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            Abstract
Paternal and maternal epigenomes undergo marked changes after fertilization1. Recent epigenomic studies have revealed the unusual chromatin landscapes that are present in oocytes, sperm and early preimplantation embryos, including atypical patterns of histone modifications2,3,4 and differences in chromosome organization and accessibility, both in gametes5,6,7,8 and after fertilization5,8,9,10. However, these studies have led to very different conclusions: the global absence of local topological-associated domains (TADs) in gametes and their appearance in the embryo8,9 versus the pre-existence of TADs and loops in the zygote5,11. The questions of whether parental structures can be inherited in the newly formed embryo and how these structures might relate to allele-specific gene regulation remain open. Here we map genomic interactions for each parental genome (including the X chromosome), using an optimized single-cell high-throughput chromosome conformation capture (HiC) protocol12,13, during preimplantation in the mouse. We integrate chromosome organization with allelic expression states and chromatin marks, and reveal that higher-order chromatin structure after fertilization coincides with an allele-specific enrichment of methylation of histone H3 at lysine 27. These early parental-specific domains correlate with gene repression and participate in parentally biased gene expression—including in recently described, transiently imprinted loci14. We also find TADs that arise in a non-parental-specific manner during a second wave of genome assembly. These de novo domains are associated with active chromatin. Finally, we obtain insights into the relationship between TADs and gene expression by investigating structural changes to the paternal X chromosome before and during X chromosome inactivation in preimplantation female embryos15. We find that TADs are lost as genes become silenced on the paternal X chromosome but linger in regions that escape X chromosome inactivation. These findings demonstrate the complex dynamics of three-dimensional genome organization and gene expression during early development.
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                    Fig. 1: Single-cell HiC approach to studying chromosome organization in preimplantation embryos in the mouse.


Fig. 2: Early domains are associated with Polycomb and form local compartments.


Fig. 3: Parental preformed domains are associated with a transient imprint.


Fig. 4: Structural changes at the paternal X chromosome during imprinted X chromosome inactivation.
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                Data availability


The HiC data generated and analysed are available in the GEO repository under accession number GSE129029. Previously published data were downloaded from GEO: H3K27me3 in early embryos (GSE76687); H3K27me3 in day-5 post-natal oocytes (GSE93941); single-cell RNA sequencing in early embryos (GSE80810); and HiC in gametes and early embryos (GSE82185). Source Data for Figs. 3, 4 and Extended Data Fig. 2, 6 are provided with the paper. Any other relevant data are available from the corresponding authors upon reasonable request.
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Extended data figures and tables

Extended Data Fig. 1 Single-cell HiC approach to studying chromosome organization in mouse preimplantation embryos.
a, Distribution of total contact versus trans ratio per single blastomere, according to developmental stage with given thresholds for exclusion. b, Fraction of maternal contacts on the X chromosome versus contacts on the Y chromosome. The colour of each dot indicates the fraction of reads that cover the maternal genome. Red rectangles highlight female diploid cells, blue rectangles highlight male cells and black rectangles highlight haploid cells (that is, oocytes or polar bodies). Cells outside these frames were excluded. c, Percentage of short-range (25 kb–2 Mb) versus long-range or mitotic contacts (2–12 Mb) per single cell, coloured by developmental stages. d, Subset of the single cells at eight-cell stage, either in G1, S or G2 phase (top) or going towards mitosis (bottom), and their corresponding pseudo-bulk HiC heat maps. e, Table for the number of single blastomeres per stage of development that passed quality control, and the selected number after cell cycle phasing that were used to produce the subsequent analysis and heat maps. f, Bar plot of domain numbers for each developmental stage.


Extended Data Fig. 2 HiC view and DNA FISH for two independent genomic loci.
a, d, g, HiC contact maps for different genomic locations (as indicated), from the 1-cell to 64-cell stage. b, c, e, f, h, i, Analysis of the genomic locations for boundary formation (red and green probes in bottom of a, d and g) by 3D DNA FISH in two-cell-stage to eight-cell-stage embryos and embryonic stem cells (ESC), with insets of signal for the two independent pools (b, e, h). The total number of combined signals (red plus green) is reported in the box plot in the adjacent panels (c, f, i). DNA is stained by DAPI (blue). Scale bar, 10 μm. c, Box plot (±1.5× interquartile range, 25th and 75th percentiles and median value) distribution of Pearson’s correlation coefficient for red and green signals (in pools 1 and 2) of DNA FISH analysis. a–c, Chromosome 13 (region 90 Mb–92 Mb). d–f, X chromosome (region 104 Mb–105 Mb). g–j, Chromosome 13 (region 14 Mb–15 Mb). All experiments are performed in biological replicates, n is the combined signal number, centre lines denote the median coefficient. Statistical significance (P < 0.001) was assessed using Wilcoxon’s rank sum test (two-sided).

Source Data



Extended Data Fig. 3 Dynamics of domains in single cells.
a, Distribution of the minimal distance between cluster centroids (Dmin) for a predefined number of clusters (k) ranging from 2 to 40. Clustering was performed 100 times for each value of k. The optimal number of clusters is the highest value of k before the value Dmin becomes stagnant. b, Heat maps representing the result of clustering for different values of k. The same main categories are found for k > 8. The contact enrichment colour scale corresponds to the maternal (red) and paternal (blue) heat maps; the differential contact enrichment scale corresponds to the differential (maternal − paternal) heat maps. c, Heat maps showing domain enrichment in the bulk HiC data from GSE82185, with the same order as our clustering in Fig. 1d and showing similar dynamics. d, Single-cell projection by UMAP from the quantification of domain contacts on each allele, using all cells and all chromosomes, coloured by stage (top) or by sex (bottom). n = 669 single cells. e, As in d but excluding domains on the X chromosome. f, As in e but coloured by cell cycle phasing. g, Cell cycle phasing based on short-range versus mitotic contacts, with the same colour scale as in f. h, Single-cell projections after excluding oocytes, all cells in pre-M and M phase and domains on the X chromosome, as in Fig. 1f, coloured by sex (top) or by pseudotime overlaid with the inferred trajectory (bottom). n = 470 single cells. i, As in h, coloured by mean count per kb per million (CPKM) on each allele, for the nine clusters identified in Fig. 1d.


