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Abstract

Understanding genome organization requires integration of DNA sequence and 3D spatial context,

however, existing genome-wide methods lack either base-pair sequence resolution or direct spatial

localization. Here, we describe in situ genome sequencing (IGS), a method for simultaneously

sequencing and imaging genomes within intact biological samples. We applied IGS to human

fibroblasts and early mouse embryos, spatially localizing thousands of genomic loci in individual

nuclei. Using these data, we characterized parent-specific changes in genome structure across

embryonic stages, revealed single-cell chromatin domains in zygotes, and uncovered epigenetic

memory of global chromosome positioning within individual embryos. These results demonstrate

how 1n situ genome sequencing can directly connect sequence and structure across length scales

from single base pairs to whole organisms.

One Sentence Summary:

In situ genome sequencing (IGS) enables simultaneous sequencing and imaging of genomes in

intact samples, uncovering genome-wide organizing principles across length scales in cells and

early embryos.

The genome of an organism encodes not only its genes, but also principles of spatial
organization that regulate gene expression and control cellular function (1, 2). Accordingly,
mapping spatial genome organization at high resolution is important for understanding its
diverse regulatory roles in health, disease, and development (3, 4). Principles of genome
architecture have mostly been uncovered by methods based on DNA sequencing of
chromatin contacts (5), such as Hi-C (6), and methods which probe targeted genomic loci
using microscopy, such as DNA fluorescence in situ hybridization (FISH) (7). Hi-C applied
to populations of cells has revealed genome-wide organizing principles (8—12), and single-
cell variations have uncovered cell-to-cell heterogeneity (13—17). DNA FISH has similarly
revealed genome architecture at single-cell resolution (18, 19). More recent studies have
shown how these approaches can complement each other by imaging Hi-C defined features
in single cells, characterizing their heterogeneity, and validating inferred differences in
chromatin conformation within and across cell types (20-26)

However, these methods cannot currently be applied jointly on the same cell, and a method
to simultaneously sequence and image genomes in single cells is lacking. Efforts which
combine Hi-C with microscopy (16, 27), or efforts which make FISH more like sequencing
via single-nucleotide polymorphism (SNP) specific probes (23, 28), have broken important
conceptual ground, but they remain limited in their imaging or sequencing throughput.
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Accordingly, questions requiring both genomic and spatial analysis in single cells have been
difficult to address.

In situ genome sequencing workflow

Here we present a method for n2 s7fu genome sequencing (IGS). IGS enables DNA
sequencing directly within intact biological samples, spatially localizing genome-wide
paired-end sequences in their endogenous context and thus bridging sequencing and imaging
modalities for mapping genomes. Our in situ sequencing workflow introduces innovations in
three phases: 1n situ library construction, multimodal sequencing of libraries, and
computational integration of spatial and genetic information.

In the first phase, we create an in sifu sequencing library within fixed samples by amplifying
an untargeted sampling of the genome in its native spatial context. To do this, we fix and
treat samples using methods optimized for DNA FISH (28, 29). Next, we use Tn5
transposase to randomly incorporate DNA sequencing adaptors into fixed genomic DNA by
1n situ transposition, preserving genomic fragments in their native spatial positions (30). We
circularize these fragments 7n situ by ligation of two DNA hairpins containing a unique
molecular identifier (UMI) and primer sites used for subsequent multi-modal DNA

rolling circle amplification, yielding 7n sifu DNA sequencing libraries with up to thousands
of spatially-localized amplicons per nucleus (Fig. S1). We also developed a method for
modulating the effective density of sequencing libraries to optimize the number of resolvable
amplicons (Fig. S2). Together, this provides an approach to clonally amplify untargeted
samples of a genome, creating approximately 400-500 nm sized features for in situ
sequencing (Fig. S3).

In the second phase of our workflow, we sought to use reported (31) in situ sequencing
protocols to determine the sequence and 3D positions of amplicons. However, current in situ
sequencing methods yield short single-end reads (at most 30 bases), and are limited by
imaging time (31). This poses a challenge for genome sequencing: the human genome
encodes 3 billion bases and includes highly repetitive regions, requiring long paired-end
sequencing reads to resolve many regions of the genome. To address this challenge, we
combined /n situ sequencing with high-throughput paired-end DNA sequencing. To do this,
we first read amplicon-specific UMIs within fixed samples using sequential rounds of in situ
sequencing by ligation (SBL) and fluorescence imaging (31) (Fig. 1B i, Movie S1).
Immunostaining followed by additional cycles of imaging may also be performed following
in situ sequencing. We then dissociate the in sifu amplicons and amplify them using PCR to
[llumina sequencer (henceforth referred to as ex sifu sequencing) to obtain 150 bp paired-
end genomic reads tagged with in situ sequenced, spatially-resolved UMIs. This multimodal
sequencing strategy allows us to preserve spatial information while leveraging the accuracy
and read-length of paired-end sequencing on the Illumina platform, which is crucial for
aligning individual reads to millions of unique genomic loci.
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In the third phase, we computationally match ex situ paired-end sequencing reads to in situ
amplicon positions. Briefly, we deconvolve, register, and normalize fluorescence images in
order to resolve the 3D centers of amplicons across multiple rounds of imaging (Fig. S4,
(29)). We then quantify the fluorescence signal of each UMI-associated amplicon across
four color channels over all rounds of in sifu sequencing (Fig. 1B i, Fig. S5). The ex situ
sequenced reads are next associated with spatial coordinates within nuclei through error-
robust matching of in situ and ex situ sequenced UMIs (Fig. 1C). To do this, we implement a
probabilistic matching approach using principles from single-bit error correction (32) (Fig.
S5). Collectively, the integration of these methods, which include developments across
library construction, sequencing, and computational analyses, enable IGS as a general
strategy for spatially mapping paired-end reads (29).

