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Abstract

:

Numerous dynamic and complicated processes characterize development from the oocyte to the embryo. However, given the importance of functional transcriptome profiles, long non-coding RNAs, single-nucleotide polymorphisms, and alternative splicing during embryonic development, the effect that these features have on the blastomeres of 2-, 4-, 8-, 16-cell, and morula stages of development has not been studied. Here, we carried out experiments to identify and functionally analyze the transcriptome profiles, long non-coding RNAs, single-nucleotide polymorphisms (SNPs), and alternative splicing (AS) of cells from sheep from the oocyte to the blastocyst developmental stages. We found between the oocyte and zygote groups significantly down-regulated genes and the second-largest change in gene expression occurred between the 8- and 16-cell stages. We used various methods to construct a profile to characterize cellular and molecular features and systematically analyze the related GO and KEGG profile of cells of all stages from the oocyte to the blastocyst. This large-scale, single-cell atlas provides key cellular information and will likely assist clinical studies in improving preimplantation genetic diagnosis.
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1. Introduction


From the development of the oocyte to the embryo, many dynamic and complicated processes take place as the zygote undergoes several rapid rounds of division and produces a mass of cells within the zona pellucida [1,2]. During these dynamic stages, differential gene expression in individual cells is a key determinant of cellular differentiation, function, and physiology [3,4]. In recent years, several studies have documented the key developmental processes underlying the formation of blastomeres of 4- and 8-cell embryos of mice [5], cattle [6], and goats [7]. However, the exact mechanism and developmental patterns underlying how the blastomeres of the 2-, 4-, 8-, 16-cell, morula, and blastocyst stages undergo asymmetric division are still unclear. Understanding the molecular mechanism underlying cleavage-stage development is critically important for improving preimplantation genetic diagnosis.



Single-cell RNA sequencing (scRNA-seq) provides an alternative method for studying the cellular heterogeneity of human preimplantation embryos and embryonic stem cells [8,9], mouse oocytes [10], porcine oocyte maturation [11], and Haimen white goat’s oocyte maturation by generating a readout of the abundance of a transcript within a cell [12]. Indeed, scRNA-seq applied to mammalian gametes has generated new insights into the composition of transcripts and disease-related functional abnormalities. However, scRNA-seq studies have not thoroughly characterized how the blastomeres of the 2-, 4-, 8-, 16-cell, and especially the morula and blastocyst stages, undergo asymmetric division. Here, we aimed to transcriptionally profile nucleated cells present during the blastomeres of 2-, 4-, 8-, 16-cell and morula stage undergoing asymmetric division to provide a broad profile of the composition of transcripts in the cell and their transcriptomes.



Long non-coding RNAs (lncRNAs) are a diverse group of RNAs that are longer than an arbitrary limit of 200 nt and do not encode proteins [13]. Nevertheless, lnc RNAs can be located in exonic, intronic, and intergenic regions and can regulate gene expression by interacting with other biological macromolecules, such as RNA, DNA, proteins, and other factors, to promote normal cell function [14,15]. Compared with the characteristics of protein-coding genes, lncRNAs tend to be less conserved across species and often show lower expression levels and high tissue specificity [16]. During the development of embryos, some lncRNAs, such as Xist, Tsix, and H19, have significant regulatory functions and can potentially determine the cell’s fate and direction of differentiation during embryogenesis to form different organs or special tissues that contain various cells expressing specific genes [17,18,19].



An increasing number of studies has reported several thousands of annotated lncRNA loci in mammalian oocytes and early embryos [1,20]. For example, a total of 2733 novel lncRNAs was found to be expressed in specific developmental stages among 8701 lncRNAs using single-cell sequencing analysis of 124 individual cells from human embryonic stem cell (ES) and human preimplantation embryos at different passages. In addition, 5204 novel lncRNAs were obtained from in vivo and somatic cell nuclear transfer mouse preimplantation embryo, suggesting that several lncRNAs and their association with known protein-coding genes might be involved in mouse embryonic development and cell reprogramming [8,21]. Another study reported that approximately a quarter of the 1600 lncRNA loci expressed during the murine oocyte-to-embryo transition employed promoters from a long terminal repeat retrotransposon class, which exhibited either maternal or zygotic expression and showed signatures of massive expansion in the evolution of the rodent genome [16]. In bovine early embryos, some lncRNAs play a role in the translational control of target mRNA and are thus important for managing maternal reserves, especially before embryonic genome activation, as these reserves contain the embryonic program [22]. Despite the fact that various functional lncRNAs are important during embryonic development, the effect of lncRNAs on the blastomeres of the 2-, 4-, 8-, 16-cell, and morula stages of development has not been studied; nevertheless, this subject requires more attention and discussion by scientists. LncRNAs play an important role in biological processes, including epigenetic regulation, dosage compensation, cell cycle, cell differentiation, proliferation, apoptosis through gene imprinting, chromatin remodeling, transcriptional activation, transcriptional interference, and nuclear splicing regulation.



Here, we conducted an scRNA-seq survey of 24 sheep cells during their development from the oocyte to the blastocyst stages. We then conducted experiments involved in the identification and functional analysis of transcriptome profiles, lncRNAs, single-nucleotide polymorphisms (SNPs), and alternative splicing (AS). Using these different methods, we constructed a profile to characterize cellular and molecular features and systematically analyze the related GO (Gene Ontology) and KEGG (Kyoto Encyclopedia of Genes and Genomes) profile of cells during sheep development. This large-scale single-cell atlas provides key cellular information and will likely aid clinical studies in the development of more efficient preimplantation genetic diagnosis.




2. Materials and Methods


2.1. Animals and Sample Collection


All work with animals was completed in accordance and with the approval of the Henan Academy of Agricultural Sciences institutional animal care and use committee. Mature sheep were obtained from Hui yuan Sheep Industry Co., Ltd. (Puyang, Henan province, China). We used 15-month-old female sheep (40 kg) for our study. The animals were provided with grass and drinking water and had access to an animal exercise pen. All animals were healthy, showed a normal appetite, and had smooth wool. Artificial insemination using semen from one of three fertile rams was conducted at 12- and 24-h post-standing heat (Day 0). Donor animals were anesthetized and in vivo developed oocytes and embryos at the 2- to 16-cell stages were collected by oviductal flushing 2–4 days after estrus. Early morulae, compact morulae, and blastocysts were collected by routine non-surgical uterine flushing on days 5, 6, and 7. All oocytes and embryos were examined and staged under light microscopy. Only morphologically intact embryos meeting the standards of Grade 1 by the International Embryo Transfer Society were included in this study. Embryos were washed twice in D-PBS before being frozen and stored individually in RNAlater (Ambion, Grand Island, NY, USA) in liquid nitrogen.




2.2. RNA Isolation, Library Preparation, and Sequencing


First, total RNA was isolated from the sheep sample (three biological replicates per sample combined) using single cell RNA kit (Single Cell RNA Purification Kit NGB) and extracted (Norgen Biotek, CA, USA) following the manufacturer’s procedure. The single cell RNA quantity and purity were analyzed with the Bioanalyzer 2100 and RNA 6000 Nano LabChip Kit (Agilent, CA, USA) with RIN number > 7.0. Approximately 10 μg of total RNA representing a specific adipose type was subjected to isolate Poly (A) mRNA with poly-T oligo-attached magnetic beads (Invitrogen, Carlsbad, CA, USA). Following purification, all amplifications were carried out in parallel with positive and no-template controls for quality assurance using the SMARTer Universal low Input RNA kit (Clontech) for cDNA library. Briefly, RNA was converted to cDNA, and then adapters for Illumina sequencing (with specific barcodes) were added through PCR using only a limited number of cycles. The PCR products were purified (Protocol C), and then ribosomal cDNA was depleted. The cDNA fragments were further amplified with primers universal to all libraries. Lastly, the PCR products were purified once more to yield the final cDNA library. Then, the mRNA was fragmented into small pieces using divalent cations under elevated temperature. Then the cleaved RNA fragments were reverse-transcribed to create the final cDNA library in accordance with the protocol for the mRNASeqsample preparation kit (Illumina, San Diego, CA, USA); the average insert size for the paired-end-libraries was 300 bp (±50 bp). Following this, we performed the paired-end sequencing on an IlluminaHiseq4000 at the (LC Sciences, Houston, TX, USA) using the vendor’s recommended protocol.




2.3. Quality Control and Assembly of Transcriptome Data


Raw data in FASTQ format were first processed through in-house perl scripts. Clean reads were obtained by removing reads containing adapters, reads containing poly-N, and low-quality raw reads. Furthermore, Q20, Q30, and GC contents of the clean data were calculated. All of the downstream sequencing analyses were based on high-quality clean reads. For the RNA-seq data, all clean reads from each sample were aligned to the sheep reference genome (https://www.ncbi.nlm.nih.gov/genome/83?genome_assembly_id=351950, accessed on 1 October 2019) using Tophat v2.0.949. The distribution of known gene types was analyzed by HTSeq software. The mapped reads of each sample were then assembled by both Scripture (beta2) and Cufflinks (v2.1.1) using a reference-based approach.




