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SUMMARY

Current models suggest that chromosome domains segregate into either an active (A) or inactive
(B) compartment. B-compartment chromatin is physically separated from the A compartment and
compacted by the nuclear lamina. To examine these models in the developmental context of C.
elegans embryogenesis, we undertook chromosome tracing to map the trajectories of entire
autosomes. Early embryonic chromosomes organized into an unconventional barbell-like
configuration, with two densely folded B compartments separated by a central A compartment.
Upon gastrulation, this conformation matured into conventional A/B compartments. We used
unsupervised clustering to uncover subpopulations with differing folding properties and variable
positioning of compartment boundaries. These conformations relied on tethering to the lamina to
stretch the chromosome; detachment from the lamina compacted, and allowed intermingling
between, A/B compartments. These findings reveal the diverse conformations of early embryonic
chromosomes and uncover a previously unappreciated role for the lamina in systemic chromosome
stretching.
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In Brief

Sawh et al. use chromosome tracing to map whole-chromosome architecture during C. elegans
embryogenesis. They show conventional A/B compartments arise at gastrulation. Prior to this
developmental milestone, chromosomes adopt an extended barbell-like configuration, which
requires stretching by the nuclear lamina. Unsupervised clustering further uncovers the prevalent
conformations in single chromosomes.

INTRODUCTION

Since the experiments of Emil Heitz, it has been recognized that the nucleus is
heterogeneous in its organization (Heitz, 1928), but only recently have tools become
available to precisely determine the three-dimensional (3D) arrangement of chromosomes.
The advent of chromosome conformation capture and advanced DNA fluorescence in situ
hybridization (FISH) technologies led to the discovery that chromosomes occupy territories
within nuclei, where they fold into large compartments and smaller topologically associated
domains (TADs) (Beliveau et al., 2015; Cremer and Cremer, 2001; Dekker et al., 2002;
Dixon et al., 2012; Hou et al., 2012; Lieberman-Aiden et al., 2009; Nora et al., 2012; Sexton
et al., 2012). A-type compartments are gene dense and enriched in open, active chromatin
(euchromatin). B compartments reflect compact chromatin (heterochromatin) marked by
repetitive sequences, repressive histone modifications, and lamina association (Bonev and
Cavalli, 2016; van Steensel and Belmont, 2017). In addition, B compartments are identified
by physical association between noncontiguous regions of heterochromatin along the
chromosome (Ahringer and Gasser, 2018; Lieberman-Aiden et al., 2009).
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The mechanisms that govern the formation of compartment boundaries are beginning to
emerge. Compartments reflect transcriptional status, but transcription is neither necessary
nor sufficient for their establishment (Hug and Vaquerizas, 2018). Cohesin and CCCTC-
binding factor (CTCF) promote looping to form TADs but suppress some compartments
(Nora et al., 2017; Nuebler et al., 2018; Schwarzer et al., 2017). B compartments also
depend on the interaction of DNA with the nuclear lamina to promote and radially sequester
heterochromatin in lamina-associated domains (LADs) (Falk et al., 2019; Luperchio et al.,
2014; van Steensel and Belmont, 2017). Recent genome-wide chromosome conformation
capture (Hi-C) studies of cultured cells have suggested that the lamina interacts with B-
compartment chromatin to promote its compaction and inhibit interactions with A
compartments (Ulianov et al., 2019; Zheng et al., 2018), but it is unclear whether the lamina
performs these roles in animals and at all stages of life.

One complication of studying chromosome architecture is the variability of conformations
that exists both in populations of cultured cells and in embryos. TAD and compartment
structures vary from cell to cell, but consensus boundaries are often defined by population
averages (Bintu et al., 2018; Finn et al., 2019; Flyamer et al., 2017; Nagano et al., 2013,
2017; Ramani et al., 2017; Stevens et al., 2017; Szabo et al., 2018; Tan et al., 2018; Wang et
al., 2016). Recent Hi-C studies have shown that TAD and compartment structures are
particularly dynamic in embryos. In zebrafish, TADs and compartments are present prior to
zygotic genome activation (ZGA), but they disappear during ZGA and recover only later in
development (Kaaij et al., 2018). In Drosophila and mouse early embryonic development,
TADs and compartments arise progressively following ZGA (Du et al., 2017; Flyamer et al.,
2017; Hug et al., 2017; Ke et al., 2017; Stadler et al., 2017). In C. elegans, the architecture of
early embryonic chromosomes is unknown. However, maturing embryos have well-
delineated TADs on the X chromosome, set by the dosage compensation machinery
(Anderson et al., 2019; Crane et al., 2015; Brejc et al., 2017). Weaker TADs and
compartments along the autosomes have also been identified (Crane et al., 2015), but it is
unknown how or when they are generated. These collective observations have begun to
elucidate embryonic structures and raise the questions of which chromosome conformations
predominate /n7 vivo and how they arise during development. New approaches are needed to
reveal the diversity and shared properties of chromosome conformation in developing cell
populations.

Here, we adapt high-throughput multiplexed DNA FISH to trace entire individual
chromosomes in intact C. elegans embryos. Chromosome tracing by multiplexed FISH has
the advantage of precisely and directly determining chromosome trajectories in single cells
while preserving cellular and tissue integrity (Bintu et al., 2018; Cardozo Gizzi et al., 2019;
Mateo et al., 2019; Nir et al., 2018; Wang et al., 2016). We examine multiple autosomal
chromosomes during early embryogenesis and find that, on average, they are organized in a
barbell-like arms-apart configuration, where epigenetically similar domains are physically
separated. This organization then matures into conventional A/B compartments at the onset
of gastrulation. We find that the early embryo signature is caused by two factors, the
presence of structural heterogeneity in the population and the influence of the nuclear
lamina. To gain a deeper understanding of the heterogeneity, we introduce unsupervised
clustering to uncover and define groups of chromosomes that share similar conformations
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within the population. These groups are distinguished by regions of the chromosomes with
greater variability. The subpopulations vary in their compartment boundaries and
fundamental folding patterns; none are identical to the population average. Finally, we
uncover a surprising role for the nuclear lamina to separate similar domains and thereby
override the self-attraction typical of epigenetically similar regions.

Visualization of Embryonic Chromosomes with Chromosome Tracing

To define the higher-order architecture of interphase chromosomes of early embryos, we
adapted chromosome tracing by multiplexed FISH (Bintu et al., 2018; Wang et al., 2016) for
C. elegans (see STAR Methods). We generated labeled primary FISH probes that recognized
100-kb-sized regions spanning 22 TADs on the largest autosome, chromosome V (chrV),
which were previously defined by Hi-C of mixed/late-stage embryos (Figure 1A; Crane et
al., 2015). When probed en masse, primary FISH probes revealed the whole chromosome
territory (Figure 1B). Primary probes also carried TAD-specific readout sequences in their
tails (Figure 1A), enabling us to identify individual TADs in sequential hybridizations on the
same sample using unique secondary probes. We segmented the images in 3D using
contiguous primary probe signal as the marker of chromosome territories and traced the
conformation of chromosomes within each volume (Figures 1A-1E and S1; see STAR
Methods). Direct comparison of mean distances measured between TADs in chromosome
traces to inverse contact frequencies from previous Hi-C measurements (Crane et al., 2015)
yielded an overall high correlation (Pearson correlation coefficient = 0.90), corroborating the
tracing results (Figure 1F). To test the robustness of our measurements, we performed down-
sampling of the chromosome traces, which produced similar measurements (Figure S2A).

Conventional Compartments Arise at the Onset of Gastrulation

To define early embryonic chromosome architecture, we plotted the mean distances between
each TAD pair in a matrix (Figures 2A and S2A). We normalized the raw distances with
their genomic distances while considering the polymer nature of the chromosome (where
adjacent sequences are expected to be closest together in space) by fitting the data to a
power-law function, as done previously (Wang et al., 2016). The best-fit curve generated
represents the expected spatial distances (Figure 2B), and the position of each data point
relative to the curve represents the observed/expected distance (Figure 2C). TAD pairs in red
were closer in space than expected (TAD1-TAD8 and TAD18-TAD22), while those in blue
were further apart than expected (TAD9-TAD17). These data reveal areas of highly folded
DNA.

We performed eigenvector decomposition on the normalized spatial distance matrix to define
compartments (Lieberman-Aiden et al., 2009; Wang et al., 2016). This standard method
assumes two compartments exist and uses the sign of the first principal component (PC1) to
designate TADs to one compartment or the other. Previous studies with mature embryos
suggested that all C. elegans autosomes are divided into three compartments: two “‘arms”’
that resemble B compartments, with repetitive DNA, extensive lamina attachments and
histone modifications associated with gene silencing; and a central region that carries many
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unique genes and more active modifications, characteristic of an A compartment (Figure 1A)
(Ahringer and Gasser, 2018; Crane et al., 2015; Ikegami et al., 2010; Liu et al., 2011).