Here, we apply IGS to 106 human fibroblasts (PGP1f) and 113 cells across 57 intact early
mouse embryos at the PN4 zygote (n = 24), late 2-cell (n = 20), and early 4-cell (n=13)
stages of development (Fig. 1D). Across both experiments, 66.35% of clearly resolvable
amplicons (87.6% in PGP1f, 61.0% in mouse embryos) were confidently matched to an ex
situ genomic read (Fig. S6). After cell filtering based on yield, karyotype, developmental
stage, and cell cycle (29), this yielded a total of 286,335 spatially-localized genomic reads
(36,602 in PGP1f, Table S1; 249,733 in mouse embryos, Table S2) with a UMI-matching
false discovery rate of 0.26% (1.70% in PGP1f, 0.05% in mouse embryo, (29)). Mapped
amplicons scaled with nuclear volume, spanning a median of 328 & 114 reads per nucleus (+
SD) in the PGP1f cells, to a median of 3,909 + 2,116, 2,357 + 1,063, and 1,074 + 622 reads
per nucleus in zygote, 2-cell, and 4-cell stage embryos, respectively (Fig. S7). Sequencing
coverage across the hg38 and mm10 reference genomes was comparable to whole genome
sequencing (Fig. S8), and genomic reads did not show bias based on radial position (Fig. S9)
or chromatin accessibility (Fig. S10). We also quantified the rate of detection for each
genomic region across individual cells, as well as the distribution of genomic distance
between sampled loci on the same chromosome (Fig. S11).

For downstream analyses, we annotated each read based on spatial features such as inclusion
in chromosome territories and distance to nuclear landmarks (nuclear lamina, centromeres,
and nucleolar precursor bodies), as well as published genomic data including A/B
compartments, lamina-associated domains, and GC content (Table S3). The full embryo
dataset can be interactively visualized at https://buenrostrolab.shinyapps.io/insituseq/.

Validation of in situ genome sequencing in cultured cells

To validate that our method detects features of spatial genome organization, we first
examined the locations of chromosomes in interphase human male PGP1 fibroblasts (Fig.
2A,B, Movie S2). We found that autosomal reads displayed a strong tendency to spatially
colocalize into two distinct spatial regions, while allosomal reads were restricted to one
region, confirming the known organization of chromosomes into territories (18) (Fig. S12,
Movie S3). To systematically define these territories, we used a maximum likelihood
estimation approach to assign reads to homologous chromosome clusters using both the
spatial and genomic positions of each read (Fig. S13). For chromosomes with two spatially-
resolved homolog clusters, we found, via density-based thresholding, that 6.83% of reads
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did not spatially colocalize with either cluster (Fig. S13), a larger fraction than our estimated
1.70% UMI-matching false discovery rate in PGP1{, which may be associated with long-
range chromosome looping (33). Following spatial clustering, we visualized genome-wide
conformations of individual chromosomes in single diploid cells by connecting the reads in
each cluster according to genomic position (Fig. 2C).

We proceeded to characterize the positions of diploid chromosome territories across single
cells by calculating the average spatial distance between pairwise genomic locations across
the genome, at 10 Mb resolution. We found that blocks of short intrachromosomal distances
were strongly delineated along the diagonal of this pairwise distance matrix (Fig. 2D),
consistent with genomic organization into chromosome territories described above. The
matrix also shows enrichment of shorter pairwise distances between smaller chromosomes.
Additionally, we observed a positive association between chromosome size and radial
distance from the nuclear center (Fig. 2E). These observations indicate that small
chromosomes tend to be in closer proximity near the nuclear center, consistent with prior
studies in human fibroblasts (34). These results illustrate the ability of IGS to resolve diploid
chromosome territories within the nuclei of single cells and to investigate the spatial
positioning of chromosomes at scale.

Repetitive DNA elements, such as transposons and endogenous retroviruses, make up
approximately 50% of the human genome (35, 36), and their localization is known to play a
role in normal (37) and disease-associated (38) genome organization. Although FISH-based
methods can measure the localization of targeted classes of repetitive sequences (34, 39),
current approaches have not simultaneously mapped the localization of many classes of
repetitive sequences across the nucleus. We applied IGS to simultaneously measure the
localization of repetitive sequences across the genome. We focused on the 13.9% of
spatially-resolved reads that do not uniquely align to the reference genome (hg38), and
aggregated them into ~250 classes of repetitive elements using Repbase (40) (Fig. S14A).
We found that the number of reads associated with each element was proportional to its
observed frequency in hg38 (Fig. S14B), enabling an unbiased approach to studying
localization of repetitive elements.