2.4. RNA-Seq Reads Mapping


We aligned reads to the UCSC (http://genome.ucsc.edu/, accessed on 1 October 2019) sheep reference genome using the Tophat package, which initially removes a portion of the reads based on quality information accompanying each read and then maps the reads to the reference genome. Tophat allows multiple alignments to be read (up to 20 by default) and a maximum of two mismatches when mapping the reads to the reference. Tophat builds a database of potential splice junctions and confirms these by comparing the previously unmapped reads against the database of putative junctions.




2.5. Estimation of Transcript Abundance and Differential Expression and Principal Component Analysis (PCA)


The mapped reads of each sample were assembled using StringTie. All transcriptomes from the samples were then merged to reconstruct a comprehensive transcriptome using perl scripts. After the final transcriptome was generated, StringTie and Ballgown were used to estimate the expression levels of all transcripts. StringTie was used to determine the expression level of mRNAs by calculating FPKM (fragments per kilobase million). Differentially expressed mRNAs and genes were identified if log2 (fold change) > 1 or log2 (fold change) < −1 and by statistical significance (p-value < 0.05) through the R package (1.12.0) Ballgown and then used to generate a PCA plot, showing the relationship of gene expression between the different stages as a previous study [9].




2.6. WGCNA Analysis


The co-expression network analysis was performed using WGCNA (version:1.61) [23]. First, the soft threshold for network construction was selected. The soft threshold constrains the adjacency matrix to assume a continuous value between 0 and 1 so that the constructed network conforms to the power-law distribution and is closer to the real biological network state. Second, the scale-free network was constructed using the blockw iseModules function, followed by the module partition analysis to identify gene co-expression modules, which groups genes with similar patterns of expression. The modules were defined by cutting the clustering tree into branches using a dynamic tree-cutting algorithm and assigning different colors for visualization to the modules [23]. The module eigengene (ME) of each module was then calculated. ME represents the expression level for each module. Next, the correlation between ME and the clinical trait in each module was calculated, followed by the determination of gene significance.




2.7. Transcript Assembly and Identification of Candidate lncRNAs


First, Cutadapt was used to remove the reads that were contaminated with adaptors [24], low-quality bases, and undetermined bases. Sequence quality was then verified using FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/, accessed on 1 October 2019). We used Bowtie2 (FastQC) and Tophat2 to map read to the genome [25]. The mapped reads of each sample were assembled using StringTie [26]. All transcriptomes from the samples were then merged to reconstruct a comprehensive transcriptome using perl scripts. After the transcriptome was generated, StringTie and Ballgown were used to estimate the expression levels of all transcripts. Transcripts that overlapped with known mRNAs and transcripts shorter than 200 bp were discarded. We utilized CPC and CNCI to predict transcripts with coding potential [27]. All transcripts with CPC scores < −1 and CNCI scores < 0 were removed. The remaining transcripts were considered lncRNAs.




2.8. Classification of lncRNAs


The annotated lncRNAs were subdivided into the following four categories based on their locations relative to the nearest protein-coding genes: (i) lncRNAs that do not overlap protein-coding genes (lincRNAs); (ii) lncRNAs located entirely within a protein-coding locus (intragenic lncRNAs); (iii) lncRNAs partially overlapping a protein-coding gene (overlapping lncRNAs); (iv) lncRNAs that overlapped exons of a protein-coding transcript on the opposite strand (antisense lncRNAs). Perl scripts were developed to classify these four categories.




2.9. Quantification and Differential Expression Analysis


The relative abundances of both candidate lncRNAs and coding genes in each sample were computed by calculating the FPKM using Cufflinks (v2.1.1). Differentially expressed lncRNAs in comparison groups were identified using the Cuffdiff program. For biological replicates, transcripts with adjusted p-values < 0.05 were considered differentially expressed between the two groups.




2.10. Predictions of Cis and Trans-Target Genes


To explore the function of lncRNAs, we first predicted the cis and trans-target genes of lncRNAs. We searched for coding, cis-target genes 10 k and 100 k upstream and downstream, respectively, of candidate lncRNAs, and then analyzed their functions. We calculated the expressed correlation between lncRNAs and coding genes with custom scripts and then analyzed their functions through functional enrichment analysis. The trans-target genes and lncRNAs were identified by their expression levels.




2.11. SNP Analysis


To further characterize the SNPs, we categorized them as genic or intergenic. Approximately half of the SNPs (47%) were located in genic regions, and the rest was located in intergenic regions. In addition, nonsynonymous SNPs in the exon region were analyzed to determine whether their amino acid character had changed (e.g., hydrophobic to basic or stop codons), given that compositional changes of the amino acids in proteins can result in changes in structural conformation or enzymatic activities and thus generate phenotypic diversity or critical functional variations. First, 20 amino acids were clustered into several character groups. Non-synonymous SNPs that caused amino acid changes from one group to another were searched. Common SNPs in the eight groups representing each line were then classified.




2.12. AS Data Collection


Data on 96 melanoma cases with clinicopathological information were obtained to explore changes in AS events. To analyze the AS profiles for each patient, the SpliceSeq tool (version 2.1), a java application, was used to evaluate the splicing patterns of mRNA in the melanoma cohort. The percentage spliced in value was calculated to quantify alternative splicing events and ranged between 0 and 1 for seven types of AS events, including exon skip (ES), alternate terminator (AT), and mutually exclusive (ME).




2.13. GO and KEGG Enrichment Analysis


GO enrichment analysis of the aforementioned groups was conducted using the GOseq R package while correcting for biases in gene length. In addition, KOBAS software and the KEGG database (http://www.genome.jp/kegg/, accessed on 1 October 2019) were used to analyze the statistical enrichment of target genes of differentially expressed lncRNAs in KEGG pathways. Lower p-values corresponded to more relevant pathways, and corrected p-values < 0.05 were considered significantly enriched by DEGs.




2.14. Statistical Analysis


Statistical analysis was performed using SPSS13.0 software. Proportional data were compared using chi-squared analysis or Fisher’s exact tests, and differences were considered significant when p < 0.05. The percentage of blastocyst formed represented the number of blastocysts formed divided by the total number of embryos cultured. The percentage of high-quality blastocyst formed represented the number of high-quality blastocysts divided by the total number of blastocysts cultured.





3. Results


3.1. Transcriptome Profiles


To establish single-cell transcriptome profiles during the blastomeres of the 2-, 4-, 8-, 16-cell, and morula stage as they underwent asymmetric division, we used previously published protocols; single cells were subjected to RNA-seq sample preparation with several steps modified [8]. Overall, scRNA-seq was performed on 24 cells samples using the Illumina HiSeq2000 sequencer (Table 1). We generated 384 Gb of sequencing data from the 24 cells samples, with, on average, 10.2 million reads per cell with read lengths of 100 bp. To determine whether these gene expression profiles correlated with developmental stages, we analyzed RNA-seq data from blastocyst cells of the oocytes using a heat map. The greatest changes in gene expression were observed between the morula and blastocyst stages, which may be explained by the major morula–blastocyst transition and are largely representative of the expression patterns occurring during sheep preimplantation development (Figure 1A). Weighted gene co-expression network analysis (WGCNA) is commonly used to reveal correlations between genes in different samples. Previous WGCNAs have been used to reveal developmentally important genes of the bovine sham nuclear-transfer (shNT) blastocysts [28]. Following the approach of a previous bioinformatics study [23], the soft threshold for network construction was set to 30 (Figure 1B). Meanwhile, the fitting degree of the scale-free topological model was 0.85. Thus, this network conformed to the power-law distribution and was closer to the real biological network state. A total of 26 modules (Figure 1C) was obtained in the current study. The differentially expressed genes (DEGs) in grey were not included in any module; thus, subsequent analyses were no longer performed on DEGs in grey. Mutually exclusive (ME) was in accordance with the expression pattern of DEGs in each module. The pattern of similar within-stage and different between-stage expression patterns were also supported by principal component analysis (PCA) (Figure 1D). Notably, differences in the expression patterns between oocytes, 4-cell, 8-cell, and blastocyst stages confirmed the key timing of the transcriptome profiles throughout the various stages of sheep development.




3.2. Differentially Expressed Genes


Although the total numbers of genes expressed in different stages from the oocyte to the blastocyst varied little, the identities of the genes expressed during early development were dramatically different (Table 2). A total of 2127 unique genes were identified to be differentially expressed among all of the developmental stages (p < 0.05). Consistent with the Pearson correlations between all detected genes, the majority of the DEGs (1948) were identified between the morula and blastocyst cell stages, indicating that the greatest changes in gene expression occurred during this transition. Among these genes, 1092 and 856 were down- and up-regulated, respectively (Figure 2). For example, between the oocyte and zygote groups, significantly down-regulated genes included BTF3 (basic transcription factor 3), TLR1 (toll-like receptor 1), and SPINT2 (serine peptidase inhibitor, Kunitz type 2), while significantly up-regulated genes included PEX12 (peroxisomal biogenesis factor 12) and PGK1 (phosphoglycerate kinase 1). The second-largest change in gene expression occurred between the 8- and 16-cell stages. A total of 1211 DEGs were detected, and 724 and 487 were down- and up-regulated, respectively (Figure 2).