The eigenvector analysis revealed that compartments arose gradually during development. In
early embryos (2—-24 cells), chrV left and right arms displayed opposite PC1 signs,
suggesting they belonged to different compartments, and the center was not identified as its
own compartment (Figure S2B; Figures 2D and 2E, top). During gastrulation (25+ cells), the
PC1 profile changed markedly, and classified the arms as similar, distinct from most of the
center region (Figures 2D and 2E, middle), and reminiscent of the epigenetic profile.
Calculating the PC1 profile of chrV in late-stage embryos using Hi-C-derived contact
frequencies between TADs (Crane et al., 2015) generated a pattern similar to post-
gastrulation chromosomes, with B compartments in the arms and a central A compartment
(Figures 2D and 2E, bottom). These results indicate that gastrulation is a key developmental
milestone for the emergence of conventional compartments, which are absent from early
embryos.

To test the universality of the early embryo organization, we traced the structure of chrl
using 14 TAD-specific regions (Figure S3). The PC1 profile was similar to that of chrV, with
opposing PC1 signs for the two arms (Figure S3E). We conclude that this organization may
be a general feature of autosomes in early embryos and that these chromosomes lack
conventional compartmentalization.

We asked what specific structural features distinguished early versus gastrula chromosomes.
One possibility was that changes in long-range interactions between the arms were drivers of
conventional compartment assignments. Another possibility was that changes in local
folding between neighboring TADs explained the compartment differences. To test these
ideas, we created toy datasets with altered interactions between the left and right arms but
constant local folding. Adding close interactions between the arms to the early-embryo
spatial distance matrix resulted in similar PC1 values in the arms (Figure S2C). Conversely,
removing high-contact frequencies in the Hi-C matrix between the left and right arms led to
complete loss of this pattern (Figure S2D). These results indicate that long-range
interactions between the arms have a dominant effect on the PC1 profile, driving the
standard compartment calls. Furthermore, these results indicate that during gastrulation, the
critical structural changes that generate conventional compartments by PC1 are the gains in
arm-arm proximity (Figures S2E and S2F).

To achieve a more nuanced understanding of chromosome architecture in early embryos, we
increased the dimensionality of compartment analysis by plotting both the first and second
principal components for each TAD. This analysis showed that the left and right arm TADs
were similar by PC2 and were distinct from most of the central TADs, even in early
embryogenesis (Figures 2F and S2B). In fact, PC2 accounted for almost as much variance in
inter-TAD pairwise distance patterns as PC1 (32% PCL1, 22% PC2). These results suggest
that PC2 may be more reflective of the local profile of the chromosome, while PC1 reflects
the extended distances between the arms.
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To define groups of similar TADs unbiasedly and with increased sensitivity to the
dimensionality of the data, we used graph-based methods to cluster TADs directly from the
normalized distance matrix and plotted the results in 2D PC space (see STAR Methods).
This analysis in early embryos identified three sections corresponding to the left arm, center,
and right arm (Figures 2F and S2B). These collective findings indicate that chrV displays
unconventional compartments, meaning two similarly folded B-compartment-like arms that
are separated in space by an A-compartment-like central region. These unconventional
compartments then mature into conventional ones, with associating B regions, at the onset of
gastrulation (Figures S2E and S2F).

Early Embryonic Chromosomes Adopt a Barbell-like Organization

We examined early embryonic chromosomes to gain a better understanding of their
unconventional configuration. We found that the closest TAD pairs were within the arms;
TAD1-TADS8 and TAD18-TAD22 contained low normalized distances, while the central
TADs (TAD9-TAD17) were more widely spaced (Figure 2C). These results suggested that
the chromosome arms were highly folded over multiple contiguous TADs, while the center
was more extended at the inter-TAD scale.

We confirmed these results with independent experiments at higher resolution using tracing
libraries below the TAD scale (adjacent 100-kb regions), one to cover the center (TAD12-
TAD14) and two others to span sections of the left and right arms (TAD2-TAD7 and
TAD17-TAD19; Figure 3A). Higher-resolution tracing revealed that the center had large
pairwise distances over most genomic ranges, and folds <1 um were confined to nearest
neighbors, while the arms contained tighter domain-like structures (Figure 3B). We
compared traces between the left arm and the similarly sized center and found that center
traces produced significantly larger pairwise distances and larger radii of gyration (Figures
3C and 3D).

To define the folding pattern of each section better, we fit the raw data to a power law
function of genomic distance versus spatial distance for each region pair and derived the
scaling exponents (s) and folding step sizes (&) for each chromosome section from these
measurements (Figure 3E; see STAR Methods) (Mirny, 2011). These variables provide
quantitative measures of how the length of the polymer relates to the volume it occupies,
where a describes the compaction and s describes the path/directionality of the fiber. The
center of chrV had the largest step size (larger a value), indicating it was less compact than
the left or right arms (i.e., the green line above the red/blue, Figure 3E). However, with
increasing genomic distance, the growth of the spatial distance between regions in the center
was slower than that of the arm regions, leading to a smaller scaling exponent (s). The
smaller svalue may be caused by pairwise distances in the center of the chromosome
approaching a global confinement (e.g., the territory or nuclear edge) due to their
intrinsically larger step sizes. The chromosome arms contained slightly smaller angles
measured at the vertices between three consecutive TADs compared to the center (Figures
3F-3H). More acute angles between TADs are consistent with tighter folding.

These data reinforce the notion that the arms resembled one another by local folding in early
embryos, before they were designated as conventional B compartments by eigenvector
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analysis. Thus, chromosome tracing at both the inter-TAD and intra-TAD scale

demonstrated that the arms and center of early embryonic chromosomes possessed different
local topologies and suggested that the chromosomes assumed a barbell-like configuration
of an extended central region separating two more densely folded arms. The similar folding
of chrV arms versus center is consistent with their similar epigenetic profiles (Ahringer and
Gasser, 2018; Gaydos et al., 2014; Ikegami et al., 2010; Liu et al., 2011; Mutlu et al., 2018).
However, the overall barbell organization in early embryos showed that not all epigenetically
similar domains were consolidated in space (i.e., TADs in the arms). This result indicates
that long-range homotypic interactions do not dominate the architecture of early C. elegans
embryos.

Lamina Association Stretches Chromosomes and Overrides B-Compartment Self-

Association

We asked what properties of early embryonic nuclei generated the barbell arrangement.
Mitotic chromosomes, which are stiff and rod-like, might be expected to display this
behavior (Gibcus et al., 2018); however, the interphase chromosome conformations found
here did not resemble the compact and uniform helical winding of mitotic chromosomes
(Figures 2 and 3). Alternatively, tethering to the nuclear lamina, via LADs, could dictate
chromosome conformation (Figure 4A). To test this idea, we disrupted lamina attachment by
mutation of cec-4. cec-4 encodes a chromodomain protein that links methylated H3K9
regions to the lamina (Gonzalez-Sandoval et al., 2015) (Figure 4A). Importantly, this
mutation maintains both heterochromatin and lamina integrity, allowing us to disrupt
chromosome tethering selectively (S. Gasser, personal communication).

Lamina detachment via loss of CEC-4 reduced pairwise distances overall in chrV (Figures
4B and 4C). Individual cec-4 chromosome traces also produced smaller radii of gyration,
indicating that the chromosome occupied less space in the nucleus (Figure 4D). All TAD
pairs were closer in the mutant, including TADs from the central A-like compartment, where
no association with the lamina has been previously detected (Figure 4E). Similarly, chrl
traces also displayed compaction in cec-4 mutants, although the phenotype was less severe
(Figure S4). Differences in the severity of structural effects may be due to the specific
genetic makeup of each chromosome or different dependencies on CEC-4. We conclude that
stretching by CEC-4 is a common feature of both autosomes chrV and chrl.

We examined the scaling exponent and step size of cec-4 chromosomes. The whole-chrV
step size (&) was markedly reduced in cec-4(0.80) compared to wild-type (1.04), while the
scaling exponent of spatial distance to genomic distance (s) was slightly larger (Figure 4F).
These results suggest that cec-4 chromosomes rely on smaller folding steps to become more
compact than wild type. Since lamina attachment occurs preferentially in the arms but
compaction was systemic in cec-4 mutants (Figures 4A, 4E, and S4), stretching occurred
beyond regions of direct physical contact. Moreover, loss of CEC-4 allowed the left and
right B-compartment-like arms to come into close proximity (Figures 4B and 4G), indicating
that lamina tethering overrides homotypic B-compartment interactions in early embryos. We
conclude that tethering to the lamina stretches chromosomes over both long and short
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genomic distances, thereby contributing to the barbell organization of the early embryo
(Figure 4H).

