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            Abstract
Implantation is a milestone event during mammalian embryogenesis. Implantation failure is a considerable cause of early pregnancy loss in humans1. Owing to the difficulty of obtaining human embryos early after implantation in vivo, it remains unclear how the gene regulatory network and epigenetic mechanisms control the implantation process. Here, by combining an in vitro culture system for the development human embryos after implantation and single-cell multi-omics sequencing technologies, more than 8,000 individual cells from 65 human peri-implantation embryos were systematically analysed. Unsupervised dimensionality reduction and clustering algorithms of the transcriptome data show stepwise implantation routes for the epiblast, primitive endoderm and trophectoderm lineages, suggesting robust preparation for the proper establishment of a mother-to-offspring connection during implantation. Female embryos showed initiation of random X chromosome inactivation based on analysis of parental allele-specific expression of X-chromosome-linked genes during implantation. Notably, using single-cell triple omics sequencing analysis, the re-methylation of the genome in cells from the primitive endoderm lineage was shown to be much slower than in cells of both epiblast and trophectoderm lineages during the implantation process, which indicates that there are distinct re-establishment features in the DNA methylome of the epiblast and primitive endodermâ€”even though both lineages are derived from the inner cell mass. Collectively, our work provides insights into the complex molecular mechanisms that regulate the implantation of human embryos, and helps to advance future efforts to understanding early embryonic development and reproductive medicine.
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                    Fig. 1: Single-cell RNA-sequencing transcriptome profiling of human post-implantation embryos.[image: ]


Fig. 2: Transcriptome dynamics at post-implantation stages.[image: ]


Fig. 3: CNVs and unsynchronized X chromosome inactivation among different lineages during implantation.[image: ]


Fig. 4: Lineage-specific dynamics of the DNA methylome in human peri-implantation embryos.[image: ]
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                Data availability

              
              The single-cell RNA-sequencing data have been deposited in the GEO (accession number GSE109555). The single-cell MALBAC whole-genome sequencing, full-length RNA-sequencing and Trio-seq2 data have been deposited in the European Genome-phenome Archive (EGA; https://www.ebi.ac.uk/ega/) with accession number EGAS00001003443. The whole-genome sequencing data of the paternal sperm and maternal peripheral blood were from a previous publication (EGAS00001002987). The data deposited and made public are compliant with the regulations of Ministry of Science and Technology of China.

            

Code availability

              
              Scripts of the main steps of the analysis are provided at https://github.com/WRui/Post_Implantation. Other R scripts associated with graphic presentation are available from the corresponding authors on reasonable request.
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Extended data figures and tables

Extended Data Fig. 1 Lineage and sex identification of human pre- and post-implantation embryos.
Related to Fig. 1. aâ€“d, Immunofluorescence images of human embryos at different developmental stages (nÂ =Â 3). Scale bars, 40Â Î¼m (a), 30Â Î¼m (b), 50Â Î¼m (c), 40Â Î¼m (d). e, Cell numbers of both sexes at each embryonic day. In total, 7,636 single cells were included. Day (D)6, nÂ =Â 1,029 (filtered, nÂ =Â 296; female, nÂ =Â 207; male, nÂ =Â 526). Day 8, nÂ =Â 2,260 (filtered, nÂ =Â 183; female, nÂ =Â 1,288; male, nÂ =Â 789). Day 10, nÂ =Â 2,516 (filtered, nÂ =Â 806; female, nÂ =Â 1,022; male, nÂ =Â 688). Day 12, nÂ =Â 1,183 (filtered, nÂ =Â 329; female, nÂ =Â 281; male, nÂ =Â 573). Day 14, nÂ =Â 648 (filtered, nÂ =Â 111; female, nÂ =Â 0; male, nÂ =Â 537). f, The number of expressed genes in each individual cell for different developmental stages. On average, 7,100 expressed genes and 139,792 transcripts were detected in each individual cell. Black lines indicate median values, the boxes range from the 25th to 75th percentiles and the whiskers correspond to 1.5Ã— the IQR. In total, 5,911 single cells were included (day 6, nÂ =Â 733; day 8, nÂ =Â 2,077; day 10, nÂ =Â 1,710; day 12, nÂ =Â 854; day 14, nÂ =Â 537). g, The number of cells and embryos of each cell lineage at distinct stages after filtering. E, embryo. h, The average mean levels of genes located on chromosome X (pink colour) and Y (blue colour) for each embryo. Mean expression ratios between X and Y are shown in green. Cells are ordered by sex and embryonic day. In total, 23 embryos with a sex expression ratio above two are defined as female embryos (2,798 cells from 4 stages), the remaining 25 embryos were male embryos (3,113 cells from 5 stages). The sex of the embryos highlighted in orange was confirmed by single-cell whole-genome sequencing. i, j, The unsupervised t-SNE plot of all cells at five representative stages, revealing a developmental path and cell lineage identification. i, In total, 5,911 cells were included (day 6, nÂ =Â 733; day 8, nÂ =Â 2,077; day 10, nÂ =Â 1,710; day 12, nÂ =Â 854; day 14, nÂ =Â 537). j, Cells were identified as EPI, PE, TE and ysTE cells. Cells (dots) are coloured according to embryo stage and original lineage identity. EPI, nÂ =Â 330; PE, nÂ =Â 179; TE, nÂ =Â 5,363; ysTE, nÂ =Â 39. Clusters were assigned to indicate cell lineages using known lineage-specific markers. k,Â Lineage identification was further confirmed by lineage score analysis. The ggtern plot shows the lineage scores for each individual cell, calculated using previously published lineage-specific genes9. The cells are coloured according to their lineage identity.