3.3. Gene Ontology and Kyoto Encyclopedia of Genes and Genomes Analyses of DEGs


Between the oocytes and the zygote, 61 and 207 of the 268 DEGs were down- and up-regulated, respectively. These genes represent a rapid degradation of the maternally stored transcripts. Gene ontology (GO) analysis indicated that there was a significant over-representation of elements involved in nuclear speck and cytoplasm. The Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis showed that most DEGs were primarily involved in the spliceosome, ribosome biogenesis in eukaryotes, and Epstein–Barr virus infection pathway Table S1-a, Figure 3A(1,2). Between the zygote and the 2-cell stage, 266 and 232 of the 498 DEGs were down- and up-regulated, respectively. GO analysis indicated that there was a significant over-representation of elements involved in translation, in the structural constituent of ribosome, inRNA binding, and in extracellular exosome. The KEGG analysis showed that most DEGs were primarily involved in RNA transport and the ribosome pathway (Table S1-b, Figure 3B(1,2)). Between the 2-cell and the 4-cell stage, 58 and 40 of the 98 DEGs were down and up-regulated, respectively. GO analysis indicated that there was a significant over-representation of elements involved in the positive regulation of cell proliferation, negative regulation of transcription, DNA-templated, and negative regulation of cell differentiation. The KEGG analysis showed that most DEGs were primarily involved in the phagosome pathway (Table S1-c, Figure 3C(1,2)). Between the 4-cell and the 8-cell stage, 146 and 80 of the 226 DEGs were down- and up-regulated, respectively, which was inconsistent with the findings of a previous study that used scRNA-seq to profile human preimplantation embryos and embryonic stem cells [23,29]. GO analysis indicated that there was a significant over-representation of elements involved in the nucleus. The KEGG analysis showed that most DEGs were primarily involved in the cell cycle pathway (Table S1-d, Figure 3D(1,2)). Between the 8-cell and the 16-cell stage, 487 and 724 of the 1211 DEGs were down- and up-regulated, respectively. GO analysis indicated that there was a significant over-representation of elements involved in RNA binding and mitochondrion. The KEGG analysis showed that most of the DEGs were primarily involved in the ribosome pathway (Table S1-e, Figure 3E(1,2)). Between the 16-cell and the morula stage, 97 and 67 of the 174 DEGs were down and up-regulated, respectively. GO analysis indicated that there was a significant over-representation of elements involved in transferase activity. The KEGG analysis showed that most of the DEGs were primarily involved in the DNA replication pathway (Table S1-f, Figure 3F(1,2)). The majority of the DEGs, 856 and 1092 of the 1948 DEGs were down- and up-regulated, respectively, between the morula and blastocyst stages. GO analysis indicated that there was a significant over-representation of elements involved in extracellular exosome and cytosol. The KEGG analysis showed that most of the DEGs were primarily involved in the transcriptional misregulation in cancer, lysosome, and protein processing in the endoplasmic reticulum pathway (Table S1-g, Figure 3G(1,2)).




3.4. Genome-Wide Discovery and Identification of lncRNAs


To identify new lncRNAs involved in sheep development from the oocyte to the blastocyst stages, cell samples from oocytes, zygote, and blastomeres of the 2-, 4-, 8-, 16-cell, morula, and blastocyst stages were collected. Transcriptome sequencing was then performed using the Illumina HiSeqTM 4000 platform. An overview of the analysis pipeline is shown in Figure 4. After removing adaptor reads, reads containing poly-N > 10%, and low-quality reads, clean reads were obtained for each sample and used in the following analyses. The GC content of each sample was between 43.5 and 45%. Thus, approximately 75.28–91.45% of the total clean reads could be mapped to the mouse reference genome sequence using Tophat v2.0.9 (Table 3). The different gene subtypes of the above-mapped reads are shown in Figure 1B and are based on genomic overlap with existing annotations using the HTseq program. A total of 274,470 assembled transcripts were produced using both Scripture (beta2) and Cufflinks (v2.1.1).




3.5. Features of lncRNAs


The fragments per kilobase of exon per million fragments mapped (FPKM) values and numbers of lncRNAs demonstrated that lncRNAs in cell samples from the oocyte, fertilized egg, 2-, 4-, 8-, 16-cell, morula, and blastocyst stages were expressed at lower levels compared with the levels of protein-coding genes expressed (Figure 5A). However, the lncRNA transcript length was mostly ≥1000 bp, which was not significantly different compared with transcript lengths observed for protein-coding genes (Figure 5B). In addition, significant differences in the distributions of exon number between protein-coding genes and lncRNAs were also detected, and 82.41% of all lncRNAs only contained two exons (Figure 5C). Furthermore, most of the lncRNAs contained relatively shorter open reading frames (ORFs) compared with protein-coding genes (Figure 5D).




3.6. Differentially Expressed lncRNAs


A total of 42 differentially expressed lncRNAs (p < 0.05; 52 transcript isoforms) were detected (Figure 6). The most noticeable changes in lncRNA expression occurred between the morula and blastocyst stages, in which 19 (23 transcript isoforms) were significantly up-regulated and six (10 transcript isoforms) were down-regulated (Figure 6). Overall, differentially expressed lncRNA transcripts were fewer in number in sheep compared with the implantation and inter-implantation sites of pregnant mice [30].




3.7. Cis- and Trans-Target Genes of lncRNAs


To investigate the function of lncRNAs, we first predicted the putative lncRNA cis- and trans-regulatory target genes. Protein-coding genes located within 100 kb upstream and downstream of lncRNAs were considered cis-targets (Table S2-a). The trans-target genes located far from lncRNAs are shown in Table S2-b.




3.8. Functional Analysis of Differentially Expressed lncRNAs


To predict the function of lncRNAs during the different aforementioned stages, GO and KEGG analyses of the cis and trans-target genes of the lncRNAs in the eight comparison groups were performed. GO analysis of the cis-targets revealed only one significantly enriched GO term (mitochondrion) in the oocyte vs. zygote stages. The KEGG analysis revealed that the significantly enriched pathways in the oocyte vs. zygote stages were “Spliceosome” and “Carbon metabolism” (p < 0.05, Figure 7A(1,2) and Table S3-1). The significantly enriched GO terms of the cis-targets in the zygote vs. 2-cell stages, which represented biological processes and molecular functions, were associated primarily with nucleus, mitochondrion, extracellular exosome, cytosol, and cytoplasm. The KEGG analysis revealed that the significantly enriched cis pathways in the oocyte vs. zygote stages were “Non-alcoholic fatty liver disease,” “Huntington’s disease,” and “Alzheimer’s disease” (corrected p-value < 0.05, Figure 7B(1,2) and Table S3-2). There was only one significantly enriched GO term detected in the 2-cell vs. 4-cell stages: intracellular signal transduction. The KEGG analysis revealed that the significantly enriched cis pathways were the “MAPK signaling pathway” and “Glycerophospholipid metabolism” (p < 0.05, Figure 7C and Table S3-3). Furthermore, no GO terms were significantly enriched in the 4-cell vs. 8-cell stages. The KEGG analysis revealed that the only significantly enriched cis pathway was “cell cycle” (corrected p-value < 0.05, Figure 7C(1,2) and Table S3-4). In the 8-cell vs. 16-cell stages, there were additional significantly enriched GO terms: nucleus, membrane, and others. The KEGG analysis revealed that the only significantly enriched cis pathway was “Ribosome” (corrected p-value < 0.05, Figure 7E(1,2) and Table S3-5). Seven significantly enriched GO terms were detected in the 16-cell vs. morula stages: nucleotide binding, membrane, and others. The KEGG analysis revealed that the significantly enriched cis pathways were “RNA transport” and “AMPK signaling pathway” (p < 0.05, Figure 7F(1,2) and Table S3-6). In the morula vs. blastula stages, there were additional significantly enriched GO terms: RNA binding, nucleus, and others. The KEGG analysis revealed that the significantly enriched cis pathways were “Huntington’s disease” and “Oxidative phosphorylation” (corrected p-value < 0.05, Figure 7G(1,2) and Table S3-7).