Single Chromosomes Fold into Multiple Higher-Order Conformations

Current approaches using Hi-C and DNA FISH determine either population-average or
single-molecule configurations, but neither approach can identify and quantify prevalent
conformations or detect regions of variance within a population. To address these issues, we
analyzed individual traces by adapting Seurat, an unsupervised, graph-based clustering
toolkit that was originally developed to identify populations of similar cells from single-cell
RNA-sequencing (ScCRNA-seq) data (Butler et al., 2018; Macosko et al., 2015; Satija et al.,
2015). We reasoned that each pairwise measurement from chromosome tracing was
analogous to a gene expression value, while each chromosome trace was analogous to a cell.
Like RNA expression, we expect some variables to be interdependent (e.g., neighboring
regions) and others to be independent, which would be uncovered by unsupervised
clustering. We performed single-chromosome clustering based on the pairwise distance
patterns of 1,629 wild-type whole-chrV traces, which contained 231 variables corresponding
to the unique measurements between the 22 TADs.

Analyzing the traces by pairwise distance patterns using 20 principal components (i.e.,
dimensions) followed by graph-based clustering yielded four subpopulations (clusters a—§;
see STAR Methods). Clusters a—& were visualized in two dimensions by uniform manifold
approximation and projection (UMAP) or #Distributed Stochastic Neighbor Embedding (¢-
SNE) plots, where each dot represents a single chromosome trace (Figures 5A and S5A).
Examination of the clusters by individual experiments eliminated the possibility that any
cluster arose due to batch effects (Figure S5B).

We classified TAD pairs by the level of variance in the total dataset and identified pairs that
were markers of unique variability within each cluster. This analysis revealed that lowest
total variance among all traces occurred between select pairs of the left arm and between the
left arm and center (Figure 5B). Thus, chrV contained distinct regions of relatively stable
folding. Markers of unique variability (measurements that distinguished chromosomes in
one cluster versus all other clusters) were concentrated in TAD pairs within and between the
left and right arms (Figure S5D), indicating these relationships were the drivers of
differential clustering.

To analyze the conformations of the subpopulations, we derived spatial distance matrices
and difference matrices between each cluster and the population average (Figures 5C and
5D). We further generated normalized distance matrices and compartment assignments for
each cluster (Figures 5E and 5F; see STAR Methods). Cluster a (29% of traces) was
characterized by a tightly packaged TAD1-TADS5, a transitional TAD6— TAD12 (mixed high
and low normalized distances), and a loosely packaged TAD13-TAD22 (Figures 5E and 5F).
Cluster B (24% of traces) resembled a near-mirror image of cluster a and contained a
loosely packaged TAD1-TAD10, a transitional TAD11-TAD13, and a tightly packaged
TAD14-TAD22. A unifying feature of clusters a. and B was the separation of the two arms,
with corresponding PC1 profiles, similar to the population average structure (Figures 2A and
S5E).
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In contrast, cluster -y contained traces with evenly folded left and right arms in close
proximity, suggesting a barbell chromosome folded in two (Figures 5C-5E). Only cluster y
produced a plaid pattern on the normalized distance matrix and a PC1 profile, where the
arms were classified similarly and the center was distinct (Figures 5E and S5E). Cluster y
therefore displayed conventional compartmentalization with increased long-range homotypic
interactions, similar to the population average of post-gastrulation chromosomes (Figure 2).
These results explain why conventional compartments were not detected in the early-embryo
population average (Figures 2 and S2B), since they represent only 23% of individual traces.

The conformation of cluster & was the most dissimilar from the others, with large pairwise
distances and long-distance loops. Cluster & was characterized by large, positive changes in
distances relative to the average for almost all TAD pairs (Figure 5D), large radii of gyration
(Figure S5C), and a lack of close multi-domain structures. From compartment analysis,
cluster & was highly disorganized (alternating positive and negative PC1 values) and may
have been too stretched to reveal correlations between many contiguous TADs (Figure S5E).

We confirmed the results of the sub-population analysis by examining arm-arm distances in
individual traces from each cluster (Figures SSF-S5H). These results indicate that single-
chromosome clustering yielded bona fide sub-populations, which differed in their inter-arm
proximities. Together, these analyses revealed that chromosomes retained a barbell
configuration in three of the four clusters (i.e., all but cluster §). In each case, however, the
barbell deviated from the population average either by the extent of folding in the arms (a
and B) or by having a bent bar (y).

We performed similar analysis for chrl. Five higher-order conformations were uncovered by
clustering, demonstrating that structural diversity and variable compartment boundaries are
broad features of early embryonic chromosomes (Figure S6). These results collectively
demonstrate that there is no absolute boundary between compartments from cell to cell. The
variable boundaries may help explain why previous studies failed to detect sharp boundary
transitions between Hi-C compartments or LADs (Crane et al., 2015; Ikegami et al., 2010),
as they were based on population averages, which would dilute the effect of each distinct
conformation.

Fractal Globule Folding Patterns Reflect up to Half of Endogenous Conformations

The fractal globule model describes one possible chromosome architecture in which the
DNA fiber is packed tightly into globules at all scales (meaning sequences close in genomic
distance are preferentially close in spatial distance), the chain does not cross itself, and it has
a scaling exponent of spatial distance to genomic distance of one-third (Mirny, 2011). The
existence of this pattern /n vivo has been supported by Hi-C evidence but questioned by
recent multiplexed FISH data in human cells (Lieberman-Aiden et al., 2009; Mirny, 2011;
Wang et al., 2016). We examined the folding schemes of the chrV clusters through power-
law function fit to define the folding patterns of the chromosomes and determine if any
resembled a fractal globule polymer (Figure 6A).

Clusters a and p had larger scaling exponents (s = 0.24-0.28) than the population average (s
=0.19, Figure 4G) or clusters y and & (s = 0.11-0.14). Conversely, the step size for clusters
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v and & were larger than those for clusters a and B (Figure 6A). These parameters suggested
that chromosomes in clusters a and B folded similarly to fractal globules at the whole-
chromosome 21-Mb scale (blue curve similar to dotted curve, Figure 6A). However,
chromosomes in clusters -y and & did not fold in a fractal manner but instead favored long-
range genomic interactions with large step sizes. The clusters of chrl also displayed
divergent spatial distance scaling, with chrl cluster 4 most closely resembling the fractal
globule model predictions (Figure S6E). These results show that the different chromosome
subpopulations have fundamentally different folding schemes, some of which conform to the
fractal globule model.

Lamina Association Is Required for Open Morphology

Traditionally, the lamina is a site of DNA compaction, but our analysis of the average
chromosome configuration suggested a role in chromosome stretching. To gain further
insight, we investigated the effects of lamina tethering on the chrV clusters. First, we asked
whether the variable morphology reflected differential tethering locations. Second, we
determined the repercussions of removing lamina attachments on structure.

The location of tethering was variable, as the distance of any TAD to the nuclear boundary
in individual traces varied considerably (Figure 6B). This variability may be a result of
dynamic on-off events of chromosome regions, as seen in other studies (Kind et al., 2013,
2015; van Steensel and Belmont, 2017). Intriguingly, distended regions typically coincided
with proximity to the lamina. For example, the extended right arm of cluster a. chromosomes
(TAD22), and the center of cluster y chromosomes (TAD11) were closest to the lamina
(Figure 6A). Cluster & chromosomes were closer to the lamina than all others throughout
their lengths, particularly at TAD6, TAD10, and TAD21. This result suggests that cluster &
chromosomes have more tethering sites than other configurations and are consequently
stretched to a greater degree.

To test this model of lamina stretching, we clustered cec-4 chromosome traces to define
what conformations exist upon loss of lamina association. At this single-chromosome level,
comparison of chrV wild-type and cec-4 traces showed a marked separation by genotype in
ISNE space, indicating that few specific conformations were shared (Figure 7A). chrV cec-4
traces segregated into three clusters (clusters 0-2; Figures 7A—-7C). Difference matrices
between clusters 0-2 and the wild-type total revealed that all cec-4 clusters showed
widespread compaction at the inter-TAD level, with the greatest proximity gains in the
mutant occurring between TADs of the left and right arms, particularly in cluster 2 (Figure
7D). Individual traces in cec-4 clusters also displayed smaller radii of gyration than all wild-
type clusters (Figure 7B). ChrV cec-4 clusters 0-2 resembled more compact versions of
wild-type clusters a—y (Figures 7C and 5B), supporting our previous population average
conclusion that the lamina stretched the chromosomes. Chrl in cec-4 mutants also showed an
increase in short and long-range interactions in two out of three subpopulations (65% of
traces; Figures STA-S7C). Furthermore, a distinct subpopulation similar to wild-type chrv
cluster & (extended and long-range looping) was not resolved in cec-4 mutants. These results
suggest that lamina tethering was required to form conformations similar to those of cluster
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8, but not clusters a—y. Moreover, they indicate that large, open chromosome morphology
relies on lamina attachment during early embryogenesis.

