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In situ genome sequencing resolves DNA sequence
and structure in intact biological samples
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INTRODUCTION: Genomes are spatially organized
across length scales from single base pairs
to whole chromosomes. This organization
is thought to regulate gene expression and
control cellular function and varies across
cells within organisms. Current methods based
on DNA sequencing achieve genome-wide
coverage with base-pair resolution but lack
spatial context. Alternatively, current methods
based on imaging capture spatial context but
are targeted and lack base-pair resolution.
Thus, a method bridging sequencing and
imaging modalities for mapping genome
structure is lacking.

RATIONALE: Here, we describe in situ genome
sequencing (IGS), a method for simultaneously
sequencing and imaging genomes within intact
biological samples. Sequencing enables parental
alleles and repetitive elements to be distin-
guished and included in genomic analyses.

IGS unifies sequencing
and imaging of genomes.
In situ sequencing of
spatial barcodes within
intact samples is followed
by high-throughput
paired-end sequencing.
Data from the two
modalities are computa-
tionally integrated,

In situ sequencing of
spatial barcodes

Further, imaging enables genome-wide study
of spatial relationships within cells, such
as association of genomic loci with nuclear
structures, and between cells, such as struc-
tural similarities within cell lineages.

RESULTS: We applied IGS to cultured human
fibroblasts and intact early mouse embryos at
the pronuclear stage 4 zygote, late two-cell, and
early four-cell stages of development, spatially
localizing hundreds to thousands of DNA
sequences in individual cells. In embryos, we
integrated genotype information and immuno-
staining to identify and characterize parent-
specific changes in genome structure between
embryonic stages, including parental genome
mixing, chromosome polarization, and nuclear
lamina association. We further uncovered and
characterized single-cell domain structures with
lamina-distal boundaries and lamina-proximal
interiors in paternal zygotic pronuclei. Finally,

High-throughput sequencing
of paired-end reads

we demonstrated epigenetic memory of global
chromosome positioning within clonal cell lin-
eages of individual embryos.

CONCLUSION: IGS unifies sequencing and im-
aging of genomes, offering a method that con-
nects DNA sequences to their native spatial
context within and between the cells of intact
biological samples. The single-cell domain struc-
tures that we observed in zygotes open oppor-
tunities for further investigation, including
addressing questions about how nuclear struc-
tures such as the lamina may modulate the
epigenetic or intrinsic domain-forming behav-
iors of chromatin. Additionally, our observation
of epigenetic memory of chromosome position-
ing highlights how genome organization during
mitosis may influence genome structure at later
stages of development. We anticipate that fur-
ther development of IGS and integration with
existing in situ molecular profiling technologies
will provide increased resolution and enable
multiomic measurements, creating new oppor-
tunities to study the structure and function of
genomes across length scales and organisms.

The list of author affiliations is available in the full article online.
*These authors contributed equally to this work.

tThese authors contributed equally to this work.
fCorresponding author. Email: edboyden@mit.edu (E.S.B.);
jason_buenrostro@harvard.edu (J.D.B.); chenf@
broadinstitute.org (F.C.)

Cite this article as: A. C. Payne et al., Science 371,
eaay3446 (2021). DOI: 10.1126/science.aay3446

S READ THE FULL ARTICLE AT
https://doi.org/10.1126/science.aay3446

Spatially-localized paired-end
genomic reads

12 :
o o Paired-end
%:{ [ < Barcode ’ 2DNA read l XY,z
E S oo
D o : GTCC... | TATC..AGGT | 2112,4

jouueyn

;

Cycle

IEnmE WPy
Chr

CATG... | GTTA.TCTA | 18,292

yielding spatially localized
paired-end genomic
reads. IGS in early mouse
embryos enables the