3.9. Distribution of Different SNP and Indel Types in Sheep from Oocyte to Blastocyst Development


Single-nucleotide polymorphisms (SNPs) are the most common form of genetic variation in humans and drive phenotypic variation. Due to evolutionary conservation, SNPs and indels (insertion and deletions) are depleted in functionally important sequence elements [31,32]. Here, using the SAMtools/Popoolation software package. A total of 4,352,847 putative SNPs and 297,411 INDEL was predicted, with an average of 181,368 SNPs and 12,392 INDEL per sample, respectively. After removing redundant SNPs among all samples, we had 678,433 and 8454 INDEL from SAMtools/Popoolation2 (Table S4). Then, concerning all the putative SNPs in sheep from oocyte to pre-implantation development, there were 79,516, 70,858, 99,129, 115,926, 72,615, 78,782, 66,420, 224,557 intergenic SNPs. In addition, 47,852, 40,178, 60,970, 67,126, 37,762, 64,925, 39,054, 201,642 SNPs from different stages in sheep from oocyte to pre-implantation development were genic, and defined exactly as in the 5′UTR, 3′UTR, and upstream and downstream of protein-coding genes. Furthermore, in these three SNP datasets, there were large percentages of intergenic (including upstream/downstream) SNPs (37–49%). There were 79,516, 70,858, 99,129, 115,926, 72,615, 78,782, 66,420, 22,4557 intergenic SNPs. In addition, 47,852, 40,178, 60,970, 67,126, 37,762, 64,925, 39,054, 201,642 SNPs from different stages in sheep from oocyte to pre-implantation development were genic, and of these genic SNPs (Table 4).




3.10. SNP and Indel Functional Annotation


Functional annotation of SNPs with allelic imbalances was performed using the Blast2GO suite [32,33,34,35]. The SNP-flanking sequences were searched against the NCBI nr-protein database using BLASTx. Associated genes and GO terms were then obtained. In the biological processes’ category, SNP genes were associated with various cellular processes that were primarily involved in development-related mechanisms, including the regulation of the MyD88-dependent toll-like receptor signaling pathway, regulation of metabolic and oxidation-reduction processes, and protein translation. In the molecular function category, SNP-containing genes were associated with binding phosphoprotein, nucleic acid, and actin. In addition, a significant number of the genes were associated with transferase, motor, oxidoreductase, and structural molecule activities. In the cellular component category, many of the genes were associated with the cytoplasmic compartment, membranes, myosin complex, and extracellular region compartment (Supplemental Tables S4 and S5), which is consistent with the findings of previous studies [31].



Additionally, KEGG pathway mapping was used to assign functions to the SNP-containing transcripts. A search of transcripts against the KEGG database yielded 1043 transcripts (13.15%) with significant hits to 632 KEGG Orthologies belonging to different pathways (Supplemental Tables S5 and S6).




3.11. Overview of AS Events in Sheep from Oocyte to Blastocyst Development


Splicing events were comprehensively analyzed for 24 single cells based on relevant RNA-seq data. In the oocyte stage, there were in total 101,835 AS events detected in 54,266 genes, comprising 7003 alternative exon ends (AE) events detected in 2603 genes, 1862 retention of single (IR) events in 723 genes, 146 multiple (MIR) intron events in 56 genes, 5260 multi-exon SKIP (MSKIP) events in 1400 genes, 17,236 Skipped exon (SKIP) events in 4310 genes, 33,409 Alternative 5′ first exon (TSS) events in 20,899 genes, 26,563 alternative transcription termination site (TTS) events in 20,900 genes, 2063 approximate AE (XAE) events in 729 genes, 1055 approximate IR (XIR) events in 359 genes, 76 approximate MIR (XMIR) events in 31 genes, 1969 approximate MSKIP (XMSKIP) events in 631 genes, and 5193 approximate SKIP (XSKIP) events in 1625 genes (Figure 8A). Next, splicing events were comprehensively analyzed in fertilized egg stage, 2-cell, 4-cell, 8 cell, 16 cell, morula and blastocyst shown in Figure 8B–H. Of those stags, in morula and blastula, only one type of AS event was detected in most genes, although there were some exceptions; generally, it was demonstrated that three or more splicing events could be attributed to one gene, with a maximum of five types of AS events observable for a single gene. However, TSS was the predominant type of event in all the histologic STS subtypes, which revealed that TSS was the most common splicing event in sheep from oocyte to blastocyst development.




3.12. Associated AS Events


The main AS events were SKIP, TSS, and TTS (Figure 1). Therefore, we analyzed associated AS events and genes by UpSet plot. SKIP was detected in 2566 genes at every stage (Figure 9A). Furthermore, TSS and TTS were detected in 11,441 genes at every stage (Figure 9B,C). More than one AS event could occur in one gene, and up to three types of splicing events were identified in one gene. Thus, one gene might have two or more AS events that were markedly related to the PFI of PTC patients. The UpSet plot revealed that TSS was the most common prognosis-related event.




3.13. Molecular Characteristics of the Most Important AS Events


Based on UpSet plot, there were 13,663 genes with one or more AS events at different stages (Figure 10A). We then carried out GO and KEGG analysis. The functional annotations revealed that “regulation of transcription, DNA templated (884 genes),” “transport (609 genes),” and “proteolysis (397 genes)” were the three most significant biological process terms. “Membrane (4323 genes),” “nucleus (3966 genes),” and “integral component of membrane (3055 genes)” were the three most significant cellular component terms. For molecular function, “ATP binding (1498 genes),” “nucleotide binding (1441 genes),” and “nucleic acid binding (1412 genes)” were the three most enriched categories (Figure 10B).



Furthermore, we found that the related pathways were metabolism, environmental information processing, and human diseases. The “metabolism” and human diseases correlated pathways were mostly genes involved in purine metabolism (131 genes), pyrimidine metabolism (93 genes), and pathways in cancer (181 genes) (Figure 10C). In our study, there were 13,663 genes with one more AS event suggesting that AS may play an important role at different developmental stages. Furthermore, “ATP binding (1498 genes),” “nucleotide binding (1441 genes),” and “nucleic acid binding (1412 genes)” were the three most enriched categories, suggesting that alternative protein isoforms with distinct functions are expressed. Thus, defects in splicing control might be able to induce losses in function and severe phenotypes and require further study.





4. Discussion


In recent years, much research has focused on the study of the development of blastomeres of the 4- and 8-cell embryos of mice [5], cattle [6], and goats [7]. However, the exact mechanism and the developmental patterns underlying how the blastomeres of the 2-, 4-, 8-, 16-cell, morula, and blastocyst stages undergo asymmetric division are still unclear. For the first time, we used scRNA-seq to study the transcriptome profiles during sheep development from the oocyte to the blastocyst stages. Our data showed that from the 4-cell to the 8-cell stage, there were no noticeable changes in the transcriptome profile as has been shown for the 4- and 8-cell embryos of mice [6,7,36] (Figure 1A). However, the first major change was noted between the 8-cell and 16-cell stages, which is similar to the pattern observed in the bovine embryonic genome. The greatest changes in gene expression were observed between the morula and blastocyst stages, which may be explained by a major morula–blastocyst transition that results in expression patterns characteristic of sheep preimplantation development [11,37]. Furthermore, 1092 and 856 DEGs were down- and up-regulated, respectively (Figure 2). BTF3 (basic transcription factor 3), TLR1(toll-like receptor 1), and SPINT2 (serine peptidase inhibitor, Kunitz type 2) were markedly up-regulated, while PEX12 (peroxisomal biogenesis factor 12) and PGK1 (phosphoglycerate kinase 1) were significantly down-regulated between the oocyte and zygote stages. In others reports, BTF3 as one of the important transcription factors was proved in gastric cancer development and in progression by enhance transcription [38]. TLR4 enhances blastocyst attachment to endometrial cells in mice via miR-Let-7a suggesting that inflammatory responses are beneficial in the fetomaternal interface and supposedly accelerate the chances for successful implantation. In our study, TLR1 was markedly up expressed from oocyte to blastocyst development [39]. Therefore, the role of inflammatory responses is interesting and needs further study. GO and KEGG analyses of DEGs were then conducted. At different stages, GO analysis indicated that there was a significant over-representation of elements involved in nuclear speck and cytoplasm. The KEGG analysis revealed that most of the DEGs were primarily involved in the spliceosome, ribosome biogenesis in eukaryotes, and the Epstein–Barr virus infection pathway, RNA transport, ribosome pathway, transferase activity, and others. The above pathways have also been reported in the development of bovine and monkey embryos [11,40,41]. Therefore, the transcriptome profiles in sheep from oocyte to blastocyst development showed the same pattern.