Finally, we also observed effects of cec-4 on chromosome compartmentalization. ChrV
cec-4 cluster 2 (27% of the population) displayed the strongest conventional
compartmentalization of any wild-type or mutant cluster (Figures 7E and 7F). Thus, lamina
attachment was not required to generate compartments per se. However, compartment
boundaries in cec-4 were not identical to wild type (Figure 7E). Loss of cec-4 also resulted
in increased disorganization on both autosomes, where neighboring TADs no longer
correlated with each other (chrV cec-4 cluster 1 and chrl cec-4 clusters 1-2; Figures 7E and
S7D). Collectively, these data indicate that CEC-4 exerts an extensive influence on structural
diversity and the positioning and strength of compartment boundaries.

DISCUSSION

This study makes four contributions toward understanding chromosome architecture. First,
we developed methods to trace entire chromosomes and define higher-order architecture in
intact animals. Second, we introduced single-chromosome clustering to identify genomic
regions with high and low variance. This approach enabled us to assess heterogeneity and to
classify individual chromosomes into subpopulations, which will be broadly useful for
analyzing conformational diversity from chromosome tracing or single-cell Hi-C. Third, we
defined the unique features of early embryonic chromosomes. These include prevalent
compartment-level diversity with variable boundaries and separated, unconventional B
compartments to generate a barbell configuration. Fourth, we uncovered a role for the
lamina to stretch chromosomes in early embryos. Stretching prevented interactions between
A-B and B-B compartments, overriding B compartment self-association.

To assess chromosome structure /n situ at high throughput, chromosome tracing is rapidly
emerging as a powerful technique. Recent studies using broadly similar FISH methods have
elegantly revealed and studied the origins of domain-level structures (Bintu et al., 2018;
Boettiger et al., 2016; Cardozo Gizzi et al., 2019; Mateo et al., 2019; Nir et al., 2018) and
whole-territory volumes (Fields et al., 2019). Chromosome tracing, first detailed in Wang et
al. (2016), enables single-cell analysis and direct observation of chromosome conformations,
thereby complementing Hi-C methods. In this work, we adapt whole-chromosome tracing to
an animal model to study the emergence of compartment structure during development. Our
study differs from others in both genomic scale and resolution and the application of single-
chromosome clustering.

A Barbell-Shaped Chromosome in Early Embryos

Compartment-level structure is an important and understudied area of chromosome biology.
We examined compartment formation as embryos transitioned from the earliest stages
through gastrulation. In the early embryo, chrV resembled a barbell, with separated nascent
B compartments and an extended A compartment. 53% of chrV traces and 80% of chrl
traces reflected the arms-apart organization, indicating this was the most prevalent in early
embryogenesis. This morphology likely depends on the contribution of the extended nature
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of the A compartment to physically separate the flanking B compartments and tethering to
the lamina to keep the chromosome distended.

Chromosome arms consolidated at the onset of gastrulation. One key difference between the
stages is the change in cell-cycle timing. The early embryonic cell cycle is extremely fast in
C. elegans (<60 min) and progressively slows during development, beginning at gastrulation
(Kipreos and van den Heuvel, 2019). It is possible that similar compartments need sufficient
time during interphase to find each other and cluster in space. A second difference between
early and gastrula embryos is the state of heterochromatin. Previous studies have implicated
histone modifications for differential folding and compaction, particularly the Polycomb
complex, which mediates facultative heterochromatin (Boettiger et al., 2016; Eskeland et al.,
2010; Sexton et al., 2012). Polycomb and other silencing machinery may promote phase
separation via homotypic chromatin attraction and/or the association of inactive regions to
the lamina (Larson et al., 2017; Nuebler et al., 2018; van Steensel and Belmont, 2017; Strom
et al., 2017). Polycomb modifications are inherited from the parental generation and present
on the arm regions of C. elegans chromosomes at the earliest stages of embryogenesis
(Celniker et al., 2009; Gaydos et al., 2014; Liu et al., 2011; Mutlu et al., 2018), which may
explain the segregation of A from B compartments and B-B proximity in some clusters.
However, early C. elegans embryos lack mature constitutive heterochromatin, which appears
during gastrulation (Mutlu et al., 2018, 2019). Since heterochromatin is thought to have
strong self-association properties (Falk et al., 2019), less constitutive heterochromatin may
weaken B compartment self-association in early embryos.

Increasing the dimensionality of compartment analysis allowed for the discovery of
unconventional compartments. It is possible that similar compartments in other animals were
previously overlooked by standard eigenvector decomposition, which can be dominated by
long-range interactions, and fail to reflect more local genome organization. The absence of
conventional compartments has been observed at particular development stages, including in
mouse oocytes (Flyamer et al., 2017), zebrafish embryos during ZGA (Kaaij et al., 2018),
and Drosophila embryos prior to ZGA (Hug et al., 2017). We find in C. elegans embryos
that conventional compartments arise post-ZGA and at the onset of gastrulation. In other
organisms, the underlying cause of the loss of conventional compartmentalization has not
been determined. Our data suggest that an absence of long-range interactions between
locally similar regions may underlie the lack of detectable compartments, similar to the
population average C. elegans chrV. Additionally, chromosomes could also contain a
heterogeneous mixture of compartment-level structures, as observed in this study, which
would be undetectable by population studies and standard single-dimension compartment
assignment methods.

Chromosome Stretching by the Nuclear Lamina

Recent Hi-C studies have suggested that the lamina compacts chromatin in B compartments,
with variable effects on the A compartment in cultured cells (Ulianov et al., 2019; Zheng et
al., 2018). In contrast, our data show that the lamina is required to stretch the entire
chromosome and affects all inter-TAD relationships. Regions that were the most distended
in our wild-type clusters were closest to the lamina and vice versa. We envision three
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possible explanations for the different results between our work and other studies. First, the
cell populations differed between the studies. Prior studies used cultured cells (Drosophila
S2 cells and mouse embryonic stem cells [ESCs]) while ours used intact embryos, and it is
unknown whether chromosomes behave similarly in these different biological contexts.
Early embryonic chromosome organizations differ from those in more differentiated cells
(Flyamer et al., 2017; Kaaij et al., 2018) (this work). In support of different organization
during development, disruption of lamina attachment by cec-4 mutations led to
decompaction of the X chromosomes in differentiated, larval C. elegans (Snyder et al.,
2016).

Second, lamina dissociation by cec-4 mutation differs from complete lamin inactivation.
Loss of cec-4is relatively gentle, as it does not disrupt histone modifications associated with
heterochromatin (Gonzalez-Sandoval et al., 2015) (S. Gasser, personal communication).
Inactivation of lamin, on the other hand, disrupts heterochromatin and gene silencing, which
may have secondary structural effects (Ulianov et al., 2019; Zheng et al., 2018).

Third, different methods were used to deduce compaction. FISH allows direct measurements
of distance between loci, whereas Hi-C infers compaction based on the frequency of ligation
between loci. Lower contact frequency implies less compact chromatin, but comparisons of
data from Hi-C and FISH indicate that these methods do not always agree (Giorgetti and
Heard, 2016; Hakim et al., 2011; Williamson et al., 2014). Changes in protein binding or
biophysical properties may alter the frequency of ligation between two points independent of
changes in compaction. In support of this idea, FISH analysis after lamina disruption in
cultured mESC:s failed to reveal whole-chromosome decondensation that had been predicted
by Hi-C in the same samples (Zheng et al., 2018). Taken together, these findings imply that
the extent and qualitative effects of lamina influence on chromosome organization is highly
dependent on biological and methodological context.

Another important consideration is that different chromosomes may be affected differently
by lamina association. We identified varied degrees of cec-4 dependence between chrV and
chrl by tracing. chrV is the largest chromosome in the genome (~21 Mb), and its size
possibly contributes to the large degree of change seen once it is released from the lamina.
Consistent with this idea, chrl is ~15 Mb, and showed less severe changes in structure. The
genetic makeup of chrV and chrl also differ. chrl is over-enriched, while chrV is under-
enriched, for genes with lethal phenotypes along its length (Kamath et al., 2003). chrV bears
the only gene that significantly changes expression in cec-4 embryos (Gonzalez-Sandoval et
al., 2015) and whose global gene expression increases in cec-4 mutant larvae (Snyder et al.,
2016). Collectively, these observations indicate that heterogeneity of chromosome size or
sequence may contribute toward the lamina’s influence.

