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CTCF looping is established during gastrulation

in medaka embryos
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Chromatin looping plays an important role in genome regulation. However, because ChlP-seq and loop-resolution Hi-C
(DNA-DNA proximity ligation) are extremely challenging in mammalian early embryos, the developmental stage at which
cohesin-mediated loops form remains unknown. Here, we study early development in medaka (the Japanese killifish, Oryzias
latipes) at 12 time points before, during, and after gastrulation (the onset of cell differentiation) and characterize transcrip-
tion, protein binding, and genome architecture. We find that gastrulation is associated with drastic changes in genome ar-
chitecture, including the formation of the first loops between sites bound by the insulator protein CTCF and a large increase
in the size of contact domains. In contrast, the binding of the CTCF is fixed throughout embryogenesis. Loops form long
after genome-wide transcriptional activation, and long after domain formation seen in mouse embryos. These results sug-
gest that, although loops may play a role in differentiation, they are not required for zygotic transcription. When we re-
peated our experiments in zebrafish, loops did not emerge until gastrulation, that is, well after zygotic genome
activation. We observe that loop positions are highly conserved in synteny blocks of medaka and zebrafish, indicating

that the 3D genome architecture has been maintained for >110-200 million years of evolution.

[Supplemental material is available for this article.]

Genomes are partitioned into thousands of contact domains or to-
pologically associated domains (TADs): intervals that exhibit en-
hanced contact frequency within themselves (Dixon et al. 2012;
Nora et al. 2012; Rao et al. 2014). Loops often demarcate contact
domains by physical tethering of a pair of loci, which are mediated
by the insulator protein CTCF and the ring-shaped cohesin com-
plex (Nora et al. 2017; Rao et al. 2017). Compartment domains
are formed by cosegregation of chromatin intervals with similar
histone marks, which is a phenomenon more generally known
as compartmentalization (Lieberman-Aiden et al. 2009; Rao et al.
2014). Genome architecture plays a critical role in gene regulation,
but how genome architecture is established during vertebrate de-
velopment remains poorly understood. Embryogenesis itself con-
sists of a highly orchestrated cascade of genetically encoded
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events, beginning with the fusion of the haploid male and female
pronuclei. At first, the zygotic genome is transcriptionally silent,
and rapid and synchronous cell cycles proceed under the control
of maternally provided factors (Jukam et al. 2017). During this pro-
cess, epigenetic modifications and chromatin accessibility are
globally reprogrammed (Lee et al. 2014). Next, zygotic genome ac-
tivation (ZGA), simultaneous transcription of thousands of zygotic
genes, occurs, and development proceeds under the control of zy-
gotic gene products (Tadros and Lipshitz 2009; Lee et al. 2014;
Onichtchouk and Driever 2016; Wragg and Miiller 2016).
Subsequently, gastrulation begins, as the cells in the single-layered
blastula differentiate into three germ layers, and rudimentary or-
gans begin to form (Wolpert et al. 2006). Thus, by the end of gas-
trulation, the vertebrate body plan is established.

© 2021 Nakamura et al. This article is distributed exclusively by Cold Spring
Harbor Laboratory Press for the first six months after the full-issue publica-
tion date (see https://genome.cshlp.org/site/misc/terms.xhtml). After six
months, it is available under a Creative Commons License (Attribution-
NonCommercial 4.0 International), as described at http://creativecommons.
org/licenses/by-nc/4.0/.
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Loops emerge during gastrulation in medaka embryos

