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Parental-to-embryo switch of chromosome 
organization in early embryogenesis

Samuel Collombet1,2,10, Noémie Ranisavljevic1,3,10, Takashi Nagano4,9,10, Csilla Varnai4,5,  
Tarak Shisode6, Wing Leung4,9, Tristan Piolot1, Rafael Galupa1,2, Maud Borensztein1,  
Nicolas Servant7, Peter Fraser4,8,11 ✉, Katia Ancelin1,11 ✉ & Edith Heard1,2,11 ✉

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 modifications2–4 and differences in chromosome organization and accessibility, 
both in gametes5–8 and after fertilization5,8–10. 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.

We performed allele-specific single-cell HiC, modified from previous 
studies12,13, on single blastomeres (at the 1-, 2-, 4-, 8- and 64-cell stages, as 
well as oocytes) from highly polymorphic F1 hybrid embryos that were 
obtained by crossing female Mus musculus domesticus (C57Bl/6J) with 
male Mus musculus castaneus CAST/EiJ) (Fig. 1 a, b). After excluding cells 
with poor data quality (Methods, Extended Data Fig. 1a), we used the 
relative coverage of the two X chromosomes to investigate sex-specific 
differences beyond autosomes (Extended Data Fig. 1b). Finally, we 
used cell cycle phasing13 to remove cells in the pre-M and M phases, 
in which chromosomes lose their organization into compartments 
and/or domains13,16 (Extended Data Fig. 1c–e). Looking first at the total 

contacts (that is, not split between alleles), we detected the formation 
of TAD-like domains, with clear boundaries that appeared at specific 
stages of development (Extended Data Fig. 1f). This was confirmed by 
DNA fluorescence in situ hybridization (FISH) on three-dimensional 
(3D) preserved embryos using intra- or interdomain-specific probes 
(Extended Data Fig. 2).

Asymmetric chromosome architecture
Previous studies have investigated the dynamics of TADs in mouse 
embryos on the basis of TAD atlases defined in embryonic stem cells, 
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and have not attempted to identify any alternative, embryo-specific 
domains5–9,11. Our allelic data revealed that parental genomes display 
a notably asymmetric structural organization before the eight-cell 
stage; the maternal genome displays most of the domains called at the 
one- and two-cell stages (Fig. 1c). We detected two independent gains 
in domain number—the first at the two-cell stage, and the second at the 
eight-cell stage. The second round of domain formation at the eight-cell 
stage correlated with a previously reported progressive acquisition 
of TADs8,9 (Extended Data Fig. 3a). To better capture the dynamics of 
allelic domain organization, we quantified the contact enrichment 
inside domains (Methods) for both parental genomes at each stage and 
performed an unsupervised clustering (Fig. 1d, Extended Data Fig. 3a, 
b). We found that domains fall into three main categories. The first cat-
egory (clusters 1–3) comprises parentally biased preformed domains, 
which are present as early as the one-cell stage and show a bias for the 
maternal (Fig. 1e, left) or paternal genome (Fig. 1e, middle). Most of 
these domains (those in clusters 1 and 3) disappear by the 4-cell stage, 
but a subset of maternally preformed domains (cluster 2) becomes 
balanced by the blastocyst stage (64-cell stage). A second category 
(clusters 4 and 5) of domain exhibits a more-transient bias for one allele, 
and generally has a weaker structure. In the third set (clusters 6–9), 
domains are acquired symmetrically on the two parental genomes at 

different stages after embryonic genome activation (Fig. 1e, right), as 
previously described8,9 (Extended Data Fig. 3c).

We also assessed whether these dynamics were discernible in single 
cells, and were not an effect of the evaluation on pseudo-bulk data. 
Notably, the quantification of domain contacts in single cells was suf-
ficient to capture the developmental trajectories of early embryos 
(Fig. 1f, Extended Data Fig. 3d–i), as well as capturing the dynamics of 
the clusters that we identified in the pseudo-bulk data (Fig. 1g, Extended 
Data Fig. 3d–i).

In conclusion, our results identify parent-of-origin-specific levels of 
chromosome organization as early as the 1-cell stage that are mostly 
resolved as the 2 genomes mature towards the 64-cell stage, except 
for cluster 2. These data reconcile those of previous studies5,8,9, and 
provide insights into the early differential organization of the two 
parental genomes.

Parental domains and histone modification
To evaluate whether this unusual parental asymmetry in structure 
might be linked to specific chromatin states, we integrated our data 
with chromatin immunoprecipitation and sequencing (ChIP–seq) 
data for histone modifications from early embryos17,18. Notably, 
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Fig. 1 | Single-cell HiC approach to studying chromosome organization in 
preimplantation embryos in the mouse. a, Scheme of the single-cell HiC 
method on mouse F1 embryos. b, Timeline of embryo collection at selected 
stages. The numbers of blastomeres after quality-filtering and sex assignment 
are indicated (c refers to cell stage). EGA, embryonic genome activation; XCI, X 
chromosome inactivation. c, Number of domains at different stages, on the 
maternal (red) or paternal genome (blue). d, Clustering of domain dynamics 
(rows) through stages (columns). Colour scale indicates contact enrichments 

inside domains (average Z-score (Methods)) and the difference in enrichment 
between the two alleles. Mat, maternal; pat, paternal. e, Snapshots of HiC maps 
from the maternal (red) and paternal (blue) alleles for 3 regions, in cluster 1, 
cluster 3 and cluster 7. Arrowheads indicate the domains of interest. f, Single-
cell projection in reduced space (uniform manifold approximation and 
projection (UMAP)) based on the quantification of domain contacts 
(n = 470 cells). g, Cluster average contacts per kilobase per million contacts 
(CPKM) in single cells, ordered by pseudotime from the trajectory in f.