Extended Data Fig. 2 Identification of gene-expression patterns during implantation.
Related to Fig. 2. aâ€“d, Cluster annotation based on the expression levels of conventional lineage markers. Each dot represents a single cell, and the cells are coloured based on the expression levels (log2(TPMÂ +Â 1)) of several known gene markers for specific lineages. For example, the EPI population expressed the key pluripotency markers POU5F1 (encoding OCT4), NANOG and SOX2. aâ€“c, Colours from yellow to red represent expression levels from low to high. d, The violin plots show the expression of OTX2 in three main lineages; by setting scaleÂ =Â width, all violins have the same maximum width. In total, 5,911 cells were included; EPI, nÂ =Â 330; PE, nÂ =Â 179; TE, nÂ =Â 5,363; ysTE, nÂ =Â 39. e, The expression levels of conventional lineage markers at single-cell levels. The cells that clustered away from the other three main cell clusters showed high expression of TE markers (for example, GATA3) and low expression of EPI (for example, SOX2) and PE (for example, GATA4) markers. Colours from blue to red represent expression levels from low to high.


Extended Data Fig. 3 Human lineage-specific gene-expression patterns on previously reported monkey data.
The projection of signature genes for each lineage onto the monkey-related populations10 around implantation stages, including DPPA5, IFITM1 and MEG3 in EPI and derivatives (Gast1, Gast2a and Gast2b), GPX2, APOA1 and APOE in PE (also known as the hypoblast), and SLC7A2, TEAD1 and KRT7 in TE and derivatives (extra-embryonic mesenchyme, EXMC).


Extended Data Fig. 4 Lineage-specific gene-expression dynamics during implantation.
a, Principal component analysis for each lineage. Only cells that came from embryos that contained all three major lineages were used. In total, 3,145 single cells were included: EPI, nÂ =Â 282; PE, nÂ =Â 138; TE, nÂ =Â 2,725. b, The developmental trajectory of each lineage based on Monocle2. Only cells that came from embryos that contained all three major lineages were used. In total, 3,145 single cells were used. EPI, nÂ =Â 282; PE, nÂ =Â 138; TE, nÂ =Â 2,725. câ€“e, t-SNE analysis of EPI cells at all four stages revealed three clusters. c, Clusters are shown for each of the days. d, We found that the main reason one minor cluster (in grey) of these three clusters was separated might be owing to the differences in the number of expressed genes, although all individual cells from these clusters passed our quality control in the first procedure of data processing. We could not exclude that this was caused by low transcriptional activity of this cluster of cells or technical limitations in our system. e, We therefore removed this cluster of cells and focused on the differentially expressed genes between those two main clusters (C1 and C2). câ€“e, In total, 282 single cells were included. f, The results showed that the differentially expressed genes in the population were basically consistent with that in the internal EPI stages, reflecting that the differences in gene-expression characteristics between the two clusters are mainly due to the diversity in developmental stages (days 6 and 8 compared with days 10 and 12), indicating that EPI subgroups mainly reflected the developmental stage-specific differences. The gene list related to f is provided in Supplementary Table 5. g, Principal component analysis for TE at different developmental stages. The sublineages of TE emerge around day 10. Day 6 TE, nÂ =Â 667 cells; day 10 TE, nÂ =Â 1,443 cells; days 12 and 14 TE, nÂ =Â 792 cells (day 12) and 533 cells (day 14).