Although extensive progress has been made by studying nu-
clear architecture during embryogenesis in mammals (Du et al.
2017; Flyamer et al. 2017; Gassler et al. 2017; Ke et al. 2017;
Chen et al. 2019; Zheng and Xie 2019; Collombet et al. 2020),
studies of local folding features are greatly constrained by the
fact that both ChIP-seq and loop-resolution Hi-C are extremely dif-
ficult to perform in mammals. This is because an adequate number
of cells is difficult to obtain: mammals tend to have a small number
of in vivo embryos, which must be extracted by sacrificing the
mouse and because much of development takes place when an em-
bryo contains only a handful of cells. This has prevented study of
loop formation and protein binding during mammalian develop-
ment. Fish, in particular, medaka (the Japanese killifish, Oryzias
latipes), have many advantages for embryological and genome
studies because they lay large numbers of eggs that are easy to col-
lect and which develop ex vivo (Takeda and Shimada 2010).
Medaka also benefit from a compact genome (roughly 800 Mb)
with an excellent assembly, comparable in quality with that of
mouse (Ichikawa et al. 2017). This greatly facilitates the generation
of high-resolution contact maps, because the resolution varies in-
versely with the genome size. Here, we investigated genome archi-
tecture, protein binding, and transcriptional activation before,
during, and after gastrulation in medaka. We also examined
whether the late emergence of loops and loop positions are con-
served across teleost fishes by repeating our experiments in zebra-
fish, which diverged from medaka 110-200 million years ago
(Furutani-Seiki and Wittbrodt 2004; Takeda and Shimada 2010).

Results
The genome of mature medaka fibroblasts exhibits compartments
and loop domains

We began by examining the 3D genome structure of a medaka em-
bryonic fibroblast cell line established from an embryo 4 day post-

fertilization (dpf; referred to as mature fibroblasts) using in situ
Hi-C (Rao et al. 2014), generating 952 million read pairs. The
Hi-C data was processed using Juicer (Durand et al. 2016), and
the resulting matrices exhibited a typical plaid pattern associated
with genome compartmentalization (Fig. 1A; Supplemental Fig.
STA). Specifically, [1] most the loci could be assigned to one of
the two compartments, such that all loci in the same compartment
exhibited an enhanced contact frequency with one another; [2]
contiguous chromatin intervals in the same compartment mani-
fest as bright squares along the diagonal of the contact map, that
is, domains in which all pairs of loci exhibit an enhanced contact
frequency with one another; and [3] comparison of the matrices
with RNA-seq data confirmed that loci in one of the compartments
are associated with active chromatin (A compartment), whereas
loci in the other compartment are associated with inactive chro-
matin (B compartment) (Supplemental Fig. S1A). Such compart-
mentalization has been observed in many studies and species
(Lieberman-Aiden et al. 2009; Dixon et al. 2012; Sexton et al.
2012; Kaaij et al. 2018).

At higher resolutions, we observed numerous peaks in con-
tact frequency indicating that a pair of anchor loci exhibit en-
hanced contact frequency with one another as compared to their
neighbors along the contour of the chromosome (Fig. 1B;
Supplemental Fig. S1B). These peaks are consistent with the pres-
ence of point-to-point loops between pairs of anchor loci and of-
ten demarcate contact domains, or topologically associated
domains. We also found that these peaks were closely associated
with pairs of loci bound by the insulator protein CTCF, with the
corresponding CTCF-bound motifs in the convergent orientation
(i.e., pointing at one another) (Fig. 1B; Supplemental Fig. S1C). The
loop domains we observed in medaka closely resemble those seen
in numerous studies in human and mouse. They are also consis-
tent with a recent study in zebrafish which found that CTCF motifs
in the convergent orientation were enriched in the vicinity of con-
tact domains (Kaaij et al. 2018). Taken together, these observations
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Figure 1.

3D genome structure of medaka fibroblast cells and CTCF positioning throughout medaka development. (A) Hi-C contact map of medaka

fibroblast cells. Normalized observed Hi-C contacts are shown as a heat map. Whole Chromosome 23 at 50-kb resolution shows plaid pattern. (B)
Zoomed view of Chromosome 23 Hi-C contact map at 5-kb resolution and CTCF ChlP-seq track from 54-hpf embryos are shown. Arrows indicate the ori-
entation of CTCF binding motifs within CTCF ChiP-seq peak at the loop anchor position. (C) CTCF positioning is stable throughout medaka development;
representative view of CTCF ChlIP-seq tracks across the developmental stages.
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demonstrate that all of the features seen in mammalian Hi-C maps
are also seen in medaka.