Implications for Diverse Higher-Order Conformations

Unsupervised clustering enabled the discovery of conformational details that were otherwise
masked by population averages. Compartment structure was highly variable; most
conformations shared certain elements with the population average, but none were identical.
These conformations could not have been deduced from previous bulk Hi-C or chromatin
immunoprecipitation sequencing (ChIP-seq) data, which rarely offer single-cell information.
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Together with other recent studies on the variability of TAD structure (Bintu et al., 2018;
Flyamer et al., 2017; Nagano et al., 2017; Stevens et al., 2017; de Wit, 2019), our findings
highlight the need to assess conformational heterogeneity in cell populations through single-
cell analysis to make informed conclusions regarding the presence or absence of
chromosome structures.

Clustering enabled us to parse multiple modes of polymer packaging. The fractal globule
model resembled the packaging of roughly half of the higher-order chrVV conformations and
14% of chrl. The other clusters and the population average had much smaller scaling
exponents, similar to chromosomes in human IMR90 cells (Wang et al., 2016). This result
provides validation for the fractal globule model for large genomic length scales /in vivo but
also shows that the model does not apply to all endogenous conformations in interphase
nuclei. Simulations have shown that fractal globule polymers retain open topology, are
unknotted, and are able to rapidly unfold under conditions such as gene activation (Mirny,
2011). We therefore speculate that chrV clusters a and B and chrl cluster 4 may also be
more rapidly responsive than other conformations.

Chromosome traces belonging to different clusters sometimes overlapped in £-SNE/UMAP
space, and it is tempting to speculate that these represent dynamic transitions between
conformations. Possible transitions were most visible from chrV a-y-p and chrl 2-3-4
(Figures 5A and S6B). This would imply that higher-order chromosome structures of
interphase nuclei exist in a continuum rather than completely discrete states. Alternatively,
the clusters could reflect variable structures after cell division, as previous studies have
shown that lamina attachment varies between mother and daughter cells (Kind et al., 2013).
As different sections of a chromosome attach to the lamina, they may also engender different
morphologies. The picture that emerges is of a dynamic system where lamina attachment
and higher-order conformations intimately intertwine.

STARXMETHODS
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for reagents may be directed to and will be fulfilled by the
Lead Contact, Susan E. Mango (susan.mango@unibas.ch). There are restrictions to the
availability of probe library stock due to the lack of an external centralized repository for its
distribution and our need to maintain the stock. We are glad to share libraries with
reasonable compensation by requestor for its processing and shipping.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

C. elegans strains were cultured as in (Brenner, 1974), at 20°C. Bristol strain N2 was used as
wild-type. The cec-4 mutant strain used was RB2301 (F32E10.2(0k3124))(Gonzalez-
Sandoval et al., 2015). Data were gathered from embryos 2—-40-cells in age.

METHODS DETAILS

General description of chromosome tracing method—We designed FISH probes to
C. elegans chromosomes to map inter-TAD distances on entire autosome lengths, and to map
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finer-scale structure on sections of chrV. In both cases, we use a dual-probe scheme: labeled
primary probes to coat the genome in specific regions (e.g., to define chromosome
territories), and labeled secondary probes to detect specific sub-groups of those primary
probes in sequential imaging rounds. Each round of imaging is separated by a photo-
bleaching step to quench the signal of the previous round. In each tracing experiment, the
primary probes share the same fluorophore label, so their total signal marks the total volume
of the chromosome (or chromosome section). Within this volume, individual TAD/regions
are resolved from one another using unique secondary probes, which are hybridized and
imaged in sequential rounds on the same sample.

Probe design and synthesis

Whole-chromosome tracing probes: Primary hybridization probes for whole chromosome
DNA FISH targeted one 100kb region per TAD, as described in detail below. Primary probe
sequences consisted of 100nt-long oligonucleotides containing 4 sections: a 20nt 5" PCR-
priming sequence, a 30nt genome homologous sequence, a 30nt readout sequence (to bind to
its corresponding secondary probe), and a 20nt 3" PCR-priming sequence. This design is
based on the whole-chromosome tracing in human cells from (Wang et al., 2016).

We manually set 100kb-long target genomic regions internal to 22 of 24 TADs in
chromosome V that were originally identified in (Crane et al., 2015), omitting the two
smallest TADs. For chromosome |, we used 100kb-long target regions corresponding to 14
of the 15 TADs, omitting the smallest TAD. The genomic coordinates for the target regions
can be found in Data S1. Oligo pools were generated to target the 100kb regions at a density
of 10probes/kb. For each of the 100kb regions (each TAD), we extracted the DNA sequence
from the C. elegans genome assembly (cel10) and split each 100kb region into 1kb fragments
(2200 fragments total) for probe design. The 30nt genome homologous section for each
probe was generated by OligoArray2.1 (Rouillard et al., 2003) (which uses NCBI-BLAST
2.2.26 and OligoArrayAux secondary structure predictor) on the Harvard FAS Odyssey high
performance computing cluster. The parameters used were: melting temperature 60-100°C,
no cross-hybridization or predicted secondary structure with a melting temperature greater
than 70°C, GC content 30%-90%, no stretches of 7 or more identical nucleotides.

Next, the 30nt sequences were further checked for specificity by NCBI BLAST+ 2.7.1, and
unique sequences were then fused to the priming and readout sequences, with each of the
100kb-long target regions using a unique readout sequence. The library of 100nt-long probes
was synthesized by CustomArray, Inc (Bothell, WA). The sequences for these probes are
provided in Data S2 and S3. The sequences for PCR-priming and readout sequences are
provided in Data S1.

Sub-TAD scale tracing probes: Primary probes targeting consecutive 100kb genomic
regions spanning sections of the chrV left arm, center (A compartment), and right arm were
designed using a method similar to the whole-chromosome tracing probes, unless otherwise
noted. The genomic locations for these probes are provided in Data S1. The sequences for
these probes are provided in Data S4, S5, and S6. We designed probes for 39 regions in the
left arm (4.2Mb total), 40 regions in the center (4Mb total), and 13 regions in the right arm
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(1.3Mb total) to increase specificity (longer homology region), resolution (consecutive
100kb regions without gaps), and signal intensity (dual readout regions) compared to the
whole-chromosome tracing. In the left arm, regions 15-18 were omitted from tracing
because they contained repetitive sequences, and were not uniquely probe-able. These
probes consisted of 142nt-long sequences containing 5 sections: a 20nt 5 PCR-priming
sequence, a 30nt readout sequence, a 42nt genome homologous sequence, a 30nt readout
sequence (identical to the first readout sequence), and a 20nt 3" PCR-priming sequence. The
OligoArray2.1 parameters used were: melting temperature 78-100°C, no cross-hybridization
or predicted secondary structure with a melting temperature greater than 76°C, GC content
30%-90%, no stretches of 7 or more identical nucleotides.

Probe amplification: The oligo libraries were amplified and labeled with fluorophores in
limited cycle PCR (Phusion Hot Start Master Mix, Life Technologies), high yield /in vitro
transcription (HiScribe T7 Quick High Yield RNA Synthesis Kit, NEB), and cDNA
synthesis reactions (Maxima H Minus Reverse Transcriptase, Fisher Scientific), as
previously described without modification (Wang et al., 2016). Probes were purified using:
the DNA Clean & Concentrator kit with Spin IC columns after PCR, and Spin V columns
using Oligo Binding Buffer after cDNA synthesis (all reagents from Zymo). Primary probes
for whole-chrV, chrl tracing, and chrV left arm sub-TAD tracing were 5” labeled with ATTO
565 (IDT). Primary probes for the center and right arm sub-TADs were 5" labeled with
Alexa Fluor 647 (IDT).

Embryo sample preparation and primary probe in situ hybridization—C. elegans
embryos were hand dissected from young gravid adults grown at 20°C and adhered to poly-
L-lysine-coated 40mm round coverslips. Embryos were fixed in 1% paraformaldehyde/
0.05% Triton X-100(Sigma Aldrich)/ 1XPBS (Life Technologies) for 5 minutes at room
temperature, permeabilized by freeze-cracking the eggshell (Kiefer et al., 2007) and
submerged in ice-cold methanol for 5 minutes. At room temperature, coverslips were
washed once in 1X PBS for 5 minutes, and three times in 1X PBS/0.5%Triton X-100 for 15
minutes each. Samples were then treated with 0.05mg/ml RNase A (ThermoFisher) in 2X
SSC (Life Technologies) at 37°C for 30 minutes. Embryos were blocked in hybridization
buffer (10% dextran sulfate (Fisher Scientific)/ 0.1% Tween-20 (Sigma Aldrich)/ 2X SSC/
50% formamide (OmniPur)) for one hour. Primary probes were diluted to ~1uM in
hybridization buffer, applied to the embryos on the round coverslip, and the coverslip was
inverted onto a glass slide. To allow the probes to intercalate genomic DNA, the slides were
placed on an 80°C heat block in a humid chamber for 10 minutes. The samples were then
allowed to hybridize for at least 16 hours in a humid chamber. For the whole-chromosome
tracing probes, steps from blocking onward were performed at 37°C, while for the sub-
chromosome fine tracing probes (longer homology) these steps were performed at 47°C.
After hybridization, the coverslips were dislodged from the glass slide and washed in
2XSSC/50% formamide for 30 minutes, followed by two washes each in 2XSSC and
0.5XSSC, each for 30 minutes. Washes were performed using pre-warmed buffers. Samples
were either used immediately for imaging, or stored at 4°C. Prior to imaging, 0.1um
TetraSpeck beads (ThermoFisher) in 2XSSC were adhered to the coverslip to correct for
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sample drift during imaging rounds, and nuclei were stained with SYTOX Green nucleic
acids stain or DAPI (ThermoFisher) according to the manufacturer’s instructions.