We then characterized the features of the lncRNAs and their target genes. The lncRNAs in cell samples from the oocyte, fertilized egg, 2-, 4-, 8-, 16-cell, morula, and blastocyst stages had lower expression levels compared with the expression levels observed in protein-coding genes. However, the transcript lengths of lncRNAs were mostly ≥1000 bp, and the mean transcript length of lncRNAs was not significantly different relative to the mean transcript length of protein-coding genes (Figure 5B). In addition, there was a total of 42 differentially expressed lncRNAs (52 transcript isoforms) (Figure 6). The major changes in lncRNA expression occurred between the morula and blastocyst stages, of which 19 (23 transcript isoforms) lncRNAs were significantly up-regulated, such as lnc MSTRG.2676, lnc MSTRG.3585, and six (10 transcript isoforms) lncRNAs were down-regulated, such as lnc MSTRG.8262 and lncMSTRG.11966 (Figure 6). Overall, there were fewer differentially expressed lncRNA transcripts during sheep development compared with the number of differentially expressed transcripts detected in implantation and inter-implantations sites in day-5 pregnant mice [30]. GO and KEGG analyses of the cis- and trans-target genes of the lncRNAs in the eight comparison groups were performed. GO analysis of the cis lncRNA targets revealed the following significantly enriched GO terms: RNA binding, nucleus, and others. The KEGG analysis revealed that the significantly enriched cis-pathways were “Huntington’s disease” and “Oxidative phosphorylation” between the morula and blastula groups (corrected p-value < 0.05, Figure 7G and Table S3-7).



We then studied the distribution of different SNP and indel types (Table 4). Approximately 10% intergenic and 30% non-coding SNPs have been reported in humans from RNA-seq data [42]. The high percentages of intergenic SNPs in humans may be partially explained by the incomplete annotation of protein-coding genes and exons in the current version of the rainbow trout reference genome sequence [35]. We then conducted GO analysis of the associated genes. In the biological process’s category, SNP genes were associated with various cellular processes that were primarily involved in development-related mechanisms, including regulation of the MyD88-dependent toll-like receptor signaling pathway, regulation of metabolic and oxidation-reduction processes, and protein translation. In the molecular function category, SNP-containing genes were associated with binding phosphoprotein, nucleic acid, and actin. In addition, many genes were associated with transferase, motor, oxidoreductase, and structural molecule activities. In the cellular component category, many of the genes were associated with the cytoplasmic compartment, membranes, myosin complex, and extracellular region compartment (Tables S5 and S6), which is consistent with the findings of previous studies [31].



Finally, we also detected AS events. There are relatively few studies that have reported the numbers of AS events during development from the oocyte to the blastocyst. In this study, splicing events were comprehensively analyzed for 24 single cells based on relevant RNA-seq data. For example, there was a total of 101,835 AS events that were detected in 54,266 genes, comprising 7003 AE events detected in 2603 genes in the oocyte stage (Figure 8A). AS can control the transcriptional identity of the maternal transcriptome by the RNA-binding protein, which is essential for the development of fertilized-competent oocytes [43]. Therefore, our comprehensive analysis of AS suggests that AS plays an important role in sheep development. GO and KEGG analyses showed that there were 13,663 genes with one or more AS events at different stages during sheep development based on the UpSet plot (Figure 10A). The most significant biological process terms were “regulation of transcription, DNA templated,” “transport”, and “proteolysis”. The three most significant cellular component terms were “membrane,” “nucleus,” and “integral component of membrane”. The significant terms for molecular function were “ATP binding,” “nucleotide binding”, and “nucleic acid binding” (Figure 10B). In a previous study, AS has been shown to play an important role in the protein-coding genes of mouse oocytes and zygotes by RNA-binding protein, and the correct combination of exons through AS ensures that gene isoforms are expressed for the specific context in which they are required [44,45]. Furthermore, the “metabolism”, “genetic information processing” and “human diseases” correlated pathways were mostly genes involved in purine metabolism, RNA transport, and pathways in cancer (Figure 10C). In metabolomic analyses of fetal germ cells in mice on embryonic day (E)13.5 and E18.5, purine metabolism was involved in demonstrating sex- and developmental stage-dependent changes in these processes [46]. RNA transport in our study was mostly genes involved which also as one of the important AS events is frequent across developmental stages and tissues in embryonic day 8.5, 9.5. and 11.5 mouse embryos and placenta [47]. Furthermore, we detected 13,663 genes with one or more AS events, suggesting that AS may play an important role in sheep development. Furthermore, “ATP binding (1498 genes),” “nucleotide binding (1441 genes),” and “nucleic acid binding (1412 genes)” were the three most enriched categories, suggesting that alternative protein isoforms with distinct functions were expressed. Thus, defects in splicing control might be able to induce losses in function and severe phenotypes and thus require further study [48].




5. Conclusions


Here, we conducted a scRNA-seq survey of cells from sheep from the oocyte to the blastocyst developmental stages. We then carried out experiments to identify and functionally analyze the transcriptome profiles, long non-coding RNAs, single-nucleotide polymorphisms (SNPs), and alternative splicing (AS). We found between the oocyte and zygote groups significantly down-regulated genes and the second-largest change in gene expression occurred between the 8- and 16-cell stages. We used various methods to construct a profile to characterize cellular and molecular features and systematically analyze the related GO and KEGG profile of cells of all stages from the oocyte to the blastocyst. This large-scale, single-cell atlas provides key cellular information and will likely assist clinical studies in improving preimplantation genetic diagnosis.
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Figure 1. Expression profiles during sheep development from the oocyte to the preimplantation stage. (A) Heat map of gene expression profiles correlated with developmental stages. (B) Determination of the soft threshold with the WGCNA algorithm. The approximate scale-free fit index can be attained at the soft-thresholding power of 18. (C) Clustering dendrograms showing 26 modules containing a group of highly connected genes. Each color represents a certain gene module. (D) Principal component analysis. PC1, PC2, and PC3 represent the top three dimensions of the genes showing differential expression among preimplantation blastomeres. 
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Figure 2. Differentially expressed genes in sheep development from the oocyte to the blastocyst stages. 
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Figure 3. Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses of differentially expressed genes in sheep development from the oocyte to the blastocyst stages. GO and KEGG analyses between (A) the oocyte and zygote stages, (B) the zygote and 2-cell stages, (C) the 2-cell and 4-cell stages, (D) the 4-cell and 8-cell stages, (E) the 8-cell and 16-cell stages, (F) the 16-cell and morula stages, and (G) the morula and blastocyst stages. 
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Figure 4. Pipeline for identification of lncRNAs. 
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Figure 5. LncRNA characteristics in sheep development from the oocyte to the blastocyst stages. (A) Comparison of the expression level between lncRNA and protein-coding genes in terms of fragments per kilobase of exon per million fragments mapped (FPKM). The FPKM distribution of lncRNAs in mouse uterus was lower than that of protein-coding genes. (B) Distribution of transcript lengths in the lncRNAs and protein-coding genes. The average size of lncRNA transcripts was generally shorter than that of protein-coding genes. (C) The number of exons in lncRNAs and protein-coding genes. A total of 88.41% of the lncRNAs contained two to four exons, while the majority of protein-coding genes contained more than 10 exons. (D) The number of ORFs identified in the lncRNAs and protein-coding genes using Estscan. As expected, the ORFs of lncRNAs were substantially shorter than the ORFs in protein-coding genes. 
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Figure 6. The number of differentially expressed lncRNAs in eight comparison groups in sheep development from the oocyte to the blastocyst stages. 
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Figure 7. GO and KEGG analysis with the cis and trans-target genes of lncRNAs. GO and KEGG analyses between (A) oocyte and zygote stages, (B) zygote and 2-cell stages, (C) 2-cell and 4-cell stags, (D) 4-cell and 8-cell stages, (E) 8-cell and 16-cell stages, (F) 16-cell and morula stages, and (G) morula and blastocyst stages. 
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Figure 8. The number of alternative splicing events and associated genes in sheep development from the oocyte to the blastocyst stages. TSS was the most frequent of the eleven types of events. (A) Oocyte stage. (B) Zygote stage. (C) 2-Cell stage. (D) 4-Cell stage. (E) 8-Cell stage. (F) 16-Cell stage. (G) Morula stage. (H) Blastocyst stage. AE alternative exon ends, AD alternate donor, AP alternate promoter, AT alternate terminator, ES exon skip, ME mutually exclusive exon, RI retained intron. 
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Figure 9. UpSet plot of the three main alternative splicing events at different stages in sheep development from the oocyte to the blastocyst stages. UpSet plot of the interactions of the alternative splicing events associated with genes. (A) UpSet plot of the interactions of SKIP. (B) UpSet plot of the interactions of TSS. (C) UpSet plot of the interactions of TTS. TTS alternative transcription termination site. 
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Figure 10. Molecular characteristics of the main alternative splicing events in sheep development from the oocyte to the blastocyst stages. (A) UpSet plot of the main genes at different stages in sheep development from the oocyte to the blastocyst stages. (B) GO analysis. (C) KEGG analysis. 
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[image: Genes 14 01145 g010]







[image: Table] 





Table 1. Numbers of embryos and cells analyzed by single-cell RNA-Seq analysis.






Table 1. Numbers of embryos and cells analyzed by single-cell RNA-Seq analysis.