144  |  Nature  |  Vol 580  |  2 April 2020

Article
parental-specific early domains (clusters 1–3) coincide with large 
accumulations of the Polycomb-associated mark, trimethylation of 
histone H3 at Lys27 (H3K27me3); the strongest enrichment of this mark 
is associated with the maternal genome, whereas the de novo-formed 
domains (clusters 6–9) are depleted for this mark (Fig. 2a, b, Extended 
Data Fig. 4a–e). Whereas H3K27me3 domains are maintained up to 
the eight-cell stage and diminish thereafter (Fig. 2c), the structural 
domains are lost or transformed by the four-cell stage—concomitantly 
with a transient gain in the H3K4me3 mark (Fig. 2c, Extended Data 
Fig. 4f). We note that the enrichment of H3K27me3 occurs during 
oogenesis (Extended Data Fig. 4g) and that the domains of cluster 2 
appear as early as postnatal day 5, but not in sperm (Extended Data 
Fig. 4h).

Parentally preformed domains also exhibit interactions between 
domains similar to the patterns of A and B compartments (Fig. 2d). We 
found that the parentally preformed domains form allele-specific B-like 
compartments at the two-cell stage (Fig. 2e, Extended Data Fig. 4i, j). 
These domains also display stronger interactions between domains at 
the 2-cell stage than do the de novo domains at the 64-cell stage (Fig. 2f, 
Extended Data Fig. 4k). Parentally preformed domains are depleted for 
CTCF motifs flanking their borders (Extended Data Fig. 4i), which points 
towards an independency for this factor (as has previously been shown 
for compartments19). Altogether, these results suggest that parental-
specific domains might form local compartments associated with the 
Polycomb-repressive mark after fertilization, which later dissolve into 
the classical A and B compartments (Fig. 2g).

Parental domains and transient imprint
To evaluate how the allele-specific dynamics of chromosome organi-
zation relate to gene expression, we examined previously published 
RNA-sequencing data20 obtained from equivalent F1 hybrid preim-
plantation embryos. We found that parentally preformed domains are 
associated with generally lower gene expression (Fig. 3a, top, Extended 
Data Fig. 5a) and an average lower expression on the structured allele 
(Fig. 3a, bottom), as well as a higher frequency of strongly biased genes 
(Extended Data Fig. 5b). Gene ontology analysis revealed that silenced 
genes within early preformed clusters are significantly enriched for 
terms associated with tissue morphogenesis, such as neurogenesis 
or osteogenesis (Extended Data Fig. 5c), the expression of which is 
required only at late developmental stages. Conversely, symmetric 
de novo clusters were predominantly enriched in genes that drive the 
patterning of the embryo at preimplantation (such as cell cycle, lineage 
specification, metabolism and gene regulation).

Maternally preformed domains encompass most genes that have pre-
viously been described as transiently maternally imprinted14,21 (19 out 
of 27 genes), such as the X inactivation centre locus (Fig. 3b, Extended 
Data Fig. 6a, b). Indeed, at the two-cell stage Xist is encompassed in a 
maternal-specific domain, the left border of which coincides with the 
Xist TAD that has previously been described in embryonic stem cells22; 
the right border of this maternal-specific domain is slightly shifted 
with respect to the previously described Xist TAD, and excludes the 
Xist transactivator Rlim (Extended Data Fig. 6c). Accordingly, Xist is 
maternally repressed, whereas the adjacent Rlim is kept expressed 
on the maternal allele and becomes silenced upon X chromosome 
inactivation23 (Fig. 3c). We noticed a similar pattern of shifting from 
maternal imprinted domains at the two-cell stage to TADs at the blas-
tocyst stages for other transiently imprinted genes, such as Tle3, Enc1 
and Mbnl2 (Extended Data Fig. 6d–h).

To investigate the importance of such domains for imprinted gene 
regulation, we focused on the maternal 3D domain spanning the Xist 
locus and engineered genetic deletions around the Jpx and Ftx loci, 
within a region that has previously been proposed to be sufficient 
for imprinted X chromosome inactivation23 (Fig. 3d). Jpx is a putative 
regulator of Xist24. We found that mice with a deletion encompassing 

a

d

H3K27me3

Cluster 1
maternally
preformed

Cluster 3
paternally
preformed

Maternal genome Paternal genome

Cluster 7
symmetrical

Cluster 7Cluster 3

–1

0

1

2

–1

0

1

2

–0.5

0

0.5

1.0

Cluster 1

D
om

ai
n 

st
re

ng
th

H
3K

27
m

e3
en

ric
hm

en
t

H
3K

4m
e3

en
ric

hm
en

t

BlastocystTwo-cell stage

b

c

PreA compartment A compartment

Polycomb parental
compartment

B compartment

K27me3 domains CTCF

1c 2c 8c 64
c

2c

64c

75 Mb 80 Mb 75 Mb 80 Mb

H3K27me3

1

2

3

5

7

8
9

6D
om

ai
n 

cl
us

te
rs

Epiblas
t

2c stage

–1 Mb 5′ 3′ +1 Mb
Scaled domains

0.01

0.02

0.03

0.04

0.05

0.06

C
hI

P
–s

eq
 s

ig
na

l
(a

ve
ra

ge
 R

P
M

)

4

H3K4me3

Maternal genome Paternal genome

Maternal genome Paternal genome

Chr17

0.01

0.1

1

N
or

m
al

iz
ed

 H
iC

 c
on

ta
ct

 (4
0-

kb
 r

es
ol

ut
io

n)

0

0.
04

0.
08

0

0.
04

0.
08

C
hI

P
–s

eq
 s

ig
na

l (
R

P
M

)

1c 2c 4c 8c 64
c

1c 2c 8c 64
c

Epiblas
t

1c 2c 4c 8c 64
c 1c 2c 4c 8c 64

c

A

B

A

B

–6

0

6

1c 2c 4c 8c 64
c

C
om

p
ar

tm
en

t 
sc

or
e 

(e
ig

en
ve

ct
or

 v
al

ue
)