Spatial genome organization from
chromosomes to single base-pairs

Inter-cellular comparison of genome
structure within intact embryos

identification of chromo Mouse A #ﬁﬁ 4 l\fllousi

- A -cell embryo
some territories that i zygote @,ﬁ‘;ﬁi f*& ’
are assigned to parent-of- & 4 f & 2 & ¥ ,%2
origin using base-pair- @‘ﬂ’*@* {;?;@
resolved genotype W ’&” ’
information. By preserv- Q pronucleus ,&;‘ %@ & pronucleus
ing spatial organization in |
multicellular samples, j I Chr3:
IGS allows intercellular [ 25’235('%65
comparison of genome :
structure within Chr3 Chr3: e
individual embryos. e @SNP 150,022,822 Most

o &SNP ..GCCTT... similar Least similar

Payne et al., Science 371, 908 (2021)

26 February 2021

1of1l

TZ0Z ‘62 Joquiesad uo A1SBAIUN pleAleH Te BI0'80US 195" MMM//SONY W) pepeo lumod



RESEARCH

RESEARCH ARTICLE

3D GENOMICS

In situ genome sequencing resolves DNA sequence
and structure in intact biological samples

Andrew C. Payne'?*, Zachary D. Chiang®>*, Paul L. Reginato?*>%% Sarah M. Mangiameli?,
Evan M. Murray?, Chun-Chen Yao?”, Styliani Markoulaki®, Andrew S. Earl®, Ajay S. Labade®,
Rudolf Jaenisch®°, George M. Church®®, Edward S. Boyden®#*10-1112131+

Jason D. Buenrostro®>+1, Fei Chen®3++

Understanding genome organization requires integration of DNA sequence and three-dimensional 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 IGS can directly
connect sequence and structure across length scales from single base pairs to whole organisms.

he 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 ge-
nome organization at high resolution is im-
portant 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 that probe targeted
genomic loci using microscopy, such as DNA
fluorescence in situ hybridization (FISH) (7).
Hi-C applied to populations of cells has re-
vealed 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
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studies have shown how these approaches
can complement each other by imaging Hi-
C-defined features in single cells, characteriz-
ing 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 that
combine Hi-C with microscopy (16, 27) or make
FISH more like sequencing through single-
nucleotide polymorphism (SNP)-specific probes
(23, 28) have broken important conceptual
ground, but they remain limited in their
imaging or sequencing throughput. Therefore,
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 in situ genome
sequencing (IGS). IGS enables DNA sequenc-
ing directly within intact biological samples,
spatially localizing genome-wide paired-end
sequences in their endogenous context and
thus bridging sequencing and imaging modal-
ities for mapping genomes. Our in situ sequenc-
ing workflow introduces innovations in three
phases: in situ library construction, multimodal
sequencing of libraries, and computational in-
tegration of spatial and genetic information.
In the first phase, we created an in situ
sequencing library within fixed samples by
amplifying an untargeted sampling of the
genome in its native spatial context. To do this,
we fixed and treated samples using methods
optimized for DNA FISH (28, 29). Next, we
used Tn5 transposase to randomly incorporate
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DNA-sequencing adapters into fixed genomic
DNA by in situ transposition, preserving geno-
mic fragments in their native spatial positions
(30). We circularized these fragments in situ
by ligation of two DNA hairpins containing a
unique molecular identifier (UMI) and primer
sites used for subsequent multimodal DNA
sequencing (Fig. 14, ii and iii). We then
clonally amplified the resulting circular tem-
plates by rolling circle amplification, yielding
in situ 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 sequenc-
ing libraries to optimize the number of re-
solvable amplicons (fig. S2). These methods
provide an approach for clonally amplifying
untargeted samples of a genome, creating
~400- to 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 three-
dimensional (3D) positions of amplicons. How-
ever, 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 in 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. 1Bi and movie
S1). Immunostaining followed by additional
cycles of imaging may also be performed after
in situ sequencing. We then dissociated the
in situ amplicons and amplified them using
polymerase chain reaction (PCR) to produce
an in vitro sequencing library (Fig. 1B, ii and
iii), which we sequenced on a conventional
Tllumina sequencer (henceforth referred to as
“ex situ sequencing”) to obtain 150-bp paired-
end genomic reads tagged with in situ
sequenced, spatially resolved UMIs. This
multimodal sequencing strategy allowed us
to preserve spatial information while leverag-
ing 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.