	Sample
	No. of Sample
	No. of Single Cells





	Oocyte
	3
	3



	Zygote
	3
	3



	2-cell
	3
	3



	4-cell
	3
	3



	8-cell
	3
	3



	16-cell
	3
	3



	Morula
	3
	3



	Blastocyst
	3
	3



	Total
	24
	24
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Table 2. The numbers of genes detected in sheep from oocyte to blastocyst development.






Table 2. The numbers of genes detected in sheep from oocyte to blastocyst development.





	Stage
	No. of Genes (FPKM > 0.1)





	Oocyte
	24,729



	Zygote
	25,455



	2-cell
	26,714



	4-cell
	28,948



	8-cell
	25,920



	16-cell
	24,341



	Morula
	22,242



	Blastocyst
	31,157







FPKM: fragments per kilobase of exon per million fragments mapped.
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Table 3. Summary of read filter and alignment.






Table 3. Summary of read filter and alignment.





	Sample
	Raw Reads
	Clean Reads
	Clean Bases
	Error Rate (%)
	GC Content (%)





	oocyte
	102,383,290
	86,741,418
	13.01 G
	0.04
	43.50



	Zygote
	111,921,426
	87,081,144
	13.06 G
	0.02
	44.50



	2-cell
	123,273,652
	95,679,634
	14.35 G
	0.04
	44



	4-cell
	108,522,186
	96,419,102
	14.46 G
	0.03
	44



	8-cell
	142,178,172
	123,561,104
	18.53 G
	0.02
	45



	16-cell
	133,023,048
	90,477,914
	13.57 G
	0.04
	43.5



	morula
	122,556,646
	90,506,796
	13.58 G
	0.02
	44.5



	blastula
	141,488,370
	105,354,406
	15.80 G
	0.03
	44
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Table 4. Summary of SNP and indel classification for different sets.






Table 4. Summary of SNP and indel classification for different sets.





	
Functional Class

	
SNP

	
INDEL




	
Oocyte

	
Zygote

	
2-Cell

	
4-Cell

	
8-Cell

	
16-Cell

	
Morula

	
Blastocyst

	
Oocyte

	
Zygote

	
2-Cell

	
4-Cell

	
8-Cell

	
16-Cell

	
Morula

	
Blastocyst






	
Intergenic

	
79,516

	
70,858

	
99,129

	
115,926

	
72,615

	
78,782

	
66,420

	
224,557

	
5650

	
5260

	
7088

	
8129

	
6163

	
4939

	
4765

	
15,130




	
Intronic

	
47,852

	
40,178

	
60,970

	
67,126

	
37,762

	
64,925

	
39,054

	
201,642

	
3104

	
2831

	
3973

	
4172

	
2793

	
3580

	
2566

	
15,373




	
exonic

	
28,898

	
24,940

	
33,951

	
35,201

	
26,715

	
32,414

	
27,569

	
66,325

	
336

	
298

	
438

	
411

	
415

	
326

	
440

	
512




	
3′UTR

	
3991

	
4763

	
5879

	
5761

	
4773

	
4822

	
3991

	
8356

	
502

	
564

	
666

	
651

	
598

	
547

	
577

	
862




	
5′UTR

	
1075

	
904

	
1142

	
1269

	
964

	
1265

	
1075

	
2145

	
34

	
32

	
35

	
42

	
35

	
41

	
44

	
60




	
upstream

	
4343

	
3612

	
5330

	
5836

	
3937

	
5551

	
4343

	
9568

	
243

	
233

	
359

	
408

	
285

	
306

	
299

	
588




	
downstream

	
14,572

	
16,348

	
19,799

	
20,220

	
16,904

	
16,251

	
14,572

	
27,967

	
1845

	
1814

	
2268

	
2209

	
2072

	
1749

	
2010

	
2886




	
splicing

	
632

	
375

	
421

	
494

	
390

	
390

	
632

	
525

	
47

	
43

	
53

	
52

	
47

	
44

	
53

	
71




	
Total number

	
184,380

	
162,027

	
226,690

	
251,891

	
164,117

	
204,485

	
157,743

	
541,244

	
11,763

	
11,076

	
14,882

	
16,076

	
12,408

	
11,534

	
10,755

	
35,487

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
2500 H

2000 -

1500 A

1000 -

500

NO. differentially expresstion gene

_cell _cell 6,ce\\ W ON\OB\OSt ocyst

gote il
Y el V& L ce“ VS g,ce“ vs-16’c ol VS o
Mo'

\vs

iy Ce‘

B Down-regulated 61 232 40 80 724 67 1092
B Up-regulated 207 266 58 146 487 97 856





media/file18.png
T T T
10.000 8000 600D 4000

C

T r T T
25.000 20.000 15,000 10.000 5000

| | | | | | | | Genre intersections

2000

| | | | | | | | Genre intersections

-

3000

25004

2000

1600+

1000

A0

="

12,000 1—

10,000

3000+

5000+

4000

i

i
1 H;
el

i)

a4

2000

[

a1
“““ﬂnun
B0y
“"Hﬂuuunuuﬁ““““““"

!

LA 4 4 - - - e
- - LL L] - - iR e .
- . LR Y T I ] |l!l LY B
.. R YTy -I s moand o w
- . f . fow
. [TTEREE R T B ' .
e - “oaoa I . .

?m""dizm HED

) BP0 B 5 06

1nifn
.

|

.
.
LE R
Ix
LR
oo
aee

i

056650 58 2808 0B OF 57 47 46 95 95 66 45 D606 D606 0585655 45 450

ettt
111t
[
sioete
s e

| | I | | | | | Genre intersections

25,000 20.000 15.000 LO,000 5000

it

. "reR

L L |
Y |
. .

o] pers ,l

. dhaan 4w

aew

.

L |-|I|

|
.

1491441
T

T

|
LR TR T

2000+

5000

2000

a41

2000

1]

~NO

2cell

Gcell
16cell

82
nllnmm
180400509 247
[ I sz ssesseananzinnnoarmasasrss:
- -

e sew
- (1]
. (L]
. LL]
. |

TERRERRN RN
P patasary PR

LRREE T Tot R T
-

it

ITTT IR T

RITEL T
|

NETIrTY

L ERE]

(R T

-
.
¢ &+ .

-———s






media/file3.jpg
2500

2000

1500

1000

500

NO. differentially expresstion gene

ol

oofe gote el
00 TV s A s
v 9 el Ao s
P L ,,,.u\\ s

B Down-regulated 61 232 40 80 724 67 1092
Up-regulated 207 266 58 146 487 97 856






media/file19.jpg
T






media/file7.jpg
2Remore reads o contaning polyX>5%
S Removelw qualy reads

Scripture (bt
CutLinks (02.11)

(ivtramy)






media/file10.png
B
IncRNA vs mRNA{log10(FPKM}) IncRNA vs mRNA{number) g -
2 -
g - o
£
=
2
L g8 s -
g | £
-2 &0
; g |
: 3
.- g &
T T R
InCAMNA mRNA InCANA mRNA
D Coding Gene
C
= [ncANA = mRNA
2000 -
s
2
o
1000~
£
=
S
I‘i s
IncRNA
2l 300+

i L‘_IIJII

Exon number

III i
IIIII.--- il
nu

= IncANA = mRNA

l o mnm Bn B mm Be Em

: o8 & » - 7 * &
LA A G S A A A

Transcript length{bp)

llD sm EED ?IH' 8 IDDD ||I:I] 1203 13no 14.{'"] 1H:ﬂ IEDD I?Dﬂ 1aou 1900 5—2!“!)

mean: 129.46

450 w500
Lsng‘lh o ORFs in aa:l





media/file14.png
(1) Statistics of GO Enrichment

— y
——_ ||
e ity .
el || ||
p— I
paie
ESE—— | || e
——————— - e
) e R
| R — N |
.
g —— 1 i
. -
mitochondrial matrix - (i
[ 2

ra— 4
exnconsarxosome )
one- @
ONA-iocted5-3 ANA poymacase acily - .
‘centrosome - .
[rer—
[ — .

1o

o
Rich factor
(1) Statistics of GO Enrichment

ubiutn bindng )

vanserpton coactvator actwey - .
spinds microutuie- .

oguiaton o ONA repicaton .