Given our observations of radial patterns of chromosome positioning and the known radial
organization of heterochromatin (41), we investigated whether repetitive elements displayed
radial patterns. To do this, we compared the radial distribution of reads containing repetitive
elements to permuted distributions to identify classes of repetitive elements with the
strongest radial bias (Fig. 2F, (29)). We confirmed reports that Alu elements are depleted ~1
pm from the nuclear edge (34), further validating our approach (Fig. 2G). We also found that
certain types of repetitive heterochromatin, such as satellite DNA, show enrichment towards
the nuclear center, while others, including AT-rich L1 elements, are overrepresented at the
nuclear edge. These findings demonstrate the ability of IGS to simultaneously identify
spatial localization patterns of many different repetitive sequences de novo in an untargeted
and genome-wide manner.

Having shown that IGS confirms known features of global genome organization, we next
asked whether we could characterize the structures of individual chromosomes. DNA FISH
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and Hi-C studies have found that chromosome arms can be individually compartmentalized
in a fashion similar to chromosome territories (44, 45). Independent localization of
chromosome arms was apparent as stripes in the genome-wide distance matrix (Fig. 2D),
and could be visualized in single chromosomes colored by their p and q arms (Fig. 2H). We
computed pairwise distances for reads within each chromosome territory (Chrs 1-11 and
Chr X, Fig. S15) and fit a power law to this relationship as described (20). Separate
treatment of p and q arms resulted in an improved fit compared to fitting of all of Chr 1 (Fig.
S16), in line with the expectation of differential scaling across the centromere. Indeed, intra-
arm and inter-arm pairs of loci exhibited two scaling regimes when treated separately (Fig.
21, Fig. S17). In chromosomes where we had high coverage (Chr 1-11 and Chr X), inter-arm
distances were significantly larger than intra-arm distance for the range of genomic distances
present in both distributions (Fig. 2J, 56—87 Mb for Chr 1; boxed region, Fig. 2I; K-S test, p
< 10716; Fig. S18). These results extend observations of spatially polarized chromosome
arms (42), and demonstrate the ability of IGS to characterize subchromosomal spatial
structure. Taken together, these findings highlight the unique ability of IGS to
simultaneously interrogate broad features of genome organization, including chromosome
positioning, chromosome folding, and the localization patterns of repetitive sequences.

In situ genome sequencing in intact early mouse embryos

The spatial organization of the genome is extensively remodeled in early embryogenesis, as
the initially separate parental genomes undergo major reorganization after fertilization to
prime the organism for zygotic genome activation (ZGA) (43) and, subsequently, lineage-
specific cell fates (44). Studies have linked chromatin and epigenetic remodeling to various
phenomena including sequence-specific localization of chromatin to nuclear landmarks (45,
46), parent specific-chromatin domain organization in single cells (47-50), and
developmental specification of clonal lineages (51-53). Given the importance of spatial
features, sequence-specificity, and intercellular relationships in these phenomena, we sought
to apply IGS in intact early embryos to characterize genome organization in early
embryogenesis across length scales. We applied IGS to intact early mouse embryos
(B6C3F1 females x B6D2F1 males) spanning the PN4 zygote (3,909 + 2,116 reads/cell,
median £ SD), late 2-cell (2,357 = 1,063 reads/cell), and early 4-cell (1,074 £+ 622 reads/cell)
stages of development (Fig. 3A, Movie S4).

Collectively, imaging and sequencing methods have shown that some of the structural
changes in early development are associated with nuclear landmarks, such as the
centromeres (54), nuclear lamina (46) and nucleolus precursor bodies (NPBs) (55). To
demonstrate that IGS is compatible with other imaging modalities and to investigate the
organizational roles of these landmarks, we performed co-immunostaining for CENP-A
(centromere) and Lamin-B1 (nuclear lamina), in addition to staining with DAPI (used to
locate NPBs). The resulting images were segmented and registered to the in sifu sequencing
data in 3D, enabling us to directly localize genomic reads relative to these landmarks (Fig.
3B, (29)).

In order to resolve the maternal and paternal genomes within single cells, we first confirmed
the presence of chromosome territories in all stages. As with the PGP1 fibroblasts, we found
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that reads originating from a particular autosome could generally be separated into two
distinct spatial clusters per nucleus (or one cluster per allosome in male embryos) (Movie
S5). We then filtered cells based on yield, karyotype, developmental stage, and cell cycle
(Fig. S19, (29). After filtering, we found a nearly equivalent rate of reads that did not
colocalize with chromosome territories as in PGP1f (6.95%). Relative to reads within
territories, these non-colocalizing reads were significantly depleted from regions proximal to
the nuclear lamina and NPBs (Fig. S20; K-S test, p < 107! and 107199 respectively).