A

B

2c 64c

Contacts
between domains

–6

0

6

–6

0

6
Cluster 7

Cluster 3

Cluster 1
e f

Maternal
genome

Paternal
genome

C
lu

st
er

 7
C

lu
st

er
 3

C
lu

st
er

 1

g

Fig. 2 | Early domains are associated with Polycomb and form local 
compartments. a, Heat maps of H3K27me3 ChIP–seq signal on domains (scaled 
to 1 Mb) from each cluster, on the maternal (red) (left) and paternal (blue) (right) 
alleles. Data are taken from Gene Expression Omnibus (GEO) accession 
GSE76687. RPM, reads per million reads sequenced. b, Average ChIP–seq signal 
at the 2-cell stage on the maternal (left) and paternal (right) alleles, for cluster 1 
(n = 375 domains), cluster 3 (n = 387 domains) and cluster 7 (n = 287 domains). c, 
Quantification of H3K27me3 (top) or H3K4me3 (bottom) enrichment (versus 
mean of the genome (Methods)) or domain strength (middle, average Z-score) for 
cluster 1, cluster 3 and cluster 7 (n values as in b). Lines represent the mean, and 
shading represents the 95% confidence interval of the mean. The maternal allele 
is in red and paternal allele is in blue. H3K4me3 data are taken from GSE71434. d, 
Snapshots of ChIP–seq and HiC maps (40-kb resolution) on the maternal (left) 
and paternal (right) alleles for a locus on chromosome 17. e, Dynamics of 
compartment scores (principal component analysis first eigenvectors) for 
cluster 1, cluster 3 and cluster 7 (n values as in b). The A and B compartments are 
assigned on the basis of gene density (Methods). Line represents the mean, and 
shading represents the 95% confidence interval of the mean. f, Average HiC map 
enrichment of long-distance interactions (>1 Mb) around the intersection 
between domain centres (n values as in b). g, Model of the parental preformed 
local compartment to de novo-acquired conventional A and B compartments.
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Jpx are viable, and that normal expression of Xist occurs in these mice 
(Fig. 3e, Extended Data Fig. 6i, j). Whereas Ftx deletion alone is dispen-
sable for imprinted X chromosome inactivation in preimplantation 
embryos25, the maternal transmission of the deletion containing Jpx 
and Ftx strongly compromised female viability (5 ΔJpx -Ftx/wild-type 

female mice out of 46 pups received the deleted allele, corresponding 
to 11% transmission) and no viable male could be obtained (0% trans-
mission) (Fig. 3f). Taken together, our analysis identifies a minimal 
control region for imprinting in proximity to Xist, and opens up new 
possibilities for testing other transient imprint regions.
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paternal versus maternal alleles (autosomes in black, X chromosome in blue). 
Box plot represents the ±1.5× interquartile range, 25th and 75th percentiles and 
median value for all autosomes (n = 19). b, Expression dynamics for early-
silenced, late-silenced and escapee genes (n = 40, 76 and 52, respectively, as in a 
previous study20). c, Structural changes in the corresponding domains that 
contain genes in the categories shown in b. d, Parental differential (top) and 
allele-specific (bottom and middle) HiC contact maps (pooled female cells) 
over the entire X chromosome (resolution of 640 kb) in neural progenitor cells 
(left) and at 64-cell stage (right). DNA FISH probes (oligonucleotide pools a 
and b) are indicated in colours over the centromeric megadomain. Lines 
represent the mean and shading represents the 95% confidence interval of the 
mean. Xa, active X chromosome; Xi, inactive X chromosome. e, Representative 

3D RNA–DNA FISH images of 16-cell stage (top) or 64-cell stage (bottom) 
embryo with corresponding box plot (±1.5× interquartile range, 25th and 75th 
percentiles and median value) quantifications for signal correlations. 
Statistical significance (P < 0.001) was assessed using Wilcoxon’s rank-sum test 
(two-sided). n = 39 nuclei from 8 female embryos for 16-cell stage; n = 106 and 
103 signals from 106 nuclei from 4 female embryos for 64-cell stage. DNA is 
counterstained with DAPI. Scale bar, 10 μm. Bgd, background; Xm, maternal 
X chromosome; Xp, paternal X chromosome. f, Dynamics of the volume of the 
paternal and maternal X chromosomes. Box plots represent ±1.5× interquartile 
range, 25th and 75th percentiles and median value. P values are indicated above 
the box plot, and were calculated using Mann–Whitney U test (two-sided). 
n = 43, 46, 35 and 83 single cells for the 2-cell, 4-cell, 8-cell and 64-cell stages, 
respectively. g, Three-dimensional model of whole-genome conformation for 
64-cell-stage single cell number 118. Maternal chromosomes are in red; 
paternal chromosomes are in blue; autosomes in thin line and X chromosomes 
are highlighted. The model was computed at 500-kb resolution.
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Features of imprinted X inactivation
In differentiated female cells, the inactive X chromosome is organized 
into two megadomains rather than into A and B compartments, and 
displays a marked weakening of TADs26,27; however, little is known of the 
dynamics of this organization during development. Pooling only female 
cells, we found that the paternal X chromosome displays a strong deficit 
in domains compared to its maternal counterpart (Fig. 4a). Whereas 
preformed maternal domains are lost, domains that are formed de novo 
become weaker on the paternal genome by the blastocyst stage, with 
the exception of a small subset of domains (Extended Data Fig. 7a). 
Comparing the dynamics of structural domains with those of gene 
expression, we found that early silenced loci on the paternal X chromo-
some show a marked loss of domain strength only after the eight-cell 
stage (that is, after silencing initiation), and domains that contain late-
silenced genes display little structural change (although imprinted 
X chromosome inactivation is largely complete) (Fig. 4b, c). Although 
we cannot formally exclude that this might be due to differences in 
sensitivity between RNA sequencing and single-cell HiC, these results 
suggest that the loss of TAD structure on the paternal X chromosome 
would follow or accompany, rather than precede, gene silencing.

Using 3D modelling of chromosomes, we also found that early 
silenced genes are localized more at the centre of the paternal X chro-
mosome whereas escapees tend to be located at its periphery (Extended 
Data Fig. 7b), similar to differentiated cells28. However, megadomains 
do not appear on the paternal X chromosome (Fig. 4d) despite a higher 
colocalization of intradomain probes by DNA FISH (Fig. 4e), which 
suggests a global compaction of the inactive paternal X chromosome. 
Three-dimensional modelling confirmed that the paternal X chro-
mosome was substantially smaller (by approximately a third) than 
its maternal homologue at the 64-cell stage (Fig. 4f) and adopted a 
more globular shape (whereas the maternal X chromosome is more 
elongated) (Fig. 4g), as has previously been reported in somatic cells26.