In the third phase, we computationally
matched ex situ paired-end sequencing reads
to in situ amplicon positions. Briefly, we de-
convolved, registered, and normalized fluores-
cence images to resolve the 3D centers of
amplicons across multiple rounds of imaging
[fig. S4 (29)]. We then quantified the fluores-
cence signal of each UMI-associated ampli-
con across four color channels over all rounds
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Fig. 1. Method for IGS. (A) In situ genomic DNA library construction. (i) Legend.
(ii) Adapter insertion. (iii) Insert circularization by hairpin ligation, followed by in
situ RCA. (iv) Clonal amplicons containing primers for in situ and ex situ
sequencing. (B) Workflow for IGS. (i) In situ sequencing localizes UMIs. Four-
channel imaging of two representative amplicons over 18 rounds of in situ
sequencing. (ii) Amplicon dissociation after in situ sequencing. (i) PCR and ex

of in situ sequencing (Fig. 1B, i, and fig. S5).
The ex situ-sequenced reads were next as-
sociated with spatial coordinates within nuclei
through error-robust matching of in situ- and
ex situ-sequenced UMIs (Fig. 1C). To do this,
we implemented a probabilistic matching ap-
proach using principles from single-bit error
correction (32) (fig. S5). Collectively, the in-
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PN4 zygote

tegration of these methods, which include
developments across library construction, se-
quencing, and computational analyses, enables
IGS as a general strategy for spatially mapping
paired-end reads (29).

Here, we applied IGS to 106 human fibro-
blasts (PGP1f) and 113 cells across 57 intact
early mouse embryos at the pronuclear stage
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Late 2-cell

Early 4-cell

situ sequencing of amplicons associates genomic sequences with UMIs. (C) Top,
Paired-end sequences spatially localized by integrating in situ and ex situ
sequencing data. Bottom, Matched reads, colored by chromosome, overlaid on
their imaged amplicon library (below). (D) In situ sequenced nuclei from cultured
fibroblasts and intact embryos at the PN4 zygote, late two-cell, and early four-
cell stages, with spatially localized reads colored by chromosome.

4 (PN4) zygote (n = 24), late two-cell (n = 20),
and early four-cell (n = 13) stages of develop-
ment (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
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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 (FDR) 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 me-
dian of 3909 + 2116, 2357 + 1063, and 1074 +
622 reads per nucleus in zygote, two-cell-, and
four-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 geno-
mic region across individual cells, as well as the
distribution of genomic distance between sam-
pled 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 nu-
clear landmarks (nuclear lamina, centromeres,
and nucleolar precursor bodies), as well as pub-
lished genomic data including A/B compartments,
lamina-associated domains, and guanine-cytosine
(GC) content (table S3). The full embryo data-
set can be interactively visualized at https://
buenrostrolab.shinyapps.io/insituseq/.

Validation of IGS 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. 2, A and B, and movie S2). We found that
autosomal reads displayed a strong tendency
to spatially colocalize into two distinct spatial
regions, whereas allosomal reads were restricted
to one region, confirming the known organi-
zation of chromosomes into territories (Z8) (fig.
S12 and movie S3). To systematically define
these territories, we used a maximum likeli-
hood 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, through
density-based thresholding, that 6.83% of reads
did not spatially colocalize with either cluster
(fig. S13), a larger fraction than our estimated
1.70% UMI-matching FDR in PGP1f, which
may be associated with long-range chromo-
some looping (33). After spatial clustering, we
visualized genome-wide conformations of indi-
vidual 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

Payne et al., Science 371, eaay3446 (2021)

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 pair-
wise distances between smaller chromosomes.
Additionally, we observed a positive associ-
ation between chromosome size and radial
distance from the nuclear center (Fig. 2E).
These observations indicate that small chro-
mosomes tend to be in closer proximity near
the nuclear center, consistent with prior studies
in human fibroblasts (34). These results illus-
trate the ability of IGS to resolve diploid
chromosome territories within the nuclei of
single cells and to investigate the spatial posi-
tioning of chromosomes at scale.