CTCF positioning is largely fixed throughout medaka
embryogenesis

Next, we performed CTCF ChIP-seq experiments over a longitudi-
nal time-course spanning 10 stages of medaka development: four
time points before gastrulation, three during gastrulation, and
three thereafter. Specifically, we sampled at stage 9 (late morula
[256-512 cells], 5 hours post fertilization [hpf]); stage 10 (early
blastula [1 k cells], 6 hpf); stage 11 (late blastula [2-4 k cells],
8 hpf); stage 12 (pre-early gastrula, 10 hpf) stage 13 (early gastrula,
12 hpf); stage 14 (pre-mid-gastrula, 14 hpf); stage 15 (mid-gastrula,
17hpf); stage 18 (late neurula, 24 hpf); stage 21 (6-somite, 30 hpf);
and stage 27 (24-somite, 54 hpf). Crucially, this time-course is dif-
ficult in mammals, where the collection of a sufficient number of
cells is prohibitive. No such data are available in zebrafish so far.
We found that CTCF peak positions were extremely stable across
all developmental stages examined (Fig. 1C; Supplemental Fig.
S1D). Indeed, most of the CTCF motifs in the convergent orienta-
tion observed at loop anchor loci in mature fibroblasts were bound
by CTCF as early as 5 hpf (Supplemental Fig. S1E).

To further test the stable binding of CTCF during develop-
ment, we performed quantitative ChIP-seq using spike-in chroma-
tin (Bonhoure et al. 2014; Li et al. 2014; Orlando et al. 2014). We
prepared chromatin from different medaka strains and mixed be-
fore ChIP; the two polymorphic medaka strains, d-rR and
Hamochi, were used as experimental and spike-in chromatin, re-
spectively. The spike-in normalized CTCF ChlIP-seq signals of

6 and 30 hpf showed comparable levels (Supplemental Fig. S2A,
B), suggesting that the CTCF is indeed binding to chromatin
from the early stages. The immunofluorescence staining using
CTCF antibody further supported the result (Supplemental Fig.
S2C). These results imply that, although CTCF may play a role in
early genome architecture and regulation, changes in the position-
ing of CTCF are not a principal driver of the transcriptional and ar-
chitectural changes seen during medaka embryonic development
(see below).

Generation of loop-resolution chromatin contact maps for 12 time
points spanning medaka development

We then examined the dynamics of genome architecture. For this,
we performed in situ Hi-C (Rao et al. 2014) at 12 distinct stages.
These include the 10 stages examined for CTCF mapping, as well
as two additional intermediate stages (stage 10.5, 7 hpf; and stage
11.5, 9 hpf). The proportion of interphase cells were also assessed
at early stages by microscope observation (Supplemental Fig. S3A,
B). We generated two replicates for all developmental stages, and
the data showed high reproducibility between the replicates
(Supplemental Fig. S4A). The replicates were combined for the fur-
ther analyses to obtain loop-resolution (5-10 kb) in situ Hi-C maps
for every time point studied (Fig. 2; Supplemental Fig. S4B). We
found that neither compartments nor domains were present in
the 5-hpf sample. Instead, the heat map was a bright, undifferen-
tiated diagonal, indicating the absence of any local features of ge-
nome architecture (Fig. 2). Starting at 7 hpf—during ZGA—we
observed the emergence of a plaid pattern, consistent with the
presence of two compartments. This pattern became increasingly
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Figure 2. Chromatin contact dynamics across medaka development. Representative examples of Hi-C contact matrices from 12 time points across me-
daka development and fibroblast cells. Examples from Chromosomes 9 and 17 are shown for indicated resolutions. Normalized observed Hi-C contacts are
shown as a heat map. Note that Chromosome 9 in fibroblast cells has chromosomal rearrangements.

970 Genome Research
www.genome.org


http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.269951.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.269951.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.269951.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.269951.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.269951.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.269951.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.269951.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.269951.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.269951.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.269951.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.269951.120/-/DC1
http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlip.org on June 13, 2026 . Published by Cold Spring Harbor Laboratory Press

Loops emerge during gastrulation in medaka embryos

intense at each time point as development proceeded (Fig. 2; Sup-
plemental Figs. SS5A, S6). When we profiled open chromatin during
ZGA and the surrounding time points (5 hpf-10 hpf) using ATAC-
seq, as well as ChIP-seq using antibodies for H3K27 acetylation, we
found that these features also appear around 7 hpf and that their
positioning was strongly associated with one of the two long-range
patterns (A compartments) seen in the Hi-C map (Supplemental
Fig. S5A,B). Overall, our findings are consistent with previous stud-
ies showing that the emergence of compartmentalization occurs
after fertilization in mice and Drosophila (Du et al. 2017; Hug
et al. 2017; Ke et al. 2017), and this accompanies the formation
of open chromatin and the activation of the zygotic genome in
medaka.