Conclusions
Here we show that higher-order chromatin structure matures from 
parental-specific and early repressive compartments towards a progres-
sive establishment of TADs in early development in the mouse (Fig. 2g). 
This developmental switch might illustrate the autonomous mecha-
nisms at play—cohesin-dependent and -independent—that have previ-
ously been observed for the 3D organization of the genome29 and that 
might also reflect the unusual chromatin landscape and nuclear organi-
zation of the early embryo, compared to later developmental stages1,30. 
Early compartments are Polycomb-marked and are accompanied by 
contrasting allelic gene-expression states. These parentally preformed 
repressive domains may be important in counterbalancing genome-
wide embryonic genome activation for transiently imprinted genes such 
as Tle3 (the dose of which affects the pluripotency programs31) or Xist 
(which is central to the process of gene dose compensation in females32). 
Our study also illustrates that, after embryonic genome activation, 
structures tend to be TAD-like and their appearance is generally linked to 
active chromatin states. In the case of the paternal X chromosome, the 
loss of TAD structure during X chromosome inactivation is a late event 
that seems to follow—rather than precede—gene silencing. Furthermore, 
we find that there is progressive compaction of the paternal X chromo-
some, but no megadomain formation, by the blastocyst stage. Local 
domains are maintained only across escapee loci, suggesting that local 
structure might require an active chromatin state and/or transcription.

Overall, our study provides broad insights into the intricate inter-
play between chromosome folding and parental gene activity with the 
developmental potential of the early embryo.
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Methods

Data reporting
No statistical methods were used to predetermine sample size. The 
experiments were not randomized and the investigators were not 
blinded to allocation during experiments and outcome assessment.

Mouse embryo collection, single-cell dissociation and 
formaldehyde fixation
Five-week-old female C57BL/6J mice were purchased from Charles 
River. Animal care and use for this study were performed in accordance 
with the recommendations of the European community (2010/63/
UE). All experimental protocols were approved by the ethics commit-
tee of the Institut Curie CEEA-IC118 under the number APAFIS#8812-
2017020611033784v2, given by national authority in compliance with 
the international guidelines. When stated, intraperitoneal injection of 
5 IU pregnant mare’s serum gonadotropin, followed 46 h later by injec-
tion of 5 IU human gonadotropin, were applied to induce ovulation 
of female mice. DNA FISH was performed on embryos collected from 
superovulated C57BL/6J (B6) female mice (except for the blastocyst 
stage), mated with C57BL/6J (B6) male mice. The single-cell HiC pro-
tocol was applied to blastomeres of embryos collected from crosses 
between C57BL/6J (B6) female mice and CAST/EiJ male mice. In the case 
of the one-cell, two-cell and four-cell stages, some embryos were col-
lected after female superovulation. Embryos were collected from the 
reproductive tracts in M2 medium at defined time periods according 
to mating and/or hCG administration (given in this order): 14 h or 21 
h for 1-cell stage (pronuclear stage 3 or 4), 37 h or 44 h for late 2-cell 
stage, 48 h or 55 h for 4-cell stage, 55 h or 62 h for 8-cell stage and 80 
h for blastocyst stages (approximately 60 to 64 cells) (64-cell stage). 
B6 pure oocytes were collected 15 h after hCG injection. Embryos were 
included in the analyses when they showed a normal morphology and 
the correct number of blastomeres for their developmental stage. Zona 
pellucida and polar bodies were removed using acid Tyrode’s solution 
and/or gentle pipetting (except in a few cases for the blastocyst stage). 
Embryos were incubated in Ca2+- and Mg2+-free M2 medium for 5 to 30 
min to remove the polar body in zygotes or to isolate individual cells at 
subsequent stages. For the blastocyst stage, incubation with Ca2+- and 
Mg2+-free M2 medium was replaced with a 5-min incubation in TrypLE 
(Invitrogen). During the picking, the origin of the blastomere (inner 
cell mass or trophectoderm) was not recorded). Blastomeres were 
mechanically dissociated, rinsed three times in PBS/acetylated BSA 
(Sigma) before being fixed for 10 min in a 2% formaldehyde solution 
at room temperature. Fixation was stopped by transferring cells to a 
127-mM glycine solution (5 min on ice). Blastomeres from different 
embryos were pooled from this step onwards to perform the single-cell 
HiC procedure post-fixation.

Single-cell HiC procedure
The procedure for embryo blastomeres was optimized from a previous 
study13. Care was taken at every step to reduce putative contamination 
between solutions. In brief, following fixation, and rapid rinses in 1× 
PBS solution 1% acetylated BSA (Sigma), blastomeres were permea-
bilized for 30 min on ice in 10 mM Tris-HCl (pH 8), 10 mM NaCl, 0.2% 
IGEPAL CA-630 containing complete EDTA-free protease inhibitor 
cocktail (Roche). Cells were transferred to a protein low binding tube 
(Sigma) containing 0.3% SDS diluted with 1.24× NEBuffer3 for 60 min 
at 37 °C with constant agitation. Triton X-100 was added to 2% final and 
incubation was extended for 60 min, before addition of 625 U of MboI 
(New England Biolabs) and overnight incubation. To label the digested 
DNA ends, a mix containing 28.4 μM final of dCTP, dGTP and dTTP and 
biotin-14 dATP were added with 25 U DNA polymerase I, large (Klenow) 
fragment (New England Biolabs) for 60 min with constant agitation. 
After spinning, blastomeres were treated with 10 U of T4 DNA ligase 
(Thermo Fisher) in presence of 1× reaction buffer with 1× BSA (both by 

New England Biolabs) at 16 °C for at least 4 h. After spinning, blasto-
meres were resuspended with PBS 1× and BSA 1 mg/ml to dispatch them 
individually into PCR tubes (in strips; one per tube) before storage at 
−80 °C until further processing.