Multiplexed FISH protocol—Experiments were performed at Harvard University or the
University of Basel using an automated protocol with an epifluorescence microscope
coupled to a custom microfluidics system at room temperature, as previously described
(Wang et al., 2016) unless otherwise stated. Embryos adhered to the coverslip were selected
as fields of view (FOV) by strong primary probe signal. For each FOV, the first round of
imaging consisted of capturing the signal of the primary probe (561nm or 647nm
illumination), nuclear stain (488nm), and fiducial beads (488nm/561nm/647nm) in 200nm z-
steps for a total range of 12-30um. The beads on the surface of the coverslip were clearly
distinguishable by z-position from all other fluorescent targets within the embryo nuclei.
The primary probe signal was then photobleached to undetectable levels. Secondary
hybridizations (using probes complementary to the readout sequences of the primary probes)
were performed for 30 minutes in 2XSSC/25% ethylene carbonate (Sigma Aldrich) at 8nM.
The samples were then washed for 3 minutes in 2XSSC/25% ethylene carbonate, then 2.5
minutes in 2XSSC. The next round of imaging consisted of capturing the secondary probe
signals (561nm or 647nm) and fiducial beads (488nm) before photobleaching of the
secondary probe signals. Different secondary probes used in the same round are
distinguished using different fluorophores. The secondary hybridizations, imaging, and
bleaching steps were then repeated sequentially for all the remaining genomic segments to
be imaged, for all fields of view on the coverslip.

Data analysis

Faoci fitting and assignment: All foci detected in DNA FISH were fit to 3D Gaussian
functions and their centroid positions were calculated, as previously described without
modification (Wang et al., 2016). Each focus was assigned a TAD or region identification
number based on which hybridization round it appeared in and which fluorophore it bore.
The 3D positions of each focus were corrected for sample drift between hybridization
rounds by calculating the centroid 3D movements of the fiducial beads between
hybridization rounds and subtracting these values. We used 3D Gaussian fitting of the
100nm fiducials in each field of view to obtain sub-pixel super resolution in drift correction.
The average localization precision of our method was calculated to be 50nm (Wang et al.,
2016).

Volumetric image segmentation and chromosome tracing: Fiducial bead fluorescent
signal was disregarded by excluding the initial z slices from the downstream analysis. For
each embryo, nuclei were identified using the general nuclear stain as a marker, and
territories were identified using the primary probe signal as a marker. These volumes were
determined using marker-controlled watershed segmentation in MATLAB vR2016b (https://
ch.mathworks.com/help/images/marker-controlled-watershed-segmentation.html), optimized
for each embryo. We discarded clearly mitotic nuclei from further analysis by general DNA
morphology. Embryonic cells are diploid and replicating, and we detected 2—4 foci per TAD/
region per nucleus as expected. For any particular TAD/region, there may be more than one
focus per contiguous primary probe signal if replicated (< 5% of the sample). Within each
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territory volume (defined by primary probe signal), we connected the detected foci to each
other by closest distance in ascending order to create the chromosome trace (i.e., TAD1
connected to the closest TAD2 focus, TAD2 connected to the closest TAD3 focus). We
eliminated any volumes that were too ambiguous to trace from further analysis (< < 5% of
our samples). Each TAD/region is not always detected in each territory (see Figures S1 and
S3 for quantitation). If no foci were present in a particular hybridization round inside the
territory volume, that region was skipped and the trace was connected to the next TAD/
region in the sequence. The median length of traces was six foci for wild-type whole-chr
tracing probes, therefore we increased the number of experiments to reach enough sampling
of all TADs/regions to build complete mean pairwise distance matrices. We note that we
obtained the same distance matrix values for data using =10 foci per chromosome as for data
using all measurements. For all pairwise measurements, we achieved a median SEM of 0.05
pum, and a maximum SEM of 0.25um, well below the mean distance of any pairwise
measurement. The number of each pairwise measurement was 240 for chrl and 194 for chrv
on average, however pairs with chrV TAD11 were more difficult to detect compared to all
other probed regions for unknown reasons. We calculated the number of chromosome copies
present in the identified territories by counting the number of foci per TAD/region in each
territory, and found that 80% of territories contained a single copy, 17% contained two
copies (ie replicated or adjacent alleles), and less than 3% contained three or four (ie
replicated and adjacent alleles). Therefore, the majority of the data presented originate from
chromosomes that are well-separated in space (C. elegans chromosomes do not pair at
interphase). Almost identical results were obtained considering only those volumes with a
single copy (80%). In each chromosome trace, the distances between all the foci were
measured, and then used to create the mean spatial distance matrices. The number of
individual chromosomes profiled in each dataset and genotype are shown in the
corresponding mean pairwise distance figures. Random down-sampling of the data was done
using the MATLAB datasample function.

Normalization of distances by power-law function fit: As in (Wang et al., 2016), data was
fit to

where x = genomic distance, yy= mean spatial distance, a = step size, and s= scaling
exponent. The power law fit represents the expected spatial distance of end-to-end
measurements versus genomic distance, taking into account the polymer nature of the
chromosome. The deviation of a particular measurement to the fit line is its normalized
(observed/expected) distance.

We note that chrVV TAD17 contains a high amount of repetitive sequences including the 5S
rRNA gene cluster. Since repetitive sequences are difficult to map to the genome in general,
it is possible that this region is underestimated in size in current genome annotations of wild-
type C. elegans, so there is some uncertainty associated with its normalized distance. A
sister wild-type strain was recently extensively re-sequenced using long reads and showed a
larger genomic size in this region (Yoshimura et al., 2019).
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The step size is the expected end-to-end distance of each ~1Mb of chromatin fiber, and is a
general readout of the level of compaction of chromatin folding. The step size is
conceptually similar to persistence length (Mirny, 2011), but for much larger-scale structure.
The scaling exponent describes how the polymer is packed in space. A random walk
polymer without spatial confinement has a scaling exponent of 1/2. The fractal globule
polymer model, a crumpled and unknotted model, predicts a scaling exponent of 1/3 (Mirny,
2011). Scaling exponents less than 1/3 describe more intermixed polymer folding schemes.

Comparison with Hi-C: The Hi-C defined(Crane et al., 2015) chrV compartments are:
TADs 1-7 (B compartment), TADs 8-17 (A compartment), and TADs 18-22 (B
compartment). Contact frequency measurements (ICE-corrected) from late/mixed-stage
wild-type (N2) C. elegans embryos were downloaded from NCBI GSE63717. We used the
50kb binned Hi-C genome-wide matrix as the data source, and extracted the contact
frequencies between each of the 100kb regions covered by the DNA FISH probes. We then
calculated the Pearson correlation between the mean pairwise distances and the inverse
contact frequencies.

Lamina-associated domains: Lamina-associated domains are defined from ChlP-seq of the
lamina protein LEM-2 (Gonzalez-Sandoval et al., 2015; Ikegami et al., 2010). chrV LADs
are enriched in: TADs 1-7, TAD 10, and TADs 16-22. chrl LADs are enriched in: TADs1-3
and TADs10-14. LEM-2 ChlP-seq data were downloaded from NCBI GSE74133, z-scores
were calculated (IP-input) for each genotype (wild-type and cec-4), and plotted against
genomic location.

Compartment calling: TAD groups were identified from the spatial positions of individual
TAD:s as first described in (Wang et al., 2016). First, the observed/expected values were
calculated for each TAD pair in the mean pairwise distance matrix through power-law
scaling. This creates the normalized distance matrix. Standard compartment assignment via
eigenvector decomposition uses the first principal component (PC1) to find groups of similar
TADs from the normalized distance matrix. PC1 can be used to assign TADs to a maximum
of two different groups, where TADs with a positive PC1 share a group and TADs with a
negative PC1 share a separate group. A clear plaid pattern on the normalized distance matrix
is a known indicator of two compartments (conventional compartmentalization), and the sign
of PC1 can be accurately used to call compartment identity.

Toy datasets to test the structural origins of standard compartment assignment results were
generated by changing the pairwise distances or contact frequencies between TADs1-7 (left
arm) and TADs18-22 (right arm). These values were set to 1.4mm in Figure S2C to increase
arm-arm proximity in early embryos, or set to 4 inverse contact frequency units in Figure
S2D to decrease arm-arm contact frequency in late stage embryos.