Small contact domains emerge during
zygotic genome activation and increase
greatly in size during gastrulation A

5hpf
late morula \__

Next, we looked for contact domains (or
TADs). The contact domains were identi-
fied using the Arrowhead algorithm of
Juicer (Rao et al. 2014; Durand et al.
2016). We found that contact domains
also began to be visible in our data at

28.8 Mb
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S$8B), and the N10 in mature fibroblasts was 465 kb, suggesting
that the large contact domains associated with mature cells emerge
during, but not before, gastrulation.

Loops emerge during gastrulation

We did not observe the majority of loops in the data until gastru-
lation (Fig. 3A,B; Supplemental Fig. S8A). Because automatic detec-
tion of loops suffered from many false positives due to higher noise
near the diagonal, we filtered them out and counted the remaining
reliable loops, that is, loops associated with contact domains (Rao
etal. 2014) and 100 kb or larger in size (see Methods). Thus, short-
range (<100 kb) loops, if any, were not subjected to further study.
This method detected only two loops at 5 hpf (late morula) and 16
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Fig. S8A). These large domains were not
detected at early stages, at the level of
Hi-C contact enrichment. To quantify
the genome-wide change in domain
size, we calculated an N10 statistic for
the domain size. This was calculated by
examining all regions of the genome
that are covered by a domain and deter-
mining the minimum domain size re-
quired to cover 10% of these regions;
10% of the entire genome covered by
contact domains is covered by contact
domains equal to or larger than this
N10 value (thus, the remaining 90% are
covered by domains that are smaller
than the N10 value). Thus, the N10 sta-
tistic reflects the size of the largest con-
tact domains observed. The domain
N10 at 7 hpf, when we first observed do-
mains, was 180 kb. This value did not
change until the early gastrulation, and
the domain N10 grew during gastrula-
tion to 410 kb (24 hpf) (Fig. 3A). Notably,
the number of contact domains shared
with fibroblasts monotonically increased
during development (Supplemental Fig.
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loops at 8 hpf (late blastula), whereas the number increased during
gastrulation and to 405 at 24 hpf (Supplemental Fig. S8C).

To rule out the possibility that loops were present at earlier
time points but were too weak to be detected individually, we per-
formed aggregate peak analysis (APA) (Durand et al. 2016) to exam-
ine whether the 1869 loops (which are 100 kb or larger) observed
in mature fibroblasts were reflected in maps from earlier time
points. APA aggregates the Hi-C signal from a set of peaks: the cen-
ter of the APA plot indicates the aggregate signal for the peak set,
whereas adjacent values indicate the result of translating the
peak set in various directions. Thus, an enhanced contact frequen-
cy in the central pixel of an APA plot indicates the presence of a sig-
nal from the loop list, in aggregate. We found no enrichment in
the central pixel until 17 hpf (mid-gastrula) (Fig. 3B). These results
indicate that, despite consistent patterns of CTCF binding
throughout development, point-to-point loops between CTCEF-
bound sites do not form until 17 hpf.

We noticed that, even for the regions where large-size do-
mains emerge, domain boundaries are already detectable near
the diagonal before the loops emerge (6 hpf) (Fig. 3B). To examine
this genome-wide, we aggregated Hi-C signals across all loop an-
chors identified in fibroblast cells. We confirmed that these loop
domain boundaries are indeed detectable from the blastula stage
and gradually became evident at later stages (Supplemental Fig.
S8D), which is consistent with the analyses of insulation score
(Supplemental Fig. S8E). Taken together, although loops are large-
ly absent until gastrulation, local chromatin interaction is not uni-
form at blastula stage; that is, contact domain boundaries and
small domains are beginning to form.