Library preparation and sequencing
To prepare single-cell HiC libraries from single nuclei in PCR strips, 5 
μl of PBS was added to each well and crosslinks reversed by incubating 
at 65 °C overnight. HiC concatemer DNA was fragmented and linked 
with sequencing adapters using the Nextera XT DNA library prepara-
tion kit (Illumina), by adding 10 μl of Tagment DNA buffer and 5 μl of 
Amplicon Tagment mix, incubating at 55 °C for 20 min, then cooling 
down to 10 °C, followed by addition 5 μl of Neutralize Tagment buffer 
and incubation for 5 min at room temperature. HiC ligation junctions 
were then captured by Dynabeads M-280 streptavidin beads (Thermo 
Fisher) (20 μl of original suspension per single-cell sample). Beads were 
prepared by washing with 1× BW buffer (5mM Tris-Cl pH 7.5, 0.5 mM 
EDTA, 1 M NaCl), resuspended in 4× BW buffer (20 mM Tris-Cl pH 7.5,2 
mM EDTA, 4 M NaCl; 8 μl per sample), and then mixed with the 25-μl 
sample and incubated at room temperature overnight with gentle agita-
tion. The beads were then washed 4 times with 200 μl of 1× BW buffer, 
twice with 200 μl of 10 mM Tris-Cl pH 7.5 at room temperature, and 
resuspended in 25 μl of 10 mM Tris-Cl pH 7.5. Single-cell HiC libraries 
were amplified from the beads by adding 15 μl of Nextera PCR master 
mix, 5 μl of i7 Index primer of choice and 5 μl of i5 Index primer of choice. 
Samples were then incubated at 72 °C for 3 min, 95 °C for 30 s followed 
by the thermal cycling at 95 °C for 10 s, 55 °C for 30 s and 72 °C for 30 
s for 18 cycles, and then incubated at 72 °C for 5 min. The supernatant 
was separated from the beads and purified one by one with AMPure 
XP beads (Beckman Coulter; 0.6 times volume of the supernatant) 
according to manufacturer’s instructions and eluted with 30 μl each of 
10 mM Tris-Cl pH 8.5. The eluate was purified once more with AMPure 
XP beads (equal volume to the previous eluate) and eluted with 11 μl 
of 10 mM Tris-Cl pH 8.5.

Before sequencing, the libraries were quantified by quantitative PCR 
(Kapa Biosystems) and the size distribution was assessed with Agilent 
2100 Bioanalyzer (Agilent Technologies). The libraries were sequenced 
by 2 × 150-bp paired-end run using either a HiSeq 1500, HiSeq 2500 or 
NextSeq 500 (Illumina).

Bioinformatics analysis
All data were mapped to the mouse genome mm10, using the C57BL-
6J/CAST-EiJ single nucleotide polymorphisms (SNPs) from the mouse 
genome project (v.5 SNP142), and the gene annotation from ensembl 
(v.92). Analyses were performed in R (v.3.4.2) and Bioconductor (v.3.6). 
Gene ontology was performed using the package ClusterProfiler 
(v.3.10.1).

HiC data processing
Data were processed with HiC-Pro33 (v.2.11.0) in allele-specific mode. 
The following parameters were used: - For mapping:–very-sensitive -L 
30–score-min L,-0.6,-0.2–end-to-end–reorder. No minimal fragment 
size, insert size or contact distance were defined. - For processing: 
GET_ALL_INTERACTION_CLASSES = 0 GET_PROCESS_SAM = 0 RM_SIN-
GLETON = 1 RM_MULTI = 1 RM_DUP = 1. - for iced scaling: MAX_ITER = 100 
FILTER_LOW_COUNT_PERC = 0.02 FILTER_HIGH_COUNT_PERC = 0 
EPS = 0.1. Only pairs with both reads having MAPQ > 30 were kept.

Cell cycle phasing
Cell cycle phasing was done by plotting the proportion of short-range 
contacts (between 25 kb and 2 Mb) versus long-range contacts (between 
2 Mb and 12 Mb) in single cells. An ellipsoid was fitted to the single-cell 
points, as in a previous publication34. The reference in polar coordinates 
was set to the segment going from the centre of the ellipsoid to the 
point of coordinates [0.15, 0.35], which corresponds to the beginning 
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of the left-ascending part of the single-cell trajectory. Cells in the G1, S 
and G2 phases were defined as those in the angle between 0 and −0.35π 
(65° anticlockwise). For each stage, contacts from all cells phased in G 
and S were pooled (all contacts or genome-specific contacts indepen-
dently) and matrices at 10- and 40-kb resolution were created using 
cooler (v.0.7.9, parameter:–balance). Data were visualized in HiGlass35.

Domain calling
Domains were first identified on the 40-kb matrices, independently 
for each stage, on both the maternal and paternal genomes, using 
3dNetMod36 (v.1.0.10.06.17), with parameters favouring sensitivity 
over specificity: - PRE_PROCESSING: region_size 150, overlap 100, 
logged True, qnorm False. - GPS: badregionfilter True, scale genome 
wide, plateau 8, chaos filter True, chaos_pct 0.85, diagonal_density 
0.65, consecutive_diagonal_zero 20. - MMCP: num_part 20, plots 
False, pctile_threshold 0, pct_value 0. - HSVM: size_threshold 7, size_s1 
600000, size_s2 1200000, size_s3 3000000, size_s4 6000000, size_s5 
12000000, var_thresh1 0, var_thresh2 50, var_thresh3 100, var_thresh4 
100, var_thresh5 100, boundary_buffer 80000. For the analysis of the 
X chromosome in female cells, domains were called from the female 
pseudo-bulk HiC maps.