Chromosomes without a plaid pattern and containing more than two distinct groups by
normalized spatial distance matrix (unconventional compartmentalization) did not use the
sign of PCL1 to call similar TADs. Instead, the spectralcluster function in MATLAB was used
to unbiasedly define groups of similar TADs (unconventional compartments) using the
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normalized distance matrix as the input (i.e., each TAD’s pairwise distance pattern to all
other TADs).

Polarization of chromosome arm regions: In individual chromosome traces, the left and
right arm regions were enclosed in convex hulls (using the MATLAB function convhull),
and the polarization indexes were calculated as in (Wang et al., 2016), using the following
equation:

_ SharedVolume)*( _ Shar'edVolume))O~5

Polarization Index = ((1 LeftVolume RightVolume

A polarization index equal to 1 occurs when the two arms of a chromosome trace have no
shared volume. The centroid position of each arm was also calculated (mean in xyz of all the
foci contained in the arm), and the distances between these centroids in each trace was
measured.

Distance to nuclear boundary: The distance of each TAD in a trace to the nuclear
boundary was calculated as the distance to the closest edge of the nuclear marker in mm
(determined by watershed segmentation) using the boundary function in MATLAB. This
distance was then normalized to the radius of the detected nuclear volume in mm (radial-
normalized distance (RND)), similar to recent work (Ulianov et al., 2019). RND values of
0.15 have been previously shown to be in contact with the nuclear lamina (Ulianov et al.,
2019).

Single chromosome clustering analysis: Spatial distance matrices for all individual
chromosome traces were constructed, and the fields corresponding to unique pairwise
measurements (upper triangle of the matrix) were vectorized. All the distance vectors were
then concatenated into a single file where each trace was assigned an identification number
that could be tracked back to the original trace file with foci xyz coordinates. To identify
clusters of individual chromosome traces with similar architecture, we adapted the single-
cell transcriptomic clustering analysis R toolkit Seurat version 2.3 (Butler et al., 2018). Each
chromosome trace was treated as a single cell, with pairwise distance measurements used as
features equivalent to gene expression levels. For whole chromosome V tracing of 22 TADs,
this yielded 231 unique variables. Since not all traces encompassed all TADs due to the
sample complexity of embryos, we replaced any missing values in traces with the non-zero
averages for each pairwise comparison. ChrV TAD 11 pairs had higher technical variation
than other pairs, so they were removed from influencing the clustering before standard
Seurat normalization and scaling methods. The pairwise distance variables were then used to
identity 20 principal components (PCs) which explain the majority of the variation between
traces. Seurat provides statistical tests to inform you how many principal components
capture the majority of variance in the data — this told us that many more than 30 PCs were
significant. We used 20 principal components for the final analysis, but similar results were
obtained using as low as 8 or more than 20 PCs. Traces are then plotted in a graph structure
to identity K-nearest neighbors based on similarity in Euclidean PC space. Finally, clusters
were defined using the Louvain algorithm using the FindClusters command. The Louvain
algorithm, and Seurat, supports the use of a resolution parameter, which sets the
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‘granularity” of the clustering (the number of clusters in the dataset). Clustering using too
low a resolution fails to identify the heterogeneity in the dataset. Clustering using too a high
resolution can lead to ‘over-clustering’, where bona fide clusters are split into multiple
highly similar clusters. Optimal resolution was determined through trial and error (as in
scRNA-seq analyses), using low to high resolution, until all clusters represented visually
distinct structures. We performed Seurat clustering using 4 resolutions (0.6, 0.8, 1.0, 1.2)
and analyzed the chromosome structures for all clusters for all resolutions. Resolution 1.0
was used for all datasets, and consistently outputted clusters with the most distinct
structures, with minimal over-clustering (which can be corrected by merging two highly
similar sub-populations). For example, resolution 0.8 failed to separate chrV p and -y sub-
populations, so it was too low. Resolution 1.2 on chrV data split both a. and & into two
highly similar sub-clusters each, so it was too high. t-distributed stochastic neighbor
embedding (#-SNE) and Uniform Manifold Approximation and Projection (UMAP)
dimensionality reduction was used for visualization purposes in 2D and 3D only. t-SNE and
UMAP are not used to define the clusters. Notably, the different chromosome clusters did
not appear as the completely distinct clouds in UMAP or tSNE space, as is typical of distinct
cell types in sScRNA-seq data. We note that the chromosome data inputs are more self-similar
(same pairwise distance measurements in each trace, just different levels), compared to
scRNA-seq data of mixed cell types each having divergent gene expression patterns. The
differences within single chromosome data are therefore more analogous to variable gene
expression patterns within a cell type rather than between cell types, and are not expected to
generate completely separate clouds upon dimensionality reduction. As a control to test the
robustness of the cluster analysis, we also repeated the clustering using fewer traces of a
minimum length (=10 foci for wild-type and =6 foci for cec-4). This higher-threshold
analysis yielded a very similar segregation of conformations compared to the total. The
FindAllMarkers command in Seurat was used to identity pairwise comparisons that were
significantly enriched within trace clusters (markers). Variability in pairwise distance
measures was compared using the FindVariableGenes function in Seurat. This function
calculates the dispersion in pairwise distances while controlling for the mean pairwise
distance and produces a scaled dispersion metric for each TAD pair. The top (most variable)
and bottom (least variable) pairs were highlighted.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical tests are described in the appropriate figure legends. Throughout the manuscript,
““n’” refers to the number of individual chromosomes analyzed.

DATA AND CODE AVAILABILITY

All data is available in the main text or the supplementary materials. Original/source
imaging data for Figures 1 and S3 are available through Mendeley Data (https://doi.org/
10.17632/5tzxfssddm.1). Code used in this study was modified from Zhuang lab protocols
(Chen et al., 2015; Wang et al., 2016). The distribution of some derivative works is
prohibited by the original license to the public, but these will be made available upon request
for academic use as permitted.
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Highlights
Chromosomes from early embryos resemble a barbell
Lamina interactions stretch chromosomes and separate compartments

Conventional compartments arise during gastrulation via long-distance
associations

Single-chromosome clustering uncovers prevalent conformations
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Figure 1. Whole-Chromosome Tracing in C. elegans Embryos by Multiplexed FISH
(A) Schematic of chrV annotated with TAD boundaries (orange ticks), Hi-C compartments

(gray), boundaries of the chromosome arms and center defined by epigenetic state and
LADs, FISH probe positions (colored dots), and experimental design.
(B) Example of raw data z-projections on an ~12-cell embryo. Scale bar, 5 um. Foci from

the same interphase nucleus are circled in blue as an example.

(C) All foci detected in (B) colored by TAD identity (left), and the primary probe
reconstruction (right).
(D) Z-projection of 3D-segmentated chromosome territories by contiguous primary probe
signal, where each volume is colored differently. A zoom-in of a region with detected

segments and primary probe signal shown.
(E) Examples chromosome traces, colored blue to red as in (A).
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(F) Pearson correlation of mean distances between TADs measured by FISH and inverse
contact frequencies between the same genomic regions measured by Hi-C.
See also Figure S1.
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Figure 2. Conventional Compartments Arise during Gastrulation
(A) ChrV mean distance matrix in early embryos (2—-40 cells), colored by distance (in um).

(B) Mean distances for TAD pairs as a function of genomic distance; the best-fit line
represents the expected spatial distance for each genomic distance.
(C) Normalized distance matrix, plotted as observed spatial distance as a function of

genomic distance for each TAD pair. Red denotes pairs that are closer than expected and

blue the opposite.

(D) Distance matrix of pre-gastrula embryos (top). Distance matrix of gastrulating embryos
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(middle). Contact frequency (CF) matrix of late-stage embryos (bottom). Data are from

Crane et al. (2015).

(E) Eigenvector decomposition of the inter-TAD matrices in (D). Note the gradual
appearance of the conventional B-A-B compartment configuration (white-black-white).
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(F) Each TAD from the inter-TAD matrices in (D) plotted in 2D principal-component space.
In the pre-gastrula (top), the right and left arms are similar by PC2 but distinct by PC1. In
gastrula (middle), the arms are similar by PC1 and PC2, and in late embryos (bottom), the
arms are similar by PC1 but different by PC2. TADs of the same compartment are labeled by
shape (O,0, x); compartment calls are presented as white/gray/black bars. Unconventional
compartment borders (pre-gastrula) were defined by spectral clustering, and conventional
compartment borders (later stages) were defined by standard eigenvector value (see STAR
Methods).