To assign parent-of origin to each territory, we identified spatially-localized reads that
overlapped a genomic position with a heterozygous SNP in either of the parental strains.
1.40% and 1.64% of genomic reads were uniquely assigned to the maternal (B6C3F1) and
paternal (B6D2F1) genomes respectively, resulting in an average of 67 haplotype-
informative reads per cell. To validate these assignments, we visualized the positions of
haplotype-informative reads in the PN4 zygote (Fig. 3C). At this stage of development, the
parental genomes remain segregated in the larger paternal and smaller maternal pronuclei.
Based on this known feature, we assigned each chromosome territory to either the maternal
or paternal genome in a semi-supervised manner (Fig. 3D). We found that 97.1% of
haplotype-informative reads were concordant with this assignment, where non-concordant
reads may be attributable to genomic sequencing errors, UMI matching errors, or strain
impurities. We then used our haplotype-informative reads to assign entire chromosome
territories to parent-of-origin across the 2-cell and 4-cell stage embryos (29). This approach
enables a strong majority of reads (82.26%), even those not overlapping a SNP, to be
assigned to parent-of-origin through co-localization with haplotype-resolved reads in the
same territory.

Developmental transitions in embryonic genome organization

We then sought to examine previously-described principles of global genome organization,
focusing on parental haplotype (56, 57), centromere-telomere position, (54), (16), and GC
content (6, 16) (Fig. 4A).

We began by examining the spatial separation of parental genomes, as imaging studies have
shown that maternal and paternal chromatin are spatially polarized in early embryos (56,
57). To quantify the spatial separation of parental genomes across developmental stages, we
analyzed the spatial inter-chromosomal neighbors of each read, and calculated a haplotype
spatial separation score (Fig. 4B). We then averaged the separation scores for all reads in
each cell. We found that the mean separation score significantly decreased between the
zygote and 2-cell stages and between the 2-cell and 4-cell stages (K-S test, p< 103 and p <
1073, Fig. 4C), consistent with earlier studies (56, 57). The standard deviation of mean
separation scores increased with each developmental stage (SD = 0.015 for zygotes, 0.026
for 2-cell, 0.045 for 4-cell), indicating that the degree of parental genome intermixing is
heterogeneous within the embryo. Further, we observed no evidence that particular
chromosomes were more likely to break this separation than others (Fig. S21). These results
are concordant with the hypothesis that gradual mixing is a consequence of global
chromosome repositioning following mitosis.
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We next examined global spatial organization of the genome along the centromere-telomere
axes of chromosomes. Mouse chromosomes are acrocentric and are known to be arranged in
a Rabl-like configuration in early embryos, in which centromeres cluster toward one side of
the nucleus and distal telomeres cluster toward the other (54, 56). To confirm this
configuration in our data, we first measured the polarity of the CENP-A stain and found that
centromeres in the 2 and 4-cell stages were significantly clustered toward one side of the
nucleus (K-S test, p < 10~% and p < 1078). To analyze this configuration for all chromosome
positions, we assigned each read a centromere-telomere score based on its genomic position
along its chromosome. When we visualized these scores in a nucleus from a 2-cell embryo,
we observed that the centromere-telomere scores were highly polarized, which was
supported by co-localization of the CENP-A immunostain (Fig. 4D). To quantify this
polarization across all stages, we calculated a spatial neighborhood centromere-telomere
score for each read (29). We then examined the relationship between centromere-telomere
scores and neighborhood scores across all reads, and observed much stronger correlation in
the 2-cell and 4-cell stages (Pearson’s r = 0.519 and 0.502) than in the zygote (r = 0.074,
Fig. 4E). The functional consequences of this transition to a Rabl-like configuration in 2-
and 4-cell embryos remains unclear. In other contexts, this configuration is thought to be an
extension of anaphase chromosome positioning into interphase, perhaps without cellular
function (58). On the other hand, it has also been hypothesized to restrict chromatin
entanglement (59); thus, it may be involved in constraining genome structure to enable the
short cell cycles of the early embryo.

Finally, we examined the role of GC content in genome structure, which is strongly
associated with A/B compartmentalization (6). To study this effect, we first visualized
individual homologs of Chr 12 from zygotic pronuclei (Fig. 4F). We observed that genomic
reads from GC-poor regions tended to localize to the periphery of the nucleus, in line with
reports describing the localization of the inactive B compartment (16). To quantify this
effect, we measured the correlation between GC content and distance to nuclear lamina
across Chr 12 in all zygotes and observed that these two factors were correlated in both the
paternal and maternal homologs (Spearman’s p = 0.794, 0.649 respectively, Fig. 4G). We
applied this approach to all chromosomes and found that the paternal homologs were
significantly more correlated than their maternal counterparts in the zygote, but not in the 2-
cell stage (Fig 4H; K-S test, p < 107>, n.s.). This suggests that the degree of GC
compartmentalization may be influenced by the differing biological histories of the
pronuclei (47).

Intriguingly, when we examined the relationship between genomic position and distance to
nuclear landmarks, we observed that Chr X seemed to localize especially far from the
nuclear lamina and toward the NPBs in paternal pronuclei (Fig. S22). This finding extends
models of the role of NPBs in establishing epigenetic asymmetry between parental X
chromosomes rapidly after fertilization and in advance of imprinted X inactivation (45).
Taken together, these results demonstrate the ability of IGS to characterize 3D genome
organization across diverse developmental stages with parent-specific resolution, and with
respect to nuclear landmarks.
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Detection of single-cell domains chromatin domains in zygotes

Next, we used IGS to examine subchromosomal spatial organization. We focused on our
data with the highest genomic resolution, the zygotic pronuclei, where large-scale parent-
specific reorganization of chromatin is thought to play an important role in ZGA (60). First,
we characterized the scaling relationship between mean spatial and genomic pairwise
distance in the zygotic parental genomes. Consistent with previous reports (47), we found
that each parental genome had distinct scaling properties (Fig. SA, 5B).