Domain average enrichment
We converted the HiC matrices to Z-score matrices, in which the scores 
are normalized to the distribution of scores for the same contact dis-
tance, as in a previous publication37. In brief, for any two loci i and j on 
chromosome c, separated by a distance n and with a balanced count 
of contacts Ci,j, the corresponding Z-score is Zi,j = (Ci,j − μn)/σn, in which 
μn and σn are the mean and standard deviation of the distribution of 
contact counts for any pair of loci distant by n. Z-score matrices were 
calculated on the 40-kb matrices with HicExplorer37 (v.2.1.1) using the 
HicFindTads function (parameters:–correctForMultipleTesting None–
minDepth 60000000–maxDepth 200000000–step 60000000–
thresholdComparisons 1–delta 0). For analysis of the X chromosome, 
contacts from female cells only were pooled and matrices obtained in 
the same way.

The average contact enrichment of domains was computed by aver-
aging the Z-score over the domain upper triangle, excluding the diago-
nal. For a domain Di,j spanning bins i to j, the upper triangle T in matrix 
M is the submatrix T[a,b] with a ∈ {i, …, j − 1} and b ∈ {i + 1, …, j} and b > a. 
This was calculated using the custom function hicSummarizePerRegion 
for hicExplorer, available from the E.H. laboratory GitHub version of 
HiCExplorer at https://github.com/heard-lab/HiCExplorer, branch 
SummarizePerRegion, or directly from https://github.com/heard-lab/
HiCExplorer/blob/SummarizePerRegion/hicexplorer/hicSummarizeS-
corePerRegion.py. We kept only domains with an average Z-score > 0.5.

Overlapping domain filtering
As largely overlapping domains with very similar boundaries can be 
called within or between different time points, we further filtered 
redundancy using a custom script (available on GitHub, from https://
github.com/heard-lab/HicTools/blob/master/FilterRegions_MinMutu-
alOverlap_maxScore.r). In brief, starting from a set of domains Dn = 0 
equal to the set of all domains Dall, and the empty sets Doverlap and Dhighest,  
the following steps were used: (1) From Dn, all pairs of overlapping 
domains are compared two by two. (2) If their overlap represents more 
than 70% of each other’s lengths, they are added to the set Doverlap. (3) 
For each pair of overlapping domains (>70%), only the domain with the 
highest score is kept and added to the set Dhighest. (4) Dn + 1 is assigned the 
union of Dhighest and all domains from Dall that were not in Doverlap. The 
procedure is repeated from step 1 to step 4 until Dn + 1 = Dn. The reinjec-
tion in step (4) of all domains from Dall that were not in Doverlap allows 
us to keep isolated domains, as well as avoiding chains between pairs 
of domains. For stage-specific analysis (Figs. 1c, 4a) this procedure 
was applied to the domains called at each stage and on each genome 

individually. For the dynamic analysis across stages, sets of all domains 
called individually at each stage and on each genome (after this redun-
dancy filtering) were pooled together as one set and filtered with the 
same procedure, resulting in one common set of domains.

Clustering
Domain dynamics clustering was performed using the R package Mfuzz 
(2.26.0)38, using as input the average Z-score per domain (row) in each 
stage from the 1-cell stage to the 64-cell stage, on the maternal and 
paternal genomes (columns). Fuzzification parameter m was estimated 
using the mestimate() function. The number of clusters was defined as 
nine, on the basis of the minimal distance between cluster centroids.

Single-cell analysis
The sum of contacts per domain for each genome per single cell was 
computed using the function hicSummarizePerRegion (as described 
in ‘Domain average enrichment’), excluding the diagonal. The matrix 
of counts (domains on rows, single-cell maternal genome and single-
cell paternal genome on columns) was used as input for monocle339. 
Data were processed using the preprocess_cds function using the first 
75 components of the principal components analysis (parameters: 
num_dim = 75, method = ”PCA”, norm_method = ”log”). Dimension 
reduction was performed using UMAP with the reduce_dimension 
function (max_components = 2) and graph for pseudotime inferred 
using learn_graph (parameters: use_partition = FALSE, learn_graph_con-
trol = list(minimal_branch_len = 3). For cluster average score, counts 
per domains were converted to CPKM by dividing the counts by the 
total number of contacts in domains per allele (divided by 106), and 
by the domain length in kb.

Compartments and domain interactions
Compartments were called using HiTC (v.1.26.0)40. An aggregate plot 
of interaction between pairs of domains was performed using a custom 
function hicAggregateContact for HicExplorer (available on GitHub, 
from https://github.com/deeptools/HiCExplorer, branch aggregat-
eGenome; parameters:–range 1000000:999000000–numberOfBins 
200–avgType mean–genome–regionReferencePosotion centre), which 
also output the list of pairs of domains with respect to the distance 
threshold (that is, distance of more than 1 Mb). Only domains that did 
not contain another domain were used to avoid redundancy between 
domains that contained one another. The normalized contact counts 
of the intersection between pairs of domains was calculated using 
a custom function hicSsummarizeScorePerRegion for HicExplorer 
(available on GitHub, from https://github.com/heard-lab/HiCExplorer, 
branch SummarizePerRegion, or directly from https://github.com/
heard-lab/HiCExplorer/blob/SummarizePerRegion/hicexplorer/hic-
SummarizeScorePerRegion.py; parameter:–summarizeType sum).

Chromosome 3D modelling
Three-dimensional models of chromosomes (allele-specific) was per-
formed using the programs Dip-C and Hickit41. We performed 3 rounds 
of 3D reconstruction at 100-kb resolution with 3D haplotype imputa-
tion (parameters: -temps 20 -s 8 4 2 0.4 0.2 0.1), and then 2 rounds of 
3D reconstruction at 20-kb resolution with 3D haplotype imputation 
(parameter “-temps 20 -s 8 4 2 0.4 0.2 0.1 0.04 0.02). Chromosome 
volumes were calculated using the alpha-convex hull algorithms from 
the R package alphashape3d (α = 0.6).