See also Figures S2 and S3.
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Figure 3. Early Embryonic Chromosomes Adopt a Barbell-like Organization
(A) Schematic of high-resolution tracing regions (consecutive 100-kb regions) of the left

arm, center, and right arm. Regions 15-18 contain repetitive sequences and were not
uniquely probe-able. TAD boundaries are represented by orange ticks.

(B) Mean distance matrices between regions in the left arm, center, and right arm. (C and D)
Comparison of the center and left arm in overall mean pairwise distances (C) and radii of
gyration.

(D) Data are presented by raincloud plot: individual points, the distribution curve, and
boxplots representing the median, boxed by the 25t to 75t percentiles. Whiskers extend to
the highest and lowest data points, not including outliers (gray circles). Significance
calculated by one-way ANOVA.

(E) Power-law scaling of spatial distance to genomic distance for the left arm, right arm, and
center. s (scaling exponent) and & (step size) are derived from the best fit curve (solid lines).
The 95% confidence intervals of the fits are as follows: left 4 (0.937, 0.946), left s(0.138,
0.149), center a(1.121, 1.128), center s(0.101, 0.108), right & (1.00, 1.033), and right s
(0.159, 0.185).

(F) Schematic of angle measurements between consecutive TADs (i.e., at the vertex of TAD
(n — 1)-TAD(n)-TAD(n + 1)) in all individual traces.
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(G) Histogram of the angles generated between all consecutive TADs. The data are fit to a
kernel distribution (solid line), contrasted with the expected values for a random walk
polymer (dashed line).

(H) The angles data in (G) split by section: the left arm, center, and right arm. The means of
the arms are significantly smaller than the center by two-sample t test without assuming
equal variances.
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Figure 4. CEC-4 Stretches Chromosomes and overrides B-Compartment Self-Association
(A) ChlP-seq signal for LEM-2 (lamina association) across chrV, plotted as Zscore of ChlP-

input for two replicates (blue lines) (top). Zscore difference (cec-4— wild-type [WT]) of
LEM-2 ChIP (average of two replicates) (bottom). Regions in red indicate loss of lamina
association in the mutant. Data are from Gonzalez-Sandoval et al. (2015).

(B) Mean distance matrix between TADs in cec-4 mutants. (C) Mean distances between
TADs in WT and cec-4. (D) Radii of gyration in WT and cec-4 traces. Data are presented by
raincloud plot as in Figure 3. Significance was calculated by one-way ANOVA.

(E) TAD-specific changes in normalized mean distance from WT to cec-4 embryos. WT
LAD:s are displayed by purple bars.
(F) Scaling of mean distance versus genomic distance for WT (blue) and cec-4 (red). The
95% confidence intervals are as follows: WT a(1.024, 1.055), WT s(0.179, 0.194), cec-4 a
(0.767, 0.824), and cec-4 5(0.196, 0.228).
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(G) Example cec-4 chromosome traces in xy projection (grid size = 500 nm). TADs of the
left (blue) and right (red) arms were enclosed in 3D Delaunay tri-angulations to visualize
their volumes. The distances between arm centroids were measured and plotted with kernel
distribution fits (right), indicating chrV arms are closer in cec-4.

(H) Schematic representation of chrV conformations in WT and cec-4 mutants.

See also Figure S4.
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Figure 5. Single Chromosomes Fold into Multiple Higher-Order Conformations
(A) UMAP plot of chrV clusters, where each dot represents a single trace (left). UMAP of

clusters a-y-B, showing a possible transition (right). Colors represent clusters defined in
20D space.

(B) Dispersion of TAD pairs versus mean distance (see STAR Methods). TAD pairs with
lowest variance have low dispersion, and pairs with high variance have high dispersion (top
and bottom 5% in red).

(C) Distance matrices of each cluster in (A).

(D) Difference matrices between each cluster and the population average (red, compaction;
blue, separation).

(E) Normalized distance matrices for each cluster as observed/expected values.
Compartment calls are presented as in Figure 2. Only cluster -y displays conventional
compartmentalization.
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(F) Each TAD from the cluster distance matrices plotted in 2D principal-component space.
TADs of the same compartment are labeled by shape (O,0, x). A simplified cartoon for each
cluster is shown to the right, colored by TAD.

See also Figures S5 and S6.
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Figure 6. Single-Chromosome Analysis Reveals Subpopulations with Unique Folding Patterns
(A) Power-law scaling of spatial distance to genomic distance for each cluster (blue, best fit

curves of the raw data). s= scaling exponent of spatial distance, a = step size. Values in
brackets are 95% confidence intervals of the fit. Dotted line represents the fractal globule
model prediction with s=1/3.

(B) Radial-normalized mean distance (RND) to nuclear boundary for each TAD in
individual traces (see STAR Methods). Red dotted line indicates RND = 0.15 (lamina
contact). Error bars represent +SEM.
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Figure 7. Lamina Association Is Required for Open Morphology
(A) t-SNE plot comparing chrVV WT (blue) and cec-4 (red) traces (left). UMAP plot of chrV

cec-4 clusters (right).

(B) Radii of gyration of WT chromosome clusters (as in Figure S5C for direct comparison)
and cec-4 clusters, indicating subpopulations of cec-4 chromosomes are consistently more
compact than WT. Data presented by raincloud plot, as in Figure 3.

(C) Distance matrices of cec-4 clusters 0-2.

(D) Difference matrices between each cec-4 cluster and the WT population average (red,
compaction; blue, separation).

(E) Normalized distance matrices for each cluster as observed/expected values.
Compartment calls are presented as in Figure 2. Only cluster 2 displays conventional
compartmentalization.
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(F) Each TAD from the cluster distance matrices plotted in 2D principal-component space.
TADs of the same compartment are labeled by shape (O,0, x).
See also Figure S7.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, Peptides, and Recombinant Proteins

Dextran Sulfate Fisher Scientific bp1585100

PureLink™ RNase A (20 mg/mL) Thermo Fisher Scientific 12091021
(Invitrogen)

OmniPur® Formamide, Deionized Merck Millipore 4650-500ML

Ethylene carbonate 98% Sigma Aldrich E26258

Critical Commercial Assays

Phusion Hot Start Master Mix

Life Technologies

Thermo Scientific F565S

NEB HiScribe T7 Quick High Yield RNA Synthesis Kit BioConcept E2050S
Zymo-Spin V Columns LucernaChem C1012-25
DNA Clean & Concentrator-5 w/ Zymo-Spin IC Columns LucernaChem D4013
(Capped)

Zymo Oligo Binding Buffer LucernaChem D4060-1-10
Maxima H Minus Reverse Transcriptase (200 U/uL) Fisher Scientific EP0751

Deposited Data

Raw imaging data from Figure 1 and Figure S3

Mendeley Data

doi:10.17632/5tzxfssddm.1

C. elegans reference genome (UCSC version ce10/
WormBase Release WS220)

WormBase

ftp://ftp.wormbase.org/pub/wormbase/
releases/WS220/species/c_elegans/

Hi-C dataset, wild-type late/mixed stage embryos

(Crane et al., 2015)

NCBI GSE63717

LEM-2 ChIP datasets, wild-type and cec-4 embryos

(Gonzalez-Sandoval et al.,
2015)

NCBI GSE74133

Experimental Models: Organisms/Strains

C. elegans Bristol strain N2 (wild-type)

Caenorhabditis Genetics Center

WB strain: N2

C. elegans cec-4 strain RB2301 (F32E10.2(0k3124))

Caenorhabditis Genetics Center

WB strain: RB2301,

WBVar00094202
Oligonucleotides
Sequences for probe amplification, see Data S1 This paper S1
Readout (secondary probe) sequences, see Data S1 This paper S1
Primary probe sequences for chrV, see Data S2 This paper S2
Primary probe sequences for chrV left arm, see Data S4 This paper sS4
Primary probe sequences for chrV center, see Data S5 This paper S5
Primary probe sequences for chrV right arm, see Data S6 This paper S6
Primary probe sequences for chrl, see Data S3 This paper S3
Software and Algorithms
MATLAB R2016b, R2019b MathWorks https://mathworks.com

OligoArray 2.1

(Rouillard et al., 2003)

http://berry.engin.umich.edu/oligoarray2_1/
OligoArraylnst.exe

NCBI-BLAST 2.2.26 NCBI https://ftp.ncbi.nim.nih.gov/blast/
executables/legacy.NOTSUPPORTED/
NCBI BLAST+ 2.7.1 NCBI https://ftp.ncbi.nlm.nih.gov/blast/

executables/blast+/
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

OligoArrayAux

The UNAFold Web Server

http://unafold.rna.albany.edu/?q=DINAMelt/
OligoArrayAux

Seurat 2.3

(Butler et al., 2018)

https://satijalab.org/seurat/

Raincloud-shiny

(Allen et al., 2019)

https://gabrifc.shinyapps.io/raincloudplots/
https://micahallen.org/2018/03/15/
introducing-raincloud-plots/
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