Reports analyzing genome structure in zygotes have suggested that paternal chromatin
exhibits unusually weak higher order structure (> 2 Mb) (47—49). In accordance with these
reports, we found that spatial distance matrices generated from the population ensemble
indeed exhibited little off-diagonal structure (Fig. 5C, S23 all chromosomes). Furthermore,
evidence suggests that paternal zygotic chromatin exhibits unusually weak A/B
compartmentalization (47—49), and unusually large lamina associated domains (46). Our
ensemble data corroborated these reports and correlated well with Hi-C (mean Pearson’s r =
0.84) when analyzed in terms of lamin proximity (Fig. 5D, S24 all chromosomes). However,
when we examined single-cell distance matrices, we found that, unlike the ensemble, single
paternal pronuclei generally exhibited large blocks of spatially associated chromatin (Fig.
SE, left). To distinguish these blocks from population-defined topological domains identified
in Hi-C studies, we term them single-cell domains (SCDs).

To better understand the nature of SCDs in paternal zygotes, we systematically identified
individual domains in single cells (29). The SCDs we identified corresponded well to
spatially distinct clusters identified by visual inspection (Fig. SE, right). When we examined
SCDs across cells and chromosomes, we observed that they were large (median size 17.5
Mb, 10 Mb inter-quartile range) relative to canonical features defined by Hi-C, and had
heterogeneous sizes and boundary positions (Fig. S25). We proceeded to assess the strength
of all SCD boundaries in single cells, and found they were significantly stronger and more
variable than boundaries identified by the same method in the ensemble matrices (Fig. 5F;
K-S test, p < 10717; 95% CI for Cohen’s d, (0.56, 0.77), determined by bootstrapping (29))).
Together, these observations suggest that the weak ensemble structure may be explained by
the variability of single-cell structures. Finally, we investigated the association of SCDs with
nuclear landmarks, which may suggest organizing principles, and found that their
boundaries and interiors were, respectively, significantly more lamin distal and more lamin
proximal than expected (Fig. 5G (29)). We found this striking in light of previous electron
microscopy studies showing discrete micron-scale lamina-associated chromatin domains
following ZGA (61).

Recently, both polymer simulations (47) and direct observation of chromatin structure (22)
have shown how variable domain-like structures can exist in single cells when higher order
ensemble structure is lacking. We speculate that, given the weak ensemble structure, the
SCDs observed here may involve a similar phenomenon. The SCDs described here are larger
than canonical Hi-C defined features, and were not detected in earlier single-cell Hi-C
studies in zygotes (47, 50), perhaps because they are organized on length scales which are
relatively less accessible to Hi-C measurements. It may be interesting to investigate the
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extent to which SCDs are governed by mechanisms related to the nuclear lamina, which
perhaps modulates underlying epigenetic (41) or polymer-intrinsic (47) domain-forming
behaviors of chromatin.

Epigenetic memory of global chromosome positioning within early
embryos

Embryonic development is thought to involve epigenetic transmission of structural and
regulatory features of chromatin organization through clonal cell lineages within individual
embryos (53). These mechanisms play an important role in breaking initial symmetry (51),
engaging clonal lineage-specific gene expression programs (62), and cell fate commitment
(44). Intercellular asymmetries influencing the developmental fate of clonal lineages have
been reported as early as the 4-cell stage within individual embryos (51, 52, 62, 63).

In order to study clonal lineage-specific features at the single-cell level, it is necessary to
resolve and compare cells within the same embryo. Chromosome territories have been found
to form early in interphase and subsequently maintain their relative positions until prophase
(18, 64, 65), so we reasoned that comparison of chromosome positioning would be a robust
way to quantify the similarity of global genome organization between interphase cells. Live-
cell studies using non-specific photopatterning of the nucleus have demonstrated similarity
in global genome organization between sister cells in culture (65), and indeed, visual
inspection of pairs of chromosomes suggested that cells within an embryo share similar
chromosomal positions (Fig. 6A). We quantified similarity by comparing single-cell
autosome distance matrices of pairs of cells within and between individual embryos (Fig.
6A, B, (29)). In 2-cell embryos, we found that global chromosome positioning in sister cells
was significantly more correlated than in pairs of cells from different embryos (K-S test, p <
10713; Fig. 6C, Fig. S26). These results suggest that cells within 2-cell embryos may share
memory of their common initial chromosome positioning during zygotic metaphase, if not
earlier.