Repetitive DNA elements, such as trans-
posons and endogenous retroviruses, make up
~50% of the human genome (35, 36), and their
localization is known to play a role in normal
(87) and disease-associated (38) genome orga-
nization. Although FISH-based methods can
measure the localization of targeted classes
of repetitive sequences (34, 39), current ap-
proaches 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 refer-
ence 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 inves-
tigated whether repetitive elements displayed
radial patterns. To do this, we compared the
radial distribution of reads containing repeti-
tive elements with permuted distributions to
identify classes of repetitive elements with the
strongest radial bias [Fig. 2F (29)]. We con-
firmed reports that Alu elements are depleted
~1 um from the nuclear edge (34), further vali-
dating our approach (Fig. 2G). We also found
that certain types of repetitive heterochromatin,
such as satellite DNA, show enrichment toward
the nuclear center, whereas 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
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next investigated whether we could charac-
terize the structures of individual chromo-
somes. DNA FISH 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 appar-
ent 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 dis-
tances for reads within each chromosome ter-
ritory (Chrs 1 to 11 and Chr X; fig. S15) and fit a
power law to this relationship as described
previously (20). Separate treatment of the p
and q arms resulted in an improved fit com-
pared with fitting of all of Chr 1 (fig. S16),
consistent 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.
2I and fig. S17). For chromosomes in which we
had high coverage (Chr 1 to 11 and Chr X),
inter-arm distances were significantly larger
than intra-arm distance for the range of genomic
distances present in both distributions [56 to
87 Mb for Chr 1, Fig. 2J; boxed region, Fig. 2I;
Kolmogorov-Smirnov (K-S) test, P < 1076, all
chromosomes, fig. S18]. These results extend
observations of spatially polarized chromo-
some arms (42) and demonstrate the ability of
IGS to characterize subchromosomal spatial
structure. These findings highlight the distinc-
tive ability of IGS to simultaneously inter-
rogate broad features of genome organization,
including chromosome positioning, chromo-
some folding, and the localization patterns of
repetitive sequences.

IGS in intact early mouse embryos

The spatial organization of the genome is ex-
tensively 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 chro-
matin to nuclear landmarks (45, 46), parent-
specific chromatin domain organization in single
cells (47-50), and developmental specification
of clonal lineages (57-53). Given the impor-
tance of spatial features, sequence specific-
ity, and intercellular relationships in these
phenomena, we sought to apply IGS in intact
early embryos to characterize genome orga-
nization in early embryogenesis across length
scales. We applied IGS to intact early mouse
embryos (B6C3F1 females x B6D2F1 males)
spanning the PN4: zygote (3909 + 2116 reads/cell,
median + SD), late two-cell (2357 + 1063 reads/
cell), and early four-cell (1074 + 622 reads/cell)
stages of development (Fig. 3A and movie S4;).
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Fig. 2. IGS characterizes spatial features of the human genome. (A) DAPI
staining of a PGP1f nucleus after in situ library construction. (B) Spatially
localized reads (n = 601) in the same PGPIf nucleus colored by chromosome.
(C) Exploded view revealing conformations of chromosome territories shown as in
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 versus normalized mean radial distance
from the nuclear center for 106 diploid-resolved PGPIf cells. Error bars denote
95% CI 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

Collectively, imaging and sequencing methods
have shown that some of the structural changes
in early development are associated with nuclear
landmarks such as centromeres (54), nuclear
lamina (46), and nucleolus precursor bodies
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(NPBs) (65). To demonstrate that IGS is com-
patible with other imaging modalities and to
investigate the organizational roles of these
landmarks, we performed coimmunostain-
ing for CENP-A (centromere) and Lamin-B1
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106 PGPIf cells. The dashed gray line represents the threshold for elements
shown in (G). (G) Radial enrichment and 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 to 4 in the same single cell, demonstrating
spatial polarization between the p and g arms of each chromosome. (I) Genomic
distance versus spatial distance for Chr 1, distinguishing intra-arm and inter-arm
measurements. Error bars indicate SD. Dashed box indicates the range in which 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

(1) are distributed differently (n = 819 intra-arm, 766 inter-arm, 144 Chr 1 territories,
K-S test, P < 107). Violin plot indicates median and range.