‘protein homodimerization activity - @
o dop - .
e ratin- !
P R ————— .
T m—— !
g ospraproten phosppatase acvy .
S— !
po— .
Golgi apparatus - @
Er— .
fe—
avowatn !
cllecio e 3
-
o4 o o 10
Rich factor
-
G
variion- .
JRA——— .
Assng: @
4 .
respnse o ot s «
o ®
st edton roces .
RS
)
€
’§| ‘mitochondrion = [ ]
G s s e .
— .
mertrae- @)
[STRmE——
Pe— .
cxrcaer easome- °
E—— .
oytosal- °
3 (]
[rav—
080 s 080 13
Rich factor

(2) Statistics of Pathway Enrichment

(1) Statistics of GO Enrichment
B (2-cellvs. zygote)

Spicaosom vansiaon-
A tansport- ° vanscrpton coacvator actvly -
ANA poymorase- ] suctural constiuont o bosame - .
ANA dogradation A bindng - .
] - g, rbosome-
! . 03 —
Pyrimidine metabolism ° e ‘peptidase actviy -
o020
e jom- @ o e °
Poraisome- . 010 nuceoisetingng: @
Pontose phosprate patway - . miochoncron- °
Gene_number
Pancreste socanon- ° miochandial nnor momtrane - .
eSpm— ° s p——
! ° M ntacetuar bonuclocproten conpies
o
fosis * o nacelar- .
- o . @ [ORIT——
Epstein-Barr vius infection- ) [ ] oxvacallar exosome - Y
osolc DNA-sensing patay - . recutum - .
o convacton ) oposol- °
Garbon motabolsm- ° opopasn- @
Blosynthess of amino acds - AP binding - .
o7s oo o3 o 03 100 os o5 o7 os
Rich factor Rich factor
(2) Statistics of Pathway Enrichment (1) Statistics of GO Enrichment
E ®cellvs. 16-cel))
sl
. stucural constuont o bosomo -
ing .
. dbosome-
. palue oteaysis-
protein homodimerizaton aciviy - .
o2 sisomo-
. - oo @
nucleoplasm - L]
3
. § nuceols .
Gene_number
. — °
s miochorialnner membrane -
“
° o rano- @)
o
. .- intaceludar ibonucieoprotein compiex -
. @ invacolular- .
. o: idensica protei binding - .
. extacouiar oxosomo- °
yikine-cytokine recetor ortosal- °
Gonralcarbon metabotem ncancor - plasm - °
cantosome - .
os 07 o8 09 10 os o7 o8
Rich factor Rich factor
Statistics of Pathway Enrichment
.
.
(]
.
. puale
012
008
004
Gene_number
o .
o
LE
* @w
. @wn
.
Jcarr - .
i oyce- .
Avtigen processing and resentaton -
S0 0S5 o0ss0 075 1000

Rich factor

(2) Statistics of Pathway Enrichment

Vialcarcinoganasis -

coptor signaing pattay - .
‘Splicsosome - L]

SNARE intractions in vosicular ransport-

pps— .
A doacation- .
pvalue
000 RIG-1-horocoptor signaing patway - @
0.00009 Ribosome- @
oooos o Protossome- .
ooy & —_— .
Puimsonsdomsse- @
Gene_number " on- °
(8]0 Non-akoholofaty iver disease (NAFLO- @)
®
- Noutotapinsnaing patway - .
arco patvay- @
Huntngons dooaso- @)
Epstein-Bar virus infection = .
Callyce- .
Cardac muscle cotacion- @
Jrr—
s 10
Rich factor
(2) Statistics of Pathway Enrichment
—
AN ransport- .
[re— Y
Pyiidina motbolem- .
Proton processing nsrdoplasio el - .
Gene_number o I
)
= Protessome- .
@50 - .
@0 ® " cancer- @
@ §
g mANA survtanco patay- .
T | Jorisdsoaso~ @
Soooe &
LS HIL e .
oonor2
Wt signang paway - .
00000
[T —— .
000004
Goorophosphokpd metaboksm- .
pstein-Barr virus infection = .
S—— .
Cotcyc- .
n metabolism - .
Aminoncy-{RNA Bosyrivess -
oo 1h0

0B 0d0
Rich factor

C  (@cellvs.4cell)

F c6ceitvsMorua)

(1) Statistics
sota systom morphogonass -
RINA polymerase I ranscrptionfactor complox -
egulation o reaciive oxygen species metabol process

regulation of nucleic acid-templaed anscription

]
i
.|
s s e o
5 ——
5 -

intvacoluiar sigral ransducton .

iy~

Histono s
cropiasm

olestero vansport-

coluar response to onizing radaton -

coluiar osponse t hycrogen porard-

sbobycrate motaboic process -

8 ol receptorsigaling ey -

actn amnt-

02

roguiton ofcol shape -

of GO Enrichment

o5

o4 o
Rich factor
(1) Statistics of GO Enrichment

Gene_number

®n0
[ B3

(2) Statistics of Pathway Enrichment

VEG signaiing patway -

iing pathway - @
Protein processing in endopiasmic reticulum - .
rogostone-modsad coore mamon- @
‘Oocyte melosis -
Nouraophin sgraingpatway - @ |
mTOR signaling pathway - (] 03
[em————— ) -
[
o

X
@20
B
. @
L]
Ghaine metablism n cancer -
Antgen processingand presertation- .
ds ds os 1o
Rich factor
(2) Statistics of Pathway Enrichment
Wt sgnaling pathwey - .
sansport- o
i metal
Fornin-angotersinsysem-
Protonprocessing nendoplasmic roicoum= @ pualue
o125
Parousone vobo
sincancer- @ oors
Pp— . o050
oo2s
g [ — .
g en sonaing .
] Gene_number
§ oram it |
g mTOR signaiing pathway - @
MeroRNAs i caner- .
Metabolsm of xoncsoics by cyochvome PASD- .
Crcadan myn- .
) carsnogenesis i
Amyotrophic tralsciecsis (ALS .
pathway - °
Ancetiass- @
Jripm— .
o5 o7 @ 1o





media/file11.jpg
10

NO. differentially expresstion IncRNA

299"

B Down-regulated
B Up-regulated

e\\ s

0
1

29

ot
2.V

A A
acel  gcef
ace 42\\"5
z B

socd! onle st oot

ce\\‘j‘s ow?





media/file6.png
A ysotevs. oocyte) (1) Statistics of GO Enrichment
ransison nitaton factr aciy -
warstatonal nation -

skoltal muscl satelit col migraion -

rbosomalsubunit export rom rucleus -

positve roguaton of tll-e recoplor 4 sgnaling patr...+ .
itive reguiation of intereron-alpha production = . Gene_number

e

positve roguition of ATPase activiy = & @

# ®oxn

(2) Statistics of Pathway Enrichment
Vasoprossin-roguiaiod wate roabsorption -
yine and hypotaurine metabolsm -

sduction .

s sgnaing sy
Progesorone-modiatodcacys maraton= @
[R——

MicroRNAS in cancer - @

! o100 Veasos- @
. 00075 infuenza A- @
. - 00080 Epstein-Barr virus infection
* s Endocyosis- @
. oA pleaion- @
o Degradaon ot womasc comprunds- 1
POTp—— . Cyiosic ONA-sensingpatwey - @
ihiin-coated vesicle- & Biosynthesis of amino acids - @
[rrTP— Ainoacy A Bosybess- @
ol o ok o b o ok ok 1o
Rich factor Rich factor
(1) Statistics of GO Enrichment (2) Statistics of Pathway Enrichment
D (sceltvs.8-ceny spince poke - Jeucine and scleusine degradaton-
repiaion ot smooh muscscol protlaton- . Syrinesis and dogradaon of ketone boc .
oguiaton of respiralory gase0us exchange . - e
‘epaaion o anogen ecepo sl pathasy . varsport- @
positive regulation of endothelkal cel differentiation - . Ribosome biogenesis in eukaryotes - L]
[ —— 1 PoARsraing sy ®
oo @ | PO Al !
nucleoplasm @) 0002  degradation .
nucleolar ribonuclease P complex - . o Oocyte meiosis ~ [ )
- N |
H [ ——— . R Tr—— .
g [ ——— £ coromgiiionbess - gy ss-
- ® Gene_number & Giyoosamigycan dogradatn- .
ook son- . :: © signaingpaway - .
istonsHo-Kit demetyaton- . % aty acis oot
ton dometnase sy - Faty i : .
conesn compec- . Faty acbiosynboss- .
[FRST——— - °
avamsin- o NP R— .
tr . Amino sugar and nucleotide sugar L]
‘cell—cell adherens junction - fipocytokine signaking pathway - .
aio o5 o o¥s 10 o oiz o
Rich factor

(1) Statistics of GO Enrichment

zincionbiding

G (Morulavs. Blastocyst)

rogulation ofnsuln secreton

GO_Term

Gene_number
® 0
[ )

positveroguiaton of ONA damage response, signal ransdu.
- .

nogative roguiaton of ransiatonaliiaion .