Next, we asked whether the similarity shared by sister cells in 2-cell embryos might be
epigenetically transmitted across the second cell division, i.e. to cousin cells. While earlier
work has not found heritability in the radial positioning of individual loci (66, 67), widely
varying degrees of similarity in global genome organization between mother and daughter
cells have been reported (64, 65). We constructed putative clonal lineage trees within each 4-
cell embryo by using the ranked correlations of autosome distance matrices for each pair of
cells to classify putative sister and cousin cells. The most correlated pair of cells in each
embryo was designated as one set of putative sister cells, thus implying the remainder of the
tree (Fig. 6D, Fig S27, (29)). As expected by the definition of the tree, we found that global
chromosome positioning was significantly more correlated between putative sister cells than
between pairs of cells from different 4-cell embryos. However, we also found that the same
held true for putative cousin cells, which was not expected (Fig. 6E, Fig. S26; K-S test, p <
10" % and p < 1073; 95% CI for Cohen’s d, (0.55, 1.29), determined by bootstrapping, (29)).
Together, these results demonstrate clonal lineage-specific similarity in global chromosome
positioning in early embryos, and imply that epigenetic memory of chromosome positioning
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is transmitted from mother to daughter cells during the second cleavage (Fig. 6F). While the
mechanisms are not fully clear, this memory may reflect minimal relative repositioning of
chromosomes during congression to and departure from the metaphase plate, perhaps due to
the Rabl configuration and short cell cycles of the early embryo. This mitotic heritability of
global chromosome positioning may influence processes that affect the viability and
phenotype of the developing organism, such as rates of homologous recombination (HR)-
mediated double-strand break (DSB) repair (68, 69) and the distribution of translocations
(70-72) in the early embryo.

Discussion:

In this work we present in situ genome sequencing, unifying sequencing and imaging of
genomes in intact samples. This unified approach enables de novo discovery of spatial
organization of genomes across length scales, from single-cell subchromosomal domains to
intercellular relationships. Because IGS is both sequencing and imaging-based, it can be
extended in either modality based on the needs of specific experiments. We demonstrate this
in early mouse embryos through integration of genotype information to spatially resolve the
maternal and paternal genomes, through integration of immunofluorescence to localize
genomic loci relative to nuclear landmarks, and by using whole-embryo spatial information
to infer clonal lineages. This contextual information enabled us to uncover single-cell
chromatin domains in zygotes with lamin-distal boundary positions and lamin-proximal
interiors, as well as heritable correlations in global chromosome positioning within single
early embryos.

While extant methods such as multiplexed DNA FISH and single-cell Hi-C are well-suited
to measuring aspects of spatial genome organization, they cannot currently be combined in
the same cell. With IGS, we spatially localize hundreds to thousands of genomic loci in
single cells, achieving genomic resolutions comparable to recent genome-wide approaches
based on targeted DNA FISH in fibroblasts (73, 74). Unlike these targeted methods, we
further show how IGS can perform untargeted sequence localization, resolve genome
structure of maternal and paternal alleles, and be applied in 3D nuclei and thick intact
samples. However, due to its genome-wide sampling frequency (at most ~1 Mb in this
report), IGS is currently limited in its ability to systematically examine specific genetic loci
in specific cells. Targeted DNA FISH or single-cell Hi-C are thus currently more appropriate
for applications requiring high-resolution interrogation of genomic features such as TAD
boundaries (22, 47, 75) or enhancer-promoter loops (16, 26), and chromosome painting
methods (76) may be preferred when high-throughput visualization of chromosomes
territories is required. IGS therefore joins an ecosystem of conceptually new approaches
(77-79) complementary to these more well-established methods.

We expect that improvements to IGS will further enable the study of genome sequence,
structure, and function. In addition to the cultured cells and early embryos presented here,
we anticipate extension of IGS to a broader range of cell types and intact tissues. Outside of
development, IGS may be well-suited to study cancers, in particular how copy number
instability and translocations contribute to tumor heterogeneity and alter nuclear morphology
(80). The transposase-based library construction used in IGS may also be extended to
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measure the spatial localization of the accessible genome (30, 81). Further, because nuclear
volume is the primary constraint on the amplicon yield of IGS, we anticipate many-fold
improvements in yield and resolution, either through smaller amplicons (82), or preferably
through integration of IGS with Expansion Microscopy (83, 84), which simultaneously
increases nuclear volume by 50—100-fold and enables super-resolved imaging by physical
expansion of samples. Finally, following our proof-of-concept integration with
immunostaining, we expect increasingly multiplexed multi-omic (85) variations of IGS will
be possible. We anticipate in sifu genome sequencing will be instrumental in unifying
genomics and microscopy, and therefore sequence and structure.

Methods summary

Library construction

Cells were grown and fixed on a glass coverslip, and embryos were fixed in solution and
immobilized in polyacrylamide gel in a 6-well plate. Phosphorylated DNA adapters were
inserted into fixed genomic DNA in situ by incubating samples 1 hr (cells) or overnight
(embryos) with transposase. Hairpins were hybridized to the adapters on either side of the
insert, and the complex was circularized by gap-fill ligation. Hairpins contained either a
UMI and primers for 1z s7tu and ex situ sequencing, or an RCA primer hybridization site.
RCA primers were hybridized, and RCA was performed overnight, with aminoallyl-dUTP
spiked into the reaction. Amplicons were crosslinked by reacting with BSPEG(9).