Extended Data Fig. 4 Chromatin changes and compartment formation over preimplantation.
a, Average profile of H3K27me3 ChIP–seq signal at the domains for each parental allele at the 2-cell and 64-cell stages in clusters 1 to 9. n = 375, 238, 387, 338, 110, 327, 287, 194 and 141 for each cluster from 1 to 9). b, Distributions of H3K27me3 domain enrichment per cluster, on the maternal (red) and paternal (blue) genomes at the one-cell stage. Box plots represent ±1.5× interquartile range, 25th and 75th percentile and median value. n values are the same as in a. c, Statistical comparison, two-by-two, between each distribution in b. P values are calculated using a Wilcoxon test (two-sided, not paired). n values are the same as in a. d, e, As in b, c for H3K27me3 ChIP–seq data from epiblasts. f, Heat maps of H3K4me3 ChIP–seq signal at domains of each cluster ± 1 Mb, with parental origin. g, Heat maps of H3K27me3 ChIP–seq signal at domains of each cluster ± 1Mb in oocytes (post-natal day 5 or day 14; or ovulatory oocytes (MII)). h, Snapshots of H3K27me3 ChIP–seq signal covering 6 Mb at transiently imprinted loci (Xist, Enc1, Jade1 and Mbnl2) for different stages of oogenesis, or the maternal allele in the 2-cell and 64-cell stages. i, Compartment scores at domains of clusters 1– 9, according to parental origin. j, Dynamics of the compartment scores for each cluster. Lines represent the mean, and shading represents the 95% confidence interval of the mean. n values are the same as in a. k, Bar plot of long-range interactions per stage, corresponding to the average heat map in Fig. 2f. l, CTCF-motif enrichment around domains.


Extended Data Fig. 5 Gene expression and functional annotation of domain clusters.
a, Distribution of gene expression (top; n = 797, 353, 612, 621, 268, 699, 562, 278 and 193 genes for clusters 1 to 9) and fraction of maternal expression (maternal/(maternal + paternal), bottom ; n = 232, 249, 256, 502, 258, 664, 497, 179 and 269 genes for which an allelic ratio could be calculated for clusters 1 to 9, respectively) for genes present within domains of the different clusters. b, Pie charts for allelic expression bias from the 2-cell to the 64-cell stage for genes within clusters 1 to 9. c, P value (hypergeometric test) of Gene Ontology term enrichment in genes within each domain cluster.


Extended Data Fig. 6 Structural tuning at maternal early domains during preimplantation.
a, Snapshots of HiC matrices and H3K27me3 ChIP–seq signal, showing the parental differences between the 2-cell and 64-cell stages for maternal (red) and paternal (blue) genomes at chromosome 2 (9–13.5 Mb) containing Sfmbt2. b, As in a, for chromosome 3 (40–43 Mb) containing Jade1. c, Quantification of contacts within the region presented in Fig. 3b. d, Snapshot of HiC matrices and H3K27me3 ChIP–seq signal, showing the parental differences between the 2-cell and 64-cell stages for maternal (red) and paternal (blue) genomes at chromosome 9 (60–62.5 Mb) containing Tle3. e, Gene-expression dynamic for Tle3 for maternal (red) and paternal (blue) alleles. f, Quantification of contacts within the region shown in d. g, Snapshots of HiC matrices and H3K27me3 ChIP–seq signal, showing the parental differences between the 2-cell and 64-cell stages for maternal (red) and paternal (blue) genomes at chromosome 13 (96–100 Mb) containing Enc1. h, As in g, for chromosome 14 (115–122 Mb) containing Mbnl2. i, Relative gene expression for Xist (in red) or Jpx (in yellow) in mouse embryonic fibroblasts derived from embryos issued from crossing ∆Jpx/wild-type female mice with wild-type/Y or ∆Jpx/Y male mice. The three genotypes analysed are indicated, as well as the number of independently derived mouse embryonic fibroblast cultures from independent single embryos (n = 4, 6 and 6 for wild-type/wild-type, wild-type/∆Jpx and ∆Jpx/∆Jpx genotypes, respectively). Bar plot represents the mean of each independent expression value (for each embryo), error bars represent the s.d. and each dot represents an individual embryo value. j, Pie chart distribution of the genotypes obtained after mating ∆Jpx/wild-type female mice with ∆Jpx/Y male mice. n = 104 pups.

Source Data



Extended Data Fig. 7 Analysis of X-linked gene position within the X chromosome as development progresses.
a, Clustering of X chromosome domain dynamics for contact enrichment (average Z-score). Domain number, n = 55, 75 and 26 domains for each cluster. b, Structural changes. Lines represent the mean, and shading represents the 95% confidence interval of the mean. c, Radial positions of X-linked genes, classified as early silenced, late-silenced and escapees as in a previous study20. n values are as in Fig. 4b. Box plot represents ±1.5× interquartile range, 25th and 75th percentiles and median value. Statistical difference was assessed using Wilcoxon’s rank sum test (two-sided).
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