ChIP–seq analysis
Reads were trimmed using Trimgalore (v.0.4.4), mapped using STAR42 
(2.5.3a, parameters:–outFilterMultimapNmax 1–outFilterMismatchN-
max 999–outFilterMismatchNoverLmax 0.06–alignIntronMax 1–align-
MatesGapMax 2000–alignEndsType EndToEnd–outSAMattributes 
NH HI NM MD), and removed when they mapped to the mitochon-
drial genome. The remaining reads were split by allele using SNPsplit 
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(v.0.3.2). Allele-specific and unassigned .bam files were sorted, dupli-
cates removed using Picard (v.2.18.2, parameters: REMOVE_DUPLI-
CATES = true ASSUME_SORTED = true) and pooled as the total reads. 
BigWig of coverage files were done using DeepTools43 bamCoverage 
(parameters:–extendReads–binSize 1, with–extendReads 200 for 
single-end data). A scaling factor was calculated as 106/total number 
of reads, and the same factor was given as the parameter ‘–scaleFac-
tor’ for both allelic signals. The heat map and average plots of signal 
were performed using DeepTools computeMatrix scale-regions (with 
parameters:–regionBodyLength 1000000–beforeRegionStartLength 
1000000–afterRegionStartLength 1000000–binSize 50000) as well as 
plotHeatmap and plotProfile. For quantification of ChIP–seq in domains, 
reads were counted using the featureCounts function from Subread44 
(v.1.28.1, parameters: -p -s 0). Data scaling was performed in R using 
DESeq2 (v.1.18.1), calculating the sizeFactor on the count of total reads 
and applying it to the allele-specific counts. Enrichment relative to 
background was calculated as the ChIP–seq signal per domain in RPKM, 
divided by the average RPKM on the genome calculated in 10-kb bins.

RNA-sequencing analysis
Single-cell RNA-sequencing data were processed similarly to those from 
ChIP–seq, except for the mapping, for which the following parameters 
were used:–outFilterMultimapNmax 1–outFilterMismatchNmax 999–
outFilterMismatchNoverLmax 0.06–alignIntronMax 500000–align-
MatesGapMax 500000–alignEndsType EndToEnd–outSAMattributes 
NH HI NM MD. The quantification of expression was performed using 
featureCounts (parameters: -p -s 0 -t exon -g gene_id). Data were then ana-
lysed in R using DESeq245 (v.1.18.1), calculating the sizeFactor on the count 
of total reads and applying it to the allele-specific counts. Filtering was 
performed similarly that in a previous publication20. In single-cell data, 
a pseudo-RPKM score was calculated as the normalized count × 1,000/
gene length in base pairs; as the previously used protocol20 is 3′-biased 
and does not recover more than the last 3 kb of the transcripts (longer 
genes (>3 kb) were assigned a length of 3 kb). In single-cell data, genes 
with a pseudo-RPKM value < 5 (not allele-specific) and a count of reads 
lower than 10 reads on both alleles were assigned as lowly expressed. An 
allelic D-score (expressionmaternal/(expressionmaternal + expressionpaternal)) 
was calculated only for genes that were not lowly expressed, to avoid 
artefactual strong bias due to noisy low-expressed genes. Single-cell 
data were then pooled in pseudo-bulk by stage, and for each gene an 
average D-score was calculated only when more than 20% of single cells 
had an allelic D-score calculated (that is, did not show too low expres-
sion on both alleles). Average pseudo-RPKM values were calculated by 
averaging the pseudo-RPKM values of all single cells without filtering.

DNA FISH probes
Probes for DNA FISH on the X chromosome were obtained as previ-
ously described22, or using BAC DNA for chromosome 13 (purchased 
from CHORI RP24-278M23; RP23-325G4; RP23-2B17; RP23-222A16; 
RP24-389D15; RP23-302B3; RP23-359G6; RP23-326J5; RP23-307F19) 
or were purchased from MYcroarray (fluorescent oligonucleotides, 
average length 45 bp, 5′-modified with Atto 448 or Atto 550, aver-
age density: one oligonucleotide every 3 kb). Oligonucleotides were 
designed to tile the following consecutive 18-Mb regions: chromo-
some X: 35,000,000–53,000,000 (termed pool a) and chromosome 
X: 53,000,000–72,000,000 (termed pool b)26. To prepare the probe 
mix for DNA FISH, 100 ng of labelled BAC DNA was used, along with 5 
μg of Cot-1 DNA and resuspended in formamide before adding equal 
volume of hybridization buffer (2×, 20% dextran sulfate; 4× SSC; 1 mM 
EDTA; 0.1% TritonX-100; 0.5 mg/ml BSA; 1 mg/ml PVP). Oligonucleotide 
probes were used in formamide at 10% final concentration

DNA FISH procedure on embryonic stem cells
FISH on cells from tissue culture was performed as previously 
described22,46. Feeder-free male mouse embryonic stem cells (E14; 

GSM1366337) were cultured on gelatin-coated coverslips no. 1.5  
(1 mm) and fixed in 3% paraformaldehyde for 10 min at room tempera-
ture. Permeabilization was then performed on ice for 5 min in 1× PBS 
containing 0.5% Triton X-100 and 2 mM vanadyl-ribonucleoside com-
plex (New England Biolabs). Coverslips were preserved in 70% EtOH 
at −20 °C. Prior to FISH, samples were dehydrated through an ethanol 
series (80%, 95% and 100%, twice) and air-dried quickly. DNA FISH was 
preceded by sample denaturation in 50% formamide in 2× SSC at pH 
7.2 at 80 °C for 40 min. After overnight hybridization at 42 °C, washes 
were carried out at 45 °C, 3 times 5 min in 50% formamide in 2× SSC 
at pH 7. 2 and 3 times 5 min in 2× SSC. DAPI at 0.2 mg/ml was used for 
counterstaining and mounting medium consisting of 90% glycerol, 
0.1× PBS, 0.1% p-phenylenediamine at pH 9 (Sigma).