Extended Data Fig. 5 Differential gene-expression features of the two TE clusters.
a, TE cells from day-12 and day-14 embryos were divided into two clusters. In total, 1,325 single cells were included. Day 12, nÂ =Â 792 cells; day 14, nÂ =Â 533 cells. b, Differential gene-expression features of the two TE clusters.


Extended Data Fig. 6 Representative CNV patterns during implantation.
a, Heat map shows large-scale CNVs in individual cells (rows) from a day-6 embryo based on single-cell RNA-sequencing data. The majority of cells from this embryo contained a whole-chromosomal duplication of chromosome 17, and a portion of the cells had a whole-chromosomal deletion of chromosome 7. b, CNVs confirmed by single-cell whole-genome sequencing. Related to a. c, Representative CNV-chimeric embryo. d, Heat map showing large-scale CNVs in individual cells (rows) from a day-8 embryo based on single-cell RNA-sequencing data. The majority of cells from this embryo contained a whole-chromosomal deletion of chromosome 22, and a portion of the cells had whole-chromosomal deletion of chromosome 13. Cells also show different chromosome X patterns at the transcriptome level. e, CNVs confirmed by single-cell whole-genome sequencing. Related to d. f, g, Heat maps show large-scale CNVs in individual cells (rows) from two day-12 embryos based on single-cell RNA-sequencing data.


Extended Data Fig. 7 Dynamics of chromosome X dosage during implantation.
Related to Fig. 3. a, The y axis represents the ratio of total expression levels of genes located on chromosome 1 and the same number of genes located on other autosomes (ChrA). Black lines indicate median values, the boxes range from the 25th to 75th percentiles and the whiskers correspond to 1.5Ã— the IQR. In total, 3,184 single cells were included. Day 6, nÂ =Â 387 (male); day 8, nÂ =Â 1,525 (female, nÂ =Â 1,147; male, nÂ =Â 378); day 10, nÂ =Â 1,021 (female, nÂ =Â 917; male, nÂ =Â 104); day 12, nÂ =Â 251 (female, nÂ =Â 104; male, nÂ =Â 147) (Supplementary Table 1). b, The expression ratios of genes located on chromosome 1 or chromosome X to other autosomes in the different embryos that we sequenced. In total, 3,184 single cells were included: female, nÂ =Â 2,168 single cells from 13 embryos; male, nÂ =Â 1,016 single cells from 8 embryos. The statistical test was a two-sided t-test. c, The ratio of chromosome X to other autosomes in adult human digestive tract was used as a control. P, patient. P1, nÂ =Â 763 cells; P2, nÂ =Â 700 cells. The statistical test was a two-sided t-test. d, XIST expression in cells with different sexes. In total, 3,184 single cells were included; female, nÂ =Â 2,168; male, nÂ =Â 1,016. e, The distribution of XIST expression levels across different developmental stages for male and female embryos. In total, 3,184 single cells were included: day 6, nÂ =Â 387 (male); day 8, nÂ =Â 1,525 (female, nÂ =Â 1,147; male, nÂ =Â 378); day 10, nÂ =Â 1,021 (female, nÂ =Â 917; male, nÂ =Â 104); day 12, nÂ =Â 251 (female, nÂ =Â 104; male, nÂ =Â 147). f, XIST expression in different lineages for male and female embryos. In total, 3,184 single cells were included: female, nÂ =Â 2,168; male, nÂ =Â 1,016 (see details in Supplementary Table 1). g, The expression levels of XIST and XACT for different lineages. EPI, nÂ =Â 282 cells; PE, nÂ =Â 138 cells; TE, nÂ =Â 2,725 cells. h, The distribution of XIST and XACT expression levels for different lineages. Both, cells that expressed XIST and XACT; XIST, cells that expressed only XIST; XACT, cells that expressed only XACT. EPI, nÂ =Â 282 cells; PE, nÂ =Â 138 cells; TE, nÂ =Â 2,725 cells.