Blocking of ZGA has been shown to inhibit contact domain
establishment in human embryos but not in mouse or
Drosophila (Du et al. 2017; Hug et al. 2017; Ke et al. 2017; Chen
etal. 2019). We examined whether the emergence of small contact
domains and domain boundaries require ZGA in medaka.
Injection of a-amanitin into medaka embryos almost completely
blocked zygotic transcription (Supplemental Fig. S9A,B). We com-
pared the Hi-C maps between uninjected and o-amanitin-injected
embryos at 10 hpf and found that small contact domains and
boundaries had been established in o-amanitin-injected embryos
(Supplemental Fig. S9C-E). These results suggest that the forma-
tion of small contact domains or domain boundaries does not
rely on zygotic transcription in medaka.

Extensive change in the genome architecture might be regu-
lated by the activity of the cohesin complex. Cohesin proteins are
essential for cell division, and thus they exist as maternal factors
from the beginning of development, well before the emergence
of domain structures (Supplemental Fig. S10A,B). However, cohe-
sin and cohesin-regulators are dynamically regulated at the level
of transcription during development (Supplemental Fig. S10A),
and these proteins may have a role in the genome structure chang-
es during development. Taken together, these observations give an
insight into the mechanism of CTCF-mediated loop domain estab-
lishment during development based on a loop extrusion model
(see Discussion).

Loop anchors colocalize with genes that are expressed late
in development

Our findings imply that zygotic genome activation and the onset
of gastrulation do not require the formation of point-to-point
loops between CTCF-bound sites. However, CTCF-mediated loops
have been associated with gene transcription in numerous studies

(Rao et al. 2014; Lupiériez et al. 2015; Flavahan et al. 2016; Ji et al.
2016). To explore this relationship further, we performed RNA-seq
for each of the 10 time points. Thus, we created a profile showing
expression of every gene over time. To eliminate any confound
from maternal transcripts that do not arise from zygotic transcrip-
tion, we excluded all genes for which mRNA is detectable at 5 hpf.
We then compared the expression timing of genes that were asso-
ciated with loops (i.e., the TSS was in the same 5-kb bin as a CTCF
loop anchor) in mature fibroblasts. We found that loop-associated
genes (N=137) tend to be expressed later in development than
genes that are not associated with loops (N=3101). We first classi-
fied genes into two categories, early-expressed genes and late-ex-
pressed genes (Supplemental Fig. S11A), and found that the loop
genes are slightly more enriched in the class of late-expressed
genes (P=0.0145, Fisher's exact test) (Supplemental Fig. S11B).
Furthermore, when we classified genes into seven classes depend-
ing on the timing of gene transcription, loop genes tended to be
enriched in the classes of genes that are activated from mid-gastru-
la or later after gastrulation. (Fig. 4A,B). One example is the irx3a/
irx5a/irx6a locus; the three genes are activated from mid-gastrula
stage, and the timing coincides with the emergence of loops (Fig.
4C). It has been reported that knockout of CTCF in zebrafish em-
bryos disrupts both the interaction between irx3a and irx5a and
their expression pattern (Tena et al. 2011). These data, together
with the observation that loops are generally established at mid-
gastrula, suggest that, although loops are not required for tran-
scription of the majority of genes, loops have a certain contribu-
tion to transcription of genes that is activated after or during
gastrulation.

Loop establishment during zebrafish development

To examine whether the late establishment of loops during devel-
opment is conserved among teleost species, we generated Hi-C
maps of zebrafish embryos at selected four developmental stages;
a stage before ZGA (128-cell stage, 2.25 hpf), stage just after ZGA
(sphere stage [blastula], 4 hpf), mid-gastrula (75% epiboly stage,
8 hpf), and late segmentation stage (24 hpf). As a result, both com-
partmentalization and contact domains were not detectable before
mid-gastrula (8 hpf), and strong compartmentalization and loops
were observed at the late segmentation stage (24 hpf) (Fig. 5A;
Supplemental Fig. S12). Similar to medaka embryos, the contact
domains became detectable from gastrulation (8 hpf) (Fig. S5A).
APA analyses confirmed that loops are established after mid-gas-
trula (8 hpf) (Fig. 5B); stable loops were not detectable at the
mid-gastrula stage in zebrafish embryos (8 hpf), while they were
formed by the late segmentation stage (24 hpf). Taken together,
these results suggest that, in zebrafish also, loops and the majority
of contact domains do not exist before gastrulation but are estab-
lished during or after gastrulation. Thus, loops are not required
for ZGA in zebrafish.