In situ sequencing

For cells, the coverslip was mounted in a flow cell and 7n sifu sequencing reactions were
performed using automated fluidics. For embryos, reactions were performed manually in a
6-well plate. Samples were treated with calf intestinal phosphatase before the first primer
hybridization and before each cleavage reaction. /n situ sequencing was performed using
sequencing-by-ligation chemistry. Samples were exchanged into an imaging buffer
following each round of sequencing. Images were acquired using confocal microscopy.
Immunostaining and immunofluorescence imaging were performed after in situ sequencing.

Ex situ sequencing

Samples were transferred into solution and used as input to a PCR reaction. The resulting
library was sequenced using high-throughput paired-end sequencing and then then aligned to
hg38 for PGP1f and mm10 for the early mouse embryos. Aligned reads that overlapped
alleles that differ between the B6C3F1 and B6D2F1 strains were annotated as haplotype-
informative.

Computational integration of in situ and ex situ sequencing data

In situ and ex situ sequencing data were computationally integrated using a probabilistic
UMI matching approach that borrows principles from single-bit error correction to account
for signal intermingling between densely-packed amplicons, as well as the decay of
sequencing quality over successive rounds of in situ sequencing.
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Detailed methods for sample preparation, library construction, multimodal sequencing,
imaging, image analysis, and all analyses of data are described in the Materials and Methods
section of the Supplementary Material. Oligonucleotide sequences are found in Table S4. A
description of methods for kit-free synthesis of in situ sequencing reagents is given in the
Supplementary Text and Tables S5 and S6. A description of cost, complexity and throughput
of the method is found in the Supplementary Text and Table S7.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Method for in situ genome sequencing.
(A) In situ genomic DNA library construction. 1) Legend. ii) Adaptor insertion. iii) Insert

circularization by hairpin ligation, followed by n situ rolling circle amplification (RCA). iv)
Clonal amplicons contain primers for 7n situ and ex situ sequencing. (B) Workflow for in
s1tu genome sequencing. 1) /n situ sequencing localizes unique molecular identifiers (UMIs).
4-channel imaging of two representative amplicons over 18 rounds of in situ sequencing. ii)
Amplicon dissociation following in situ sequencing. iii) PCR and ex sifu sequencing of
amplicons associates genomic sequences with UMIs. (C) Top: paired-end sequences are
spatially localized by integrating in situ and ex situ sequencing data. Bottom: matched reads,
colored by chromosome, are overlaid on their imaged amplicon library (below). (D) /i situ
sequenced nuclei from cultured fibroblasts and intact embryos at the PN4 zygote, late 2-cell,
and early 4-cell stages, with spatially-localized reads colored by chromosome.
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Figure 2: IGS characterizes spatial features of the human genome.
(A) DAPI stain of a PGP1f nucleus after in situ library construction. (B) 601 spatially-

localized reads in the same PGP 1f nucleus, colored by chromosome. (C) Exploded view
reveals conformations of chromosome territories, shown as 1n situ reads (balls) connected
according to sequential genomic position (sticks). (D) Genome-wide population mean
pairwise distance matrix of 106 PGP1f cells binned at 10 Mb. (E) Chromosome size vs.
normalized mean radial distance from the nuclear center for 106 diploid-resolved PGP1f
cells. Error bars denote 95% confidence interval of the mean determined by bootstrapping.
(F) The 103 most abundant repetitive elements ordered by radial bias, defined as the
variability of binned distances relative to a permuted background from the nuclear center for
106 PGP1f cells. The dashed grey line represents the threshold for elements shown in (G).
(G) Radial enrichment/depletion by binned distance from the nuclear center for the
repetitive elements with the strongest radial bias from (F). (H) Ball-and-stick models for Chr
1-4 in the same single-cell, demonstrating spatial polarization between the p and q arms of
each chromosome. (I) Genomic distance vs. spatial distance for Chr 1, distinguishing intra-
arm and inter-arm measurements. Error bars: standard deviation. Dashed: range in which
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both measurements can be compared at reasonable sampling depth (n > 20 per 1 Mb bin).
(J) Intra-arm and inter-arm distance distributions in the dashed range in (I) are distributed
differently (n = 819 intra-arm, 766 inter-arm, 144 Chr 1 territories, K-S test, p < 10_16).
Violin plot indicates median and range.
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Figure 3: IGS enables high-resolution genomic and spatial profiling of intact early mouse
embryos

(A) Workflow. B6C3F1 x B6D2F1 embryos at the zygote, 2-cell, and 4-cell stages are
pooled, fixed and immobilized in a polyacrylamide gel. Following /n situ sequencing, DAPI
and immunofluorescence staining of CENP-A and Lamin-B1 are performed. (B)
Representative zygote with 7,374 spatially-localized reads colored by chromosome (left),
distance to the nuclear lamina (middle), and distance to nearest nucleolus precursor body
(right). (C) Amplicons from (B), with reads colored by parental haplotype assignment for
the intact embryo (top), reads colored by genomic position for Chr 3 homologs (middle),
and reads colored by parental haplotype assignment for Chr 3 homologs (bottom). Boxes
show two haplotype-informative Chr 3 SNPs. (D) An exploded view of chromosome
territories from (B) for the maternal (left) and paternal pronuclei (right).
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Figure 4: IGS characterizes developmental transitions in embryonic genome organization.
(A) Exploded view of a single nucleus from a 2-cell embryo colored by chromosome