(nuclear lamina), in addition to staining with
4/,6-diamidino-2-phenylindole (DAPI, used
to locate NPBs). The resulting images were
segmented and registered to the in situ se-
quencing data in 3D, enabling us to directly
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Fig. 3. IGS enables high-resolution genomic and spatial profiling of intact early
mouse embryos. (A) Workflow. B6C3F1 x B6D2F1 embryos at the PN4 zygote,
two-cell, and four-cell stages are pooled, fixed, and immobilized in a polyacrylamide
gel. After in situ sequencing, DAPI and immunofluorescence staining of CENP-A
and Lamin-B1 are performed. (B) Representative zygote with 7374 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), by
genomic position for Chr 3 homologs (middle), and by parental haplotype
assignment for Chr 3 homologs (bottom). Boxes show two haplotype-informative
Chr 3 SNPs. (D) Exploded view of chromosome territories from (B) for the maternal
(left) and paternal pronuclei (right).

localize genomic reads relative to these land-
marks [Fig. 3B (29)].

To resolve the maternal and paternal ge-
nomes within single cells, we first confirmed
the presence of chromosome territories in all
stages. As with the PGP1 fibroblasts, we found
that reads originating from a particular auto-
some 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

Payne et al., Science 371, eaay3446 (2021)

[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 noncolocalizing reads were significantly
depleted from regions proximal to the nuclear
lamina and NPBs (K-S test, P <10~ and 107,
respectively; fig. S20).

To assign parent-of-origin to each territory,
we identified spatially localized reads that
overlapped a genomic position with a hetero-
zygous SNP in either of the parental strains.

26 February 2021

We found that 1.40% and 1.64% of genomic
reads were uniquely assigned to the maternal
(B6C3F1) and paternal (B6D2F1) genomes, re-
spectively, 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 pronu-
clei. On the basis of this known feature, we
assigned each chromosome territory to either
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Fig. 4. IGS characterizes developmental transitions in embryonic genome
organization. (A) Exploded view of a single nucleus from a two-cell-stage embryo
colored by chromosome territories, haplotype, centromere-telomere position, and
GC content. (B) Two-cell-stage 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 develop-
mental stages (left; K-S test, P < 10 and P < 107%). Gray dots represent mean
scores of single cells. Distribution mean (red line), 95% CI (red box), and 1 SD (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° apart (left). Black dots indicate the position of
CENP-A as identified from immunostaining. 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 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% CI (red box), and
1 SD (blue box) are indicated. n = 24 zygotes, 40 nuclei from two-cell embryos, and
49 nuclei from four-cell embryos for all panels. Scale bars, 5 um in all directions.

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; noncon-
cordant 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 two-
and four-cell-stage embryos (29). This approach
enables a strong majority of reads (82.26%),
even those not overlapping a SNP, to be as-
signed to parent-of-origin through colocaliza-
tion with haplotype-resolved reads in the same
territory.

Developmental transitions in embryonic
genome organization

Next, we sought to examine previously de-
scribed principles of global genome organi-
zation, focusing on parental haplotype (56, 57),
centromere-telomere position (16, 54), and GC
content (6, 16) (Fig. 4A).

We began by examining the spatial separa-
tion of parental genomes because imaging
studies have shown that maternal and pater-
nal chromatin are spatially polarized in early
embryos (56, 57). To quantify the spatial separa-
tion of parental genomes across developmental
stages, we analyzed the spatial interchromo-
somal 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 be-
tween the zygote and two-cell stages and be-
tween the two- and four-cell stages (K-S test,
P <107® and P < 1072, respectively; Fig. 4C),
consistent with earlier studies (56, 57). The SD
of mean separation scores increased with each
developmental stage (SD = 0.015 for zygotes,
0.026 for the two-cell stage, and 0.045 for the
four-cell stage ), indicating that the degree of
parental genome intermixing is heterogeneous
within the embryo. Further, we observed no evi-
dence 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 after mitosis.