Extended Data Fig. 8 DNA methylation patterns during implantation.
a, Total number of embryos and cells collected at each stage (days 6â€“12) for single-cell Trio-seq analysis. b, t-SNE plot of cells based on the expression matrix. Each dot represents one cell and colours represent lineage types. For each lineage, we selected several individual cells for bisulfite sequencing. In total, 2,544 cells were included: EPI, nÂ =Â 79 cells; PE, nÂ =Â 136 cells; TE, nÂ =Â 2,329 cells. c, Principal component analysis of cells based on the expression matrix. Only cells that were also used for bisulfite sequencing were used for the analysis. In total, 130 cells were used: EPI, nÂ =Â 31 cells; PE, nÂ =Â 45 cells; TE, nÂ =Â 54 cells. dâ€“f, The number of CpG sites detected with at least one-, three- and fivefold coverage across the single-cell samples. In total 2.7Â Tb of sequencing data was generated, and on average 10Â million CpG sites per cell were covered. Black line, median value. EPI, nÂ =Â 31 cells; PE, nÂ =Â 45 cells; TE, nÂ =Â 54 cells. g, h, t-SNE analysis based on promoter methylation levels of genes. Each dot represents one cell and cells were coloured by culture day and lineage identity. EPI, nÂ =Â 31 cells; PE, nÂ =Â 45 cells; TE, nÂ =Â 54 cells. i, Single-cell DNA methylation levels across gene bodies (from transcription start site (TSS) to transcription end site (TES)) and the 20-kb flanking regions of the transcription start and end sites. We found shared distribution patterns: genes were hypomethylated around the transcription start sites, evenly hypermethylated in the gene body regions and significant decrease in methylation after the transcription end sites.


Extended Data Fig. 9 The CNV landscapes of human early embryos by the DNA methylome dataset.
a, The CNVs for each individual cell at different developmental stages. Red represents duplication, blue represents deletion and white represents diploid. b, Representative examples of euploid and aneuploid single-cell samples. Abnormal copy numbers are highlighted in red (duplication) or blue (deletion). c, The number of cells with CNVs for each chromosome. d, The global DNA methylation levels for euploid and aneuploid cells. Black lines indicate median values, the boxes range from the 25th to 75th percentiles and the whiskers correspond to 1.5Ã— the IQR. EPI, nÂ =Â 61 cells (euploid, nÂ =Â 31; aneuploidy, nÂ =Â 30); PE, nÂ =Â 84 cells (euploid, nÂ =Â 45; aneuploidy, nÂ =Â 39); TE, nÂ =Â 141 cells (euploid, nÂ =Â 54; aneuploidy, nÂ =Â 87) (see details in Supplementary Table 1).


Extended Data Fig. 10 The re-methylation levels of different genomic elements vary between the three lineages at the different developmental stages.
a, Global methylation levels on different genomic elements for different cell lineages. EPI, nÂ =Â 31 cells; PE, nÂ =Â 45 cells; TE, nÂ =Â 54 cells. b, The average DNA methylation levels of promoter regions (250Â bp upstream to 250Â bp downstream of the transcription start site) for each lineage at different developmental stages. Only promoters for which methylation levels were less than 0.1 at day 6 and more than 0.35 at days 10, 12 and 14 are shown in the heat map. Colours from blue to red represent methylation levels from low to high. EPI, nÂ =Â 31 cells, PE, nÂ =Â 45 cells; TE, nÂ =Â 54 cells. c, DNA methylation levels of represent loci for lineage-specific genes at promoter regions. Each column represents one read. Red represents a methylated CpG site, blue represents an unmethylated CpG site and white represents an undetected site. Only reads that covered at least five CpG sites are shown in the heat map.
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Video 1
Three-dimentional reconstruction image of a day6 human embryo (n=2). Nuclei (DAPI) are shown in blue, OCT4 in red.


Video 2
Three-dimentional reconstruction image of a day10 human embryo (n=3). Nuclei (DAPI) are shown in blue, OCT4 in red and GATA6 in green.


Video 3
Confocal Z-sections image of a day10 human embryo (n=3). Nuclei (DAPI) are shown in blue, OCT4 in red and GATA6 in green. Related to Supplementary Video 2.


Video 4
Three-dimentional reconstruction image of a day12 human embryo (n=3). Nuclei (DAPI) are shown in blue, OCT4 in red and GATA6 in green.


Video 5
Confocal Z-sections image of a day12 human embryo (n=3). Nuclei (DAPI) are shown in blue, OCT4 in red and GATA6 in green. Related to Supplementary Video 4.
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