3D genome structure is conserved in synteny blocks of medaka
and zebrafish

It has been reported that loops are frequently conserved between
human and mouse (Rao et al. 2014) after separation of 80 myr
(Mouse Genome Sequencing Consortium 2002). Medaka and
zebrafish are two distantly related teleosts separated by an evolu-
tionary distance of 115-200 myr, and unlike mouse and human
which have the similar genome size, the genome size of zebrafish
(1.7 Gb) is two times larger than medaka (800 Mb) with consider-
able chromosome rearrangements (Nakatani and Mclysaght
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(consistent with earlier studies), much
larger ones emerge during gastrulation,
matching the sizes seen in mature cells.
We also find that CTCF-CTCEF loops first
form during gastrulation. Furthermore,
late emergence of mature loop structure
was conserved among distantly related
teleost species (medaka and zebrafish).
The embryos we used in this study con-
sist of multiple cell types especially after
gastrulation, and some of the rare cell
type-specific loops might have been
missed in the present study. However, a
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large fraction of loops are known to be
conserved among cell types (Rao et al.
2014), and thus our study describes the
dynamics of most common loops.

Our study showed that, before ZGA,
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structures both in medaka and zebrafish.
However, this appears to conflict with

Chromosome 3

29.70

the main results of a recent study of nu-
clear architecture during zebrafish devel-
opment (Kaaij et al. 2018) that the
genome is highly structured at 2.25 h,
followed by its loss and re-establishment

RNA-seq [0-4] p

Figure 4. CTCF-mediated loops are associated with late-activating genes. (4) Classification of zygoti-
cally expressed genes into seven (A to G) groups by expression dynamics. (B) Fraction of genes for each
class is shown for loop genes and nonloop genes. Loop genes are enriched with genes activated from
mid-gastrula (17 hpf) or later (gene class E, F, and G). (C) Examples of loop-associating late-activating
genes. Normalized observed Hi-C contacts as a heat map at 10-kb resolution and RNA-seq tracks are
shown. Loops emerge from 17 hpf (mid-gastrula) between irx genes, and transcription is activated at

this stage.

2017). With our loop-resolution Hi-C maps, we asked whether
loops are still conserved between such a distant species. As synteny
blocks between medaka and zebrafish tend to be small with limited
sequence similarity, it was difficult to evaluate genome-wide con-
servation of 3D structures. Instead, we searched for relatively long
synteny blocks and compared their Hi-C maps (Supplemental Fig.
S14; see Methods). Among 11 long synteny blocks we examined,
seven regions were found to exhibit quite similar Hi-C maps (Fig.
5C; Supplemental Fig. S13). Although orthologous regions are
about twice the size of medaka in zebrafish, the size of their loops
were in proportion to the genome size, and the relative boundary
positions were conserved. This suggests that genome topology is
conserved across the teleost species regardless of the genome
size, in particular within synteny blocks.

Discussion

This study provides a detailed overview of the establishment and
maturation of genome architecture during embryogenesis, profil-
ing the distribution of CTCF and the emergence of loops and do-
mains before, during, and after gastrulation. We find that
gastrulation is a critical event associated with numerous changes
in genome architecture of medaka. Although we find that small

throughout early embryogenesis. Our ac-
companying paper of Wike et al. (2021)
confirmed our result of zebrafish and
suggested that the discrepancy between
ours and that of Kaaij et al. (2018) is
due to the different timing of dechorio-
nation of embryos in the experimental
procedure. The teleost embryos are cov-
ered by chorion, which needs to be re-
moved at some point before enzymatic
reaction in the Hi-C experiment. A cer-
tain amount of somatic cells could be
attached to the chorion, and this serves as a source of contamina-
tion of highly structured genomes. The effect of this is that
somatic cells will become greater in early stage embryos when
the cell number of an embryo is small, such as in the 128-cell stage
(Wike et al. 2021). In this study, the chorion was removed
completely at the one-cell stage, well before cross-linking of cells,
to prevent the contamination. As seen in other previous studies
using mice, human, and Drosophila, the gradual emergence of
domain structure during early embryogenesis is a fundamental
feature of animal chromatin.