Payne et al., Science 371, eaay3446 (2021)

We next examined global spatial organi-
zation 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 two- and
four-cell stages were significantly clustered
toward one side of the nucleus (K-S test, P < 107
and P < 107%). 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
two-cell-stage embryo, we observed that the
centromere-telomere scores were highly polar-
ized, which was supported by colocalization
of the CENP-A immunostaining (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 two- and four-cell stages
(Pearson’s r = 0.519 and 0.502, respectively)
than in the zygote (Pearson’s r = 0.074; Fig. 4E).
The functional consequences of this transition
to a Rabl-like configuration in two- and four-
cell-stage embryos remain unclear. In other
contexts, this configuration is thought to be an
extension of anaphase chromosome position-
ing into interphase, perhaps without cellular
function (58). Conversely, it has also been
hypothesized to restrict chromatin entangle-
ment (59), so it may be involved in constrain-
ing genome structure to enable the short cell
cycles of the early embryo.

Finally, we examined the role of GC con-
tent 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, consistent with

26 February 2021

reports describing the localization of the in-
active B compartment (76). 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 and 0.649, respectively; Fig. 4G). We
applied this approach to all chromosomes and
found that the paternal homologs were signif-
icantly more correlated than their maternal
counterparts in the zygote but not in the two-
cell stage (K-S test, P < 10~°, n.s.; Fig. 4H). This
suggests that the degree of GC compartmen-
talization may be influenced by the differing
biological histories of the pronuclei (47).

Unexpectedly, when we examined the rela-
tionship between genomic position and dis-
tance 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 ex-
tends models of the role of NPBs in establish-
ing epigenetic asymmetry between parental X
chromosomes rapidly after fertilization and
in advance of imprinted X inactivation (45).
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.

Detection of single-cell 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, in which 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 proper-
ties (Fig. 5, A and B).

Reports analyzing genome structure in
zygotes have suggested that paternal chromatin
exhibits unusually weak higher-order structure
(>2 Mb) (47-49). Consistent with these reports,
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Fig. 5. IGS reveals SCDs 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, DamID-defined population lamina-associated domains. Bottom
row, lamina-proximal and lamina-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 SCD boundaries 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 and gold), whereas
the remaining SCDs are shown in gray. Bottom left, Single-cell mean distance
matrix for paternal Chr 11 in a second representative zygote, with SCD
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, and cyan), whereas the remaining SCDs are
shown in gray. (F) Comparison of single-cell and ensemble domain boundary
strengths spanning all detectable boundaries in Chr 1 to 19+X (74 ensemble
boundaries, 1057 single-cell boundaries, K-S test, P < 107). (G) Scaled distance
from SCD boundary versus observed-over-expected median distance to nuclear
lamina, measured genome-wide (Chr 1 to 19+X, N = 1262 SCDs). Envelope
indicates 95% Cl determined by bootstrapping.

we found that spatial distance matrices gen-
erated from the population ensemble indeed
exhibited little off-diagonal structure (Fig. 5C
and fig. S23, all chromosomes). Furthermore,
evidence suggests that paternal zygotic chro-
matin exhibits unusually weak A/B compart-
mentalization (47-49) and unusually large
lamina-associated domains (46). Our ensemble
data corroborated these reports and correlated
well with Hi-C (mean Pearson’s = 0.84) when
analyzed in terms of lamina proximity (Fig. 5D
and fig. 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. 5E, left).
To distinguish these blocks from population-
defined topological domains identified in
Hi-C studies, we refer to them as “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 that we identified corresponded well to
spatially distinct clusters identified by visual
inspection (Fig. 5E, right). When we examined
SCDs across cells and chromosomes, we ob-
served that they were large (median size
17.5 Mb, 10 Mb interquartile 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 va-
riable than boundaries identified by the same
method in the ensemble matrices [K-S test, P <
107"; 95% confidence interval (CI) for Cohen’s
d (0.56, 0.77) determined by bootstrapping
(29); Fig. 5F]. These observations suggest that
the weak ensemble structure may be explained
by the variability of single-cell structures. Final-
ly, 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 lamina-distal and more lamina-
proximal than expected [95% confidence inter-
val (CI) determined by bootstrapping, Fig. 5G
(29)]. We found this interesting in light of pre-
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vious electron microscopy studies showing
discrete, micrometer-scale lamina-associated
chromatin domains after ZGA (61).
Recently, both polymer simulations (47) and
direct observation of chromatin structure (22)
have shown how variable domain-like struc-
tures 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 that are relative-
ly less accessible to Hi-C measurements. It may
be interesting to investigate the extent to which
SCDs are governed by mechanisms related to
the nuclear lamina, which perhaps modulates
underlying epigenetic (4I) 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 re-
gulatory features of chromatin organization
through clonal cell lineages within individual
embryos (53). These mechanisms play an im-
portant role in breaking initial symmetry
(51), in engaging clonal lineage-specific gene
expression programs (62), and in cell fate
commitment (44). Intercellular asymmetries
influencing the developmental fate of clonal
lineages have been reported as early as the
four-cell stage within individual embryos
(51, 52, 62, 63).

