of gene expression [6–8]. Thus, exploring 

spatiotemporal activation patterns of preimplantation 
embryos will play important insight into understanding of 
early developmental mechanism.

In the last decade, advances in sequencing 
technology, such as multiplex qPCR, microarray, and 
RNA-seq technology, have accelerated spatiotemporal 
expression of genes related to embryo development 
[5, 9, 10]. However, very little progress was obtained 
owing to the scarcity of early embryos [3, 5, 11]. The 
first transcriptome profiling of bovine in vivo embryos 
was obtained on Bovine Genome Array [12]. Then, Kues 
provided the first dynamic transcriptomes of bovine, 
which included the metaphase II oocytes and every 
stages of preimplantation embryos [13]. Recently, RNA-
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specific module contained the main ZGA transcripts, such 
as Spliceosome, RNA transport, and DNA polymerases.

The degradation of maternal transcripts was 
enriched in the morula/blastocyst stage. These two stage 
embryos showed somewhat similar expression profiles. 
The largest module was enriched for genes involved 
in Ribosome for both morula and blastocyst stage. It 
encompasses two major molecular activation groups, 
the maternal transcripts degradation and the new zygotic 

procedure installation, with both groups combined can 
perform reprogramming from differentiated terminal to 
totipotency. From the result, we can see that maternal 
transcripts enriched into signal-receptor related pathways 
and the zygotic transcripts prefer to the essential genes 
of embryo development. The total numbers of differential 
expressed gene in each molecule event group did not differ 
much, but the difference between groups was significant.

Figure 1: The activation waves of bovine embryo preimplantation development. A and B. The number and proportion of 
genome activation for different developed stages. C. Embryogenesis stages ordered and colored by correlation. D. Two-color heatmap 
representation of maternal-zygotic transition (MZT) transcriptional activation. Hierarchical clustering of the samples was performed using 
Pearson correlation with average linkage.
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The comparison of oocytes transcriptome for in 
vivo and in vitro maturation

The oocyte is the crucial driver for PED [29, 30]. 
The success of fertilization and the outcome of consequent 
embryo development is determined by the quality of the 
matured oocytes [31]. Therefore, it is necessary to further 
uncover the most representative and correlated gene 
markers for oocytes matured quality. When using the 
oocyte as control genome-wide profile pattern of whole 
gene expression, the total stages of early embryogenesis 
were clustered into two temporal classes (Figure 3A and 
3B, Supplementary Table S6): The first represents the 

mature oocyte until the late 4-cell embryo, and the second 
represents the subsequent stages up to the blastocyst 
stage. The results again revealed the greatest difference 
occurred at the 4-cell to 8-cell stages (MZT), the largest 
transition of differentially regulated genes were identified 
from hundreds to thousands (Figure 3B). The oocyte 
profile pattern of whole gene expression represented the 
maternal transcriptome. Based on oocyte's transcriptome 
as control, the Venn diagram showed shared and unique 
genes between any two develop stages (Figure 3C). We 
observed that there was extensive overlap in either Before 
Transition stages or After Transition stages, but also 
shown significant differences. For example, oocyte_vs_4-

Figure 2: Gene co-expression analysis of stage-specific dynamics during bovine preimplantation development.  
A. Hierarchical clustering dendrogram obtained with the weighted correlation network analysis. The first color row underneath (labeled 
Group) shows the module assignment determined by the Dynamic Tree Cut. The other color rows represent the module location of different 
development stages. B. Stage specific co-expression gene modules and their correlation to development stage. Numbers of each square 
represent correlation of module and development stage, and p-value of each correlation value. Color of each square is correspond to 
correlation: Positive correlation (Red); Negative correlation (Green); No correlation (White). C. The pathway enrichment of stage-specific 
significant modules.
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cell (O_C4) and oocyte_vs_2-cell (O_C2) shared the 
most similar patterns of differential gene expression, and 
the oocyte_vs_blastocyst (O_B) and oocyte_vs_morula 
(O_M) shared the largest overlap during After Transition 
stages (Figure 3C).

It is commonly believed that oocytes matured in vivo 
superior to in vitro maturation oocytes [32]. Even with 
continuous improvement, the comparable oocytes still had 
been not obtained. The comparison of the transcriptomic 

profile matured in vivo and in vitro demonstrated this 
conclusion. In oocytes matured in vivo, cutoff of fold 
change is 2, more than 1,000 genes were filtered compared 
to those matured in vitro (Supplementary Table S7). The 
GO enrichment analysis showed that these up-regulated 
genes were enriched in mitochondrion, ribonucleo protein, 
oxidative phosphorylation, and so on (Figure 3E) [33]. In 
vitro matured oocytes were more susceptible than in vivo 
matured oocytes, this can be confirmed in the up-regulated 

Figure 3: The different expression profiles when using the oocyte's transcriptome as background. A. The numbers of 
differential transcript expression for different stages in preimplantation development. B. Scatter plot compares the results of log transformed 
gene expression levels and the differentially expressed gene distribution pattern before MZT (up-line) and after MZT (down-line). The 
genes were classified into three classes. Red genes are up-regulated that gene expression of right sample is larger than left sample. Green 
genes are down-regulated that gene expression of left sample is larger than right sample. Blue genes are not differentially expressed 
genes. C. Venn diagram of shared and unique genes between any two develop stages based on oocyte's transcriptome as control. D. The 
transcriptome comparison between in vivo and in vitro matured bovine oocytes. E and F. Top functional enrichment for in vivo (E) and 
in vitro (F) matured oocytes based on gene ontology, respectively.