Rich factor

pathway_name

Rich
(2) Statistics of Pathway Enrichment

Amino sugar and nucotdo:

Alanine, aspartato and gltamato metabolism -

(1) Statistics of GO Enrichment
(2-cellvs. Zygote)

vosico-mediated transpor

(2) Stati

Valino,lucing and iscloucine dogradation -

istics of Pathway Enrichment

(1) statistics of GO Enrichment

C (@cellvs. 4-cem)
ubquin-dopardentcaaboism of msfoded proions by .-

wation- @ Terpenoid backbone biosynthesis -
complex- . Spicoosomo- @ .
sl consituentof bosoma Aot @ .
pralve spicoosonal conplox- Fbosome. ° 4 I}
s s @ o BEkA 5 it -
— wosome- @ 015 NORD cor .
008
v emeaton . ooz R—— ° o0 B a— owe
faton of vansiaiona kiaon- & 55 § Oudatve phosphoyiton- @ b egatve roguiaion of col flreniaton- @) 0004
JUNIIY Qe eontw— ! ey e MM 5 e a— e
=~ g " [ — R g Non-aiconolcfaty ver dsease (NAFLD) @) S i erthoto rooess | ®
o2 mANAtransport- & i mTOR sgnaing pattway -~ @ = GTPase activy -@ Gene_number
s MANA spicing, via @« Huntington's diseas - @) o oranuiar vesice- . ; ;
. Jrpr— . o o and doutoorte sl @ o G806 . 1 o
o molcular ncton= O Giyine, sorine and trconino metabolsm- @ o fucosa ining- o
[ M intacellr ibonuceoprotin complo- Faty acd motabalsm= @ fap-strctured DNA bining- .
formation of apiasmic vansition taton camplx- .  oongaton - . enyvopaetn raceptr bndng - .
Gyanoarino acd metabosm- . deoxyhypusins synhaso aciviy - .
oukaryote vansaton ifaion factor 3 complex, olF3m - Blosynnesis of arino acids - @ ar haat accimation- .
ca_process- hoimors dsoaso - blod vessa enhotal cll dferntton= .
2 72 o0 oo ol 02 %0 o025 oo o7 100
Rich factor

050
Rich factor
(1) Statistics of GO Enrichment

E 1

(8-cell vs. 16-cell)

stuctural consuent of osame:

spormatd dovelpmont= @
A bndn @)
o @
o fequation of prteasomal potin catabol process - . GBI YR
e .
ous ganizaion ]
are
nucleolus - @ o
ace
Jopssmoarsgon-» o
o004 € @
£ negate rgulaton of ymocy popttc process
8‘ ‘mitochondrion-
number
‘Cone e ‘mitochondrial large ribosomal subunit - . e
.2 ooz
= insaceosreanudecprotn compl- @ ot
[ jamma-catenin binding - . 00010
o [———— N ——— . oueos
 repicaton g ining -
cposoicsma cbosomal st @
SR— 4
conosome- @
i ongaton mived n g brancing -
o3 ok ois 1o
Rich factor
e,
WD\S
010
005
Gene_number
L
o
o
o

025 ol
Rich factor
(2) Statistics of Pathway Enrichment

(1) Statistics of GO Enrichment

e s i ardaon IR F  (6cenvsmorua) f——-
Ve i ol bosesis i L TE——
mediated proteclysis- @ 'SCF—dependont proteasomal ubiquitin-dependert .
B — om—
soononpound meutalen:— 8 [PP——
Ribosome - pralue protein serine/threonine/tyrosine -
Pyrimidine metabolism - @ 009 in O-linked glycosylation- @ pvalue.
oot @ oo et s -
e Proteasome- @ 003 in importinto ial matrix - .
z o I e oo
% T— or e g SR ————
[PR——— R S—— S
Hippo signaling pattwey - @ negaiie regulaion o plasma membrane ko . es
wricion- @ :: i i s
el cycle- @ o= J tans .
P Fp—
ST —— PUNIR——
Jo e ———— g ol oo e poiida- 8.
Nuhoimrs dosse acosomo ssanth @
[P 5.5 concesse sty @
0% 0% 0% 100 00 025 050 075 1.00
Rich factor Rich factor

pathway_r

‘Givcosaminogiycan biosyni

(2) Statistics of Pathway Enrichment

ge-

Long-term potentation -

iesis  chondoitn sulate | derm..~

wminegi synapse -
A ropicaton— [ ]
ment °
hoinergic synapse- @
Ghomicalcarcogenesis- @
AP sigrling ey @)

0.0500.675 0.100 0.125 0.150
Rich

factor





media/file15.jpg





nav.xhtml


  genes-14-01145


  
    		
      genes-14-01145
    


  




  





media/file16.png
N AS event

N Gene

o E e,
Q\._wa m g S._.ﬁ,&
..Kmvf\ o e e
QS..T - - Yy
&..* _...E\
N by
8y, Sy,
S5, g,
Do e
L a“_u.w. Q\F@@

_m\._\\%
&y

= g 3 g g o
! 2 1 i A
STSED JO Jaquunp S2EED JO JSQUUNKN
o - aa
m Iu ey
m L=/ o
2 m Pa.%.w 5y (S
T oy o
L7 L
WS_. nvv»a
@h& .m,.AN
S8, R
Q.\_\@ Q.Pﬁ.
Q.n_\@&_. Q\._G.&.
Sy iy
&y &
b ey
: : : ° I L 1 1 1 & ®
m.. m.. m. m a 0 5 B o 2
S3SED JO JSqQUUNN SASED JO JBqQUINN
@) O _
t Q_.Fw_»\ .m l.Ly ﬂPmJ\T
2 .__.www* 28 | ,mwf\
i o 1 [
e i o
Ny
S
89,
Myg
QF@?
ey
dy
-
g § BEE § & 8 &8 § § °
5 8 m m i f 8 f ¥ & 2 1 B
S3SED JO JaquInp S3SED JO Jaquiny
o ﬂuﬁ*
: o
m .cw.#*
; o
Y
Ny
S,
8o v
Wy
@.f.m.ne
Sy
&y
3
= m m m m =2 =
g g g g ' % 1 F b OB
SBSED JO JaquInp S8SED JO Jaquuiny





media/file2.png
Oocyte Zygote 2-cell 4-cell Bevell 16-cell Maoruola Blastocyst

B c Cluster Dendrogram

Scale independence

1.0

=1
3
L= o=
o =
F: ® o
c
=]
o
= To)
- =
=
N —
o
o 1
= I [ [ I T
Medule colars
b & 10 15 20 25 30
Soft Threshold (power)

D Samples
& l6-cell
® 2.cell
® dcell
© Becell

@ © Blastocyst
o ‘ ® Tygote
w * Morula
S . o, o Docyte
= L5
O '
o
o e
(=] 3
O st —
O o 1.0 &
g
< 0.5 a
< 0.0
@«
91 0.5
= 1.0
"1.0 0.5 0.0 0.5 -1.0

PC2





media/file20.png
12,000 -

10,000 <

3
3

[=]

I
25.000 20,000 15.000 10000 5000

8000
6000 -
5277
20004
2973
2331
2
2000 15 1732
1237
0- ;IE 1{ 1; ‘IIIII

n -
hos %oh |Jme[at)0hsm
Glycine, sgmegut h p' tabolism -

Genetic |nf allDf‘! Es5in

Basal transu:npum lar.Por

Environmental Informatmn F‘rn-: essmg
WA, stgna ng pathway
naing pathway
ap sgnamg pathway
ox0 smalngrfalhway
Cylohne{ytd-;lne rec eptor inferacion
Calciu sgglng g“ﬁﬁ%
Cehl amesnon molec ues (CAMsS)
Organismal Systems
felanogenesis

Complement and CO&%‘IaﬂDﬂ c caoes -

Humngmn 5 dl
Epstein -Barrwrus mfectl n
mers dise
Pro r[a ns in cancer
Non-alc ohalic fatty Irver d sease (NAFLD)

s disease
fection
Basal ceil can:lm

BE
o

I T T
0 20 40 60 80 100 120 140 160 180

200

5000 5000
4000 - 4000
uh
e
o 3000 4 - 3000
-
o
@
0
€ 2000 4 L 2000
=
z
1000 1000

biological process

cellular component

molecular function






media/file5.jpg





media/file1.jpg





media/file12.png
10 -

<
Z
Y B~
o
=
c
ke,
@ 6
2
ol
X
o
2
S 4 -
=
.
L
= B
O
&

0 =

\
ooC‘/te " gote B 4,03“ - e\ | 6-ce W orulo \Ostocyst
7y9 r B 16 E poruld
B Down-regulated 0 2 2 3 1 1 6

B Up-regulated 1 3 0 0 3 1 19






media/file9.jpg





media/file0.png





media/file8.png
[ c¢DNA library J

Py 3

oocytes, 2-cell 4-cell 8- morula stage,
Zygote cell 16-cell blastocyst
\ 4

[ Illumina Hiseq4000 sequencing ]

v
L Ra“lreads j
- ™

Clean reads data

1.Remove adapter
2.Remove reads on containing poly-N>5%

3.Remove low quality reads

\4. Remove Host sequence with similar

v

[ Mapping to the sheep reference genome ]

.

v

~N

Transcriptome assembly
1. Scripture (beta2)
2. CuffLinks (v2.1.1) 3

v

[ LncRNA filtering ]

v

L The candidate LncRNA J

Target gene prediction Differential expression IncRNA

(cis/trans) and functional analysis






media/file17.jpg