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 ge-
nome organization between interphase cells.
Live-cell studies using nonspecific photopat-
terning of the nucleus have demonstrated a

26 February 2021

similarity in global genome organization be-
tween 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. 6,
A and B (29)]. In two-cell-stage 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 < 107%; Fig. 6C and fig. S26). These
results suggest that cells within two-cell-stage
embryos may share memory of their common
initial chromosome positioning during zygotic
metaphase, if not earlier.

Next, we investigated whether the similarity
shared by sister cells in two-cell-stage embryos
might be epigenetically transmitted across the
second cell division, i.e., to cousin cells. Al-
though earlier work did not find 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 four-cell-stage embryo by using
the ranked correlations of autosome distance
matrices for each pair of cells to classify puta-
tive 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 and 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 four-cell-stage embryos (K-S test,
P < 10™). However, we also found that the
same held true for putative cousin cells, which
was not expected [K-S test, P < 10~%; 95% CI for
Cohen’s d (0.55, 1.29) determined by boot-
strapping (29); Fig. 6E and fig. S26]. These
results demonstrate clonal lineage-specific
similarity in global chromosome positioning
in early embryos and imply that epigenetic
memory of chromosome positioning is trans-
mitted from mother to daughter cells during
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Fig. 6. IGS uncovers epigenetic memory of global chromosome
positioning within single embryos. (A) Positioning of Chr 1 and 3 in the
cells of two-cell-stage 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
two-cell-stage embryos. K-S test, P < 107% n = 20 intra-embryo pairs and n =
760 inter-embryo pairs, among 20 two-cell-stage embryos. (D) Positioning of
Chr 2 and Chr 4 in the cells of four-cell-stage embryo 45. Pairs of cells are

the second cleavage (Fig. 6F). Although the
mechanisms are not fully clear, this memory
may reflect minimal relative repositioning of
chromosomes during congression to and de-
parture from the metaphase plate, perhaps
due to the Rabl configuration and short cell
cycles of the early embryo. This mitotic her-
itability of global chromosome positioning
may influence processes that affect the viabil-
ity and phenotype of the developing organism,
such as rates of homologous recombination-
mediated double-strand break repair (68, 69)
and the distribution of translocations (70-72)
in the early embryo.

Discussion

In this work, we present IGS, a method that
unifies sequencing and imaging of genomes
in intact samples. This unified approach en-
ables de novo discovery of spatial organization
of genomes across length scales, from single-
cell, subchromosomal domains to intercellular

Payne et al., Science 371, eaay3446 (2021)
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relationships. Because IGS is both sequencing
and imaging based, it can be extended in either
modality based on the needs of specific experi-
ments. We demonstrate this in early mouse
embryos through integration of genotype in-
formation to spatially resolve the maternal
and paternal genomes by integration of im-
munofluorescence 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 lamina-distal bound-
ary positions and lamina-proximal interiors,
as well as heritable correlations in global
chromosome positioning within single early
embryos.