Three-dimensional DNA FISH procedure on embryos and Xist 
RNA FISH combined with DNA FISH using oligonucleotide probes
Collected embryos were prefixed for 1 min at room temperature in para-
formaldehyde (PFA) 1% 1 mg/ml polyvinylpyrrolidone (PVP), pre-perme-
abilized for 1 min at room temperature in PFA 0.5% and TritonX-100 0.4% 
and fixed for 10 min at room temperature in PFA 4%. After a brief wash in 
PBS 1× with PVP 1 mg/ml and TritonX-100 0.05% (PBS-TP), embryos were 
permeabilized for 1 h at 37 °C in PBS 1× with TritonX-100 0.5% (with RNase 
A 5 μl/ml in case of DNA FISH). After a brief rinse in PBS-TP, embryos were 
transferred into hybridization buffer 1× and equilibrated overnight with 
1 mg/ml Cot-1 DNA mix at 37 °C. Embryos and probes were denatured 
for 10 min at 83 °C and put back for at least 3 h at 37 °C. After competi-
tion in Cot-1 mix, embryos were moved into the probe mix overnight at 
37 °C. Excess of probes was eliminated through 3 washes at 45 °C in SSC 
2× solution and SSC 0.2× solution for 10 min each. Embryos were then 
briefly washed in PBS 1× and mounted in a Vectashield drop contain-
ing DAPI under oil on a glass-bottomed plate, coated with poly-lysine.

Microscopy and image analysis
Combined RNA and DNA FISH imaging was performed on an inverted 
confocal microscope (Zeiss) LSM700 with a Plan apo DICII (numerical aper-
ture 1.4) 63× oil objective. Z-sections were taken every 0.4 μm. Structured 
illumination for DNA FISH was performed using an OMX system (Applied 
Precision) as in a previous publication22. Signals from all channels were 
realigned using fluorescent beads before each session of image acquisition. 
For colocalization analysis, analysis was restricted to a region of interest 
of identical volume around the FISH signal. The respective intensities 
of red and green channels were retrieved semi-automatically using the 
JACOP ImageJ plugin, and box plot distribution of the Pearson correlation 
coefficient was compared using Wilcoxon’s rank-sum statistics with R.

Engineering mice
The mouse mutant lines were generated following a previously described 
strategy47, with minor modifications. Single-guide (sg)RNAs were 
designed using CRISPOR48. For deleting the locus containing Jpx and Ftx, 
we used sgRNAs no. 57 (GGTCACAATTATGCAACCTG), no. 58 (ATACTC-
CGGATTACATACTC), no. 61 (TGCCCAAGCAAAAAGCGTGA) and no. 62 
(AAAGTATTGACACCTTACCC). For deleting the Jpx locus, we used sgR-
NAs no. 57, no. 58 and no. 59 (TGCCCAAGCAAAAAGCGTGA) and no. 60 
(AGTTAGATACCACACCAAGT). T7-sgRNA PCR products were used as 
the template for in vitro transcription with the MEGAshortscript T7 kit 
(Life Technologies) and the products were purified using the MEGAclear 
kit (Life Technologies). sgRNAs were eluted in DEPC-treated RNase-free 
water, and their quality was assessed by electrophoresis on an agarose gel 
after incubation at 95 °C for 3 min with denaturing agent provided with 
the in vitro transcription kits. Cas9 mRNA (Tebu-bio, L-7206) and sgRNAs 
were injected at 100 ng/μl and 50 ng/μl, respectively, into the cytoplasm 
of mouse B6D2F1 zygotes from eight-week-old superovulated B6D2F1 
(C57BL/6J × DBA2) female mice mated to stud male mice of the same 
background. Zygotes with well-recognized pronuclei were collected 
in M2 medium (Sigma) at E0.5. Injected embryos were cultured in M16 



Article
medium (Sigma) at 37 °C under 5% CO2, until transfer at the one-cell stage 
the same day or at the two-cell stage the following day to the infundibu-
lum of the oviduct of a pseudogestant CD1 female at E0.5 (25–30 embryos 
were transferred per female). All weaned mice (N0) were genotyped for 
presence of deletion (locus covering Jpx and Ftx, primers RG140.1: TGC-
TACCGGTCACAGATATAAGT and RG145: TCTGGGATGCTTGTTCAACA; Jpx 
locus, primers RG140.1 and RG143: ACAAGGTGAGCGATGAGACA). Mice 
carrying deletion alleles were crossed to B6D2F1 mice and their progeny 
screened again for the presence of the deletion allele; PCR products 
were sequenced to determine the exact location of the deletions (locus 
covering Jpx and Ftx, chromosome X: 100,683,288–100,801,657, mm9; 
Jpx: 100683306–100702361, mm9). The F1 mice were considered the 
‘founders’ and bred to B6D2F1 mice; their progeny was then backcrossed 
to B6D2F1 mice, to generate heterozygous mice and lines were kept 
in heterozygosity. To establish mouse embryonic fibroblasts, single 
embryos were recovered at day 13.5 of gestation after the confirmation of 
vaginal plugs on ΔJpx/wild-type females bred with wild-type/Y or ΔJpx/Y 
males. Head and internal organs were removed and the body cavity was 
incubated for 1 h at 37 °C in TripLE (Invitrogen). After repetitive pipetting 
up and down, the resulting chunks were put in culture for 24–48 h until 
collected to prepare RNA with Trizol extraction for further examination 
by quantitative PCR. The level of gene expression was normalized to the 
geometric mean of the expression level of Ppia and Gapdh housekeeping 
genes according to geNorm method49 to assess the relative expression of 
Xist and Jpx. The following primers were used and are listed as forward 
reverse and in 5′ to 3′: Gapdh, ccccaacactgagcatctcc/attatgggggtctgg-
gatgg; Ppia, ttacccatcaaaccattccttctg/aacccaaagaacttcagtgagagc; Jpx. 
ataaaatggcggcgtccac/ggccagtttctccactctcc; and Xist, ggttctctctccagaa-
gctaggaa/tggtagatggcattgtgtattatatgg

Reporting summary
Further information on research design is available in the Nature 
Research Reporting Summary linked to this paper.

Data availability
The HiC data generated and analysed are available in the GEO reposi-
tory 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.

Code availability
The code developed for this study is available on the GitHub repository 
of the laboratory of E.H. (https://github.com/heard-lab).
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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.
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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).



Extended Data Fig. 3 | See next page for caption.
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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 | See next page for caption.
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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.
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Extended Data Fig. 6 | See next page for caption.



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.
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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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