territories, haplotype, centromere-telomere position, and GC content. (B) 2-cell embryo with
spatially-localized reads colored by parental haplotype assignment (left) and haplotype
separation score (right). (C) Boxplots showing mean haplotype separation score per cell
across developmental stages (left; K-S test, p < 107 and p < 10~8). Grey dots represent
mean scores of single cells. Distribution mean (red line), 95% confidence interval, (red box),
and 1 standard deviation (blue box) are indicated. Two cells representing extreme scores (> 1
SD) are shown (right). (D) Nucleus from (A) with spatially-localized reads colored by
centromere-telomere position, shown from two angles 90 degrees apart (left). Black dots
indicate the position of CENP-A as identified from immunostains. Chr 1 and Chr 15
homologs from this cell are shown (right) to illustrate the Rabl-like configuration. (E) Mean
centromere-telomere position of spatial neighbors as a function of centromere-telomere
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position for each stage. (F) Chr 12 homologs from a representative zygote with spatially-
localized reads colored by GC content (left) and distance to lamina (right). (G) Plots
showing the relationship between GC content and average distance to the nuclear lamina for
1 Mb bins in Chr 12 of the maternal and paternal zygotic pronuclei. Zygotic lamina-
associated domains (LADs) defined by DamID are displayed below. (H) Boxplots showing
Spearman’s p between GC content and distance to lamina for 1 Mb bins, partitioned by
haplotype and developmental stage (K-S test, p < 107> and n.s.). Dots represent single
chromosomes. Distribution mean (red line), 95% confidence interval, (red box), and 1
standard deviation (blue box) are indicated. n = 24 zygotes, 40 2-cell, 49 4-cell nuclei for all
panels. Scale bars: 5 um in all directions.
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Figure 5: IGS reveals single-cell domains in zygotes.
(A) Global relationship between genomic and spatial distance in zygotes for all

chromosomes, distinguishing the parental genomes. (B) Visualization of Chr 11 homologs in
two zygotes according to parent-of-origin. (C) Population ensemble mean spatial distance
matrix for paternal Chr 11, constructed at 2.5 Mb resolution (24 zygotic pronuclei, 2317
reads). (D) Comparison across measurement modalities for the population of paternal
zygotic Chr 11. Top row: Hi-C defined eigenvalues and compartment calls. Middle row:
DamlID-defined population lamina associated domains. Bottom row: lamin-proximal and
lamin-distal regions defined with IGS (24 zygotic pronuclei, 2317 reads). (E) Top left:
single-cell mean distance matrix for paternal Chr 11 in a representative zygote, with single-
cell domain boundaries (SCDs) marked below (263 reads). Top right: visualization of
individual paternal SCDs in the same zygote. To assist visualization, two SCDs are shown in
color (purple, gold), while the remaining SCDs are shown in grey. Bottom left: single-cell
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mean distance matrix for paternal Chr 11 in a second representative zygote, with single-cell
domain boundaries marked below (213 reads). Bottom right: visualization of three paternal
SCDs in the second zygote. To assist visualization, three SCDs are shown in color (magenta,
lime, cyan) while the remaining SCDs are shown in grey. (F) Comparison of single-cell and
ensemble domain boundary strengths spanning all detectable boundaries in Chr 1-19+X (74
ensemble boundaries, 1057 single-cell boundaries, K-S test, p < 10717). (G) Scaled distance
from SCD boundary versus observed/expected median distance to nuclear lamina, measured
genome-wide (Chr 1-19+X, N = 1262 SCDs). Envelope indicates 95% confidence interval
determined by bootstrapping.
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Figure 6. IGS uncovers epigenetic memory of global chromosome positioning within single
embryos.

(A) Positioning of Chr 1 and 3 in the cells of 2-cell embryos 37 (top) and 41 (bottom). (B)
Pairwise correlations between autosome distance matrices for the cells in (A). Intra-embryo
and inter-embryo correlations are shown in blue and orange, respectively. (C) Probability
distributions of correlations between autosome distance matrices for intra-embryo and inter-
embryo pairs of cells among 2-cell embryos. K-S test, p < 1071%; n = 20 intra-embryo pairs
and n = 760 inter-embryo pairs, among 20 2-cell embryos. (D) Positioning of Chr 2 and 4 in
the cells of 4-cell embryo 45. Pairs of cells are putatively classified as sister and cousin cells
based on correlation of global chromosome positioning, with the most correlated pair
classified as sisters. Correlations between sister and cousin cells are shown in blue and red,
respectively. (E) Probability distributions of correlations between autosome distance
matrices for pairs of putative sister cells, cousin cells, and inter-embryo pairs of cells among
4-cell embryos. K-S test, p < 10714 for sisters vs. inter-embryo and p < 1073 for cousins vs.
inter-embryo; n = 18 sister pairs, n = 36 cousin pairs, and n = 933 inter-embryo pairs, among
13 4-cell embryos. (F) Model of epigenetic memory transmission within clonal lineages.
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