Whereas extant methods such as multi-
plexed DNA FISH and single-cell Hi-C are well
suited to measuring aspects of spatial genome
organization, they cannot currently be com-
bined in the same cell. With IGS, we were able
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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 four-cell-stage embryos. K-S test, P < 107 for
sisters versus inter-embryo and P < 1073 for cousins versus inter-embryo;

n = 18 sister pairs, n = 36 cousin pairs, and n = 933 inter-embryo pairs,
among 13 four-cell-stage embryos. (F) Model of epigenetic memory
transmission within clonal lineages.

to 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 per-
form untargeted sequence localization, resolve
genome structure of maternal and paternal
alleles, and be applied in 3D nuclei and thick
intact samples. However, because of 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 interro-
gation of genomic features such as topologically
associating domain boundaries (22, 47, 75)
or enhancer-promoter loops (16, 26), and
chromosome-painting methods (76) may be
preferred when high-throughput visualiza-
tion of chromosome territories is required.
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IGS therefore joins an ecosystem of concep-
tually 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 studying cancers, in particular, investigations
into how copy number instability and trans-
locations contribute to tumor heterogeneity and
alter nuclear morphology (80). The transposase-
based library construction used in IGS may
also be extended to measure the spatial lo-
calization of the accessible genome (30, 81I).
Further, because nuclear volume is the pri-
mary constraint on the amplicon yield of IGS,
we anticipate many-fold improvements in
yield and resolution, either through smaller
amplicons (82) or (preferably) through inte-
gration of IGS with expansion microscopy
(83, 84), which simultaneously increases nu-
clear volume by 50- to 100-fold and enables
superresolved imaging by physical expansion
of samples. Finally, after our proof-of-concept
integration with immunostaining, we expect
that increasingly multiplexed multiomic (85)
variations of IGS will be possible. We anti-
cipate that IGS will be instrumental in uni-
fying genomics and microscopy, and therefore
sequence and structure.

Methods summary
Library construction

Cells were grown and fixed on glass coverslips,
and embryos were fixed in solution and im-
mobilized in polyacrylamide gel in a six-well
plate. Phosphorylated DNA adapters were in-
serted into fixed genomic DNA in situ by in-
cubating samples for 1 hour (cells) or overnight
(embryos) with transposase. Hairpins were hy-
bridized 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 in situ and ex situ se-
quencing or a rolling circle amplification (RCA)
primer hybridization site. RCA primers were
hybridized and RCA was performed overnight,
with aminoallyl-2'-deoxyuridine 5'-triphosphate
spiked into the reaction. Amplicons were cross-
linked by reacting with BS(PEG)9.

In situ sequencing

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

Ex situ sequencing

Samples were transferred into solution and
used as input to a polymerase chain reaction.
The resulting library was sequenced using
high-throughput paired-end sequencing and
then aligned to hg38 for PGP1f and mm10 for
the early mouse embryos. Aligned reads that
overlapped alleles that differed 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 com-
putationally integrated using a probabilistic
UMI-matching approach that borrows princi-
ples from single-bit error correction to account
for signal intermingling between densely packed
amplicons, as well as the decay of sequenc-
ing quality over successive rounds of in situ
sequencing.

Detailed methods for sample preparation,
library construction, multimodal sequencing,
imaging, image analysis, and all data analyses
are described in the materials and methods
section of the supplementary materials. Oli-
gonucleotide sequences are provided in table
S4. A description of methods for Kit-free syn-
thesis of in situ sequencing reagents is given in
the supplementary text and in tables S5 and S6.
A description of cost, complexity, and throughput
of the method is found in the supplementary text
and in table S7.
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In situ genome sequencing resolves DNA sequence and structure in intact
biological samples
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Visualizing the 3D genome in situ

The conformation of the genome within the cell changes depending on cell state, such that being able to visualize
genome structure can identify cis and trans interactions among regulatory genetic elements. Payne et al. have
developed an unbiased genome-sequencing technique in single cells in situ that can infer the chromatin structure by
imaging. They were able to identify sequences at subnuclei locations to analyze the proximity relationships among
genetic elements within and across chromosomes in single cells. Using this technique, they could detect chromosome
territories and distinctions between different types of repetitive sequences and chromosomal features. This method can
map and image genomic coordinates with submicrometer resolution in intact single cells.
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