We noticed that the timing of emergence of compartments
and loops in medaka is a little earlier than in zebrafish. Medaka
compartments begin to form during the blastula stage simultane-
ously with emergence of accessible chromatin and H3K27ac
peaks (Supplemental Fig. S5A), but zebrafish compartmentaliza-
tion starts after the blastula stage (Supplemental Fig. S12; Wike
et al. 2021). In medaka embryos, loops are already formed at
the mid-gastrula stage (Fig. 3B), but they form later in zebrafish,
based on our APA analyses (Fig. 5B). The shorter cell-cycle length
of zebrafish embryos (30 min in medaka and 15 min in zebrafish
during cleavage stage) might partly account for the late emer-
gence of these structures, as they require certain amount of
time to be established after mitosis (Abramo et al. 2019; Zhang

irx6a irxba irx3a
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Loop establishment in zebrafish embryos. (A) Representative examples of Hi-C contact matrices of zebrafish embryos. Normalized observed

Hi-C contacts are shown as a heat map at indicated resolutions. (B) Normalized APA plots are shown in the upper portion, and APA scores are shown in
the lower portion. Values greater than 1 indicate the presence of loops. Hi-C contacts around loops identified in 24-hpf embryos were aggregated for
each stage. (C) Examples of conserved 3D structure in synteny blocks. Hi-C maps of medaka fibroblast (5-kb resolution), and 24-hpf zebrafish embryos
(10-kb resolution) are shown. The orientations of genes is indicated by different colors (forward: red; reverse: blue). Gene names are indicated for selected

genes because of the space limitation.

et al. 2019). However, higher temporal resolution investigation is
required to examine the precise timing of loop emergence in
zebrafish embryos.

Why do loops and domains suddenly form during gastrula-
tion in medaka? The simplest model is that the distribution of
CTCF changes, because its binding sites demarcate both loops
and domains. Indeed, a recent study has shown that, in human
early embryos, CTCF is expressed at low levels before ZGA and
that high expression of CTCF induced at ZGA is necessary for
the establishment of TADs (Chen et al. 2019). Using medaka em-
bryos that can routinely procure adequate numbers of cells across
a developmental timeline, we directly investigated the distribution
of CTCF on chromatin by ChIP-seq. We found that the distribu-
tion of CTCEF is largely unchanged during development. Thus, in
contrast to human embryos, CTCF is bound at early stages of me-
daka embryos, but loops do not form, suggesting that additional
factors are involved in loop establishment.

It is interesting to consider these findings in light of the loop
extrusion model (Sanborn et al. 2015; Fudenberg et al. 2016;
Davidson et al. 2019; Kim et al. 2019). In this model, loop domains
form when a cohesin-based extrusion complex comprising two
physically tethered subunits lands on chromatin, and the two sub-
units slide in opposite directions until they arrive at an inward-
pointing CTCF site. The model suggests that, when cohesin is pre-
sent, loops between CTCF sites should form spontaneously. This
correspondence has been seen in all prior studies in which loop-
resolution Hi-C and CTCF ChIP-seq data were generated. Thus,

one possibility that accounts for the increase in domain size during
gastrulation is as a result of an increase in the processivity of the
loop extrusion complex. Alternatively, an increase in the cell cycle
length may allow the loop extrusion complex to process sufficient-
ly. Indeed, cell division occurs every 30 min until the cleavage
stage and the cycle becomes longer from the blastula stage in me-
daka, but loops require several hours to be reestablished after mito-
sis in mammalian cells (Abramo et al. 2019). Furthermore, the
emergence of CTCF-CTCF loops during gastrulation might be driv-
en by an increase in the strength of CTCF-cohesin binding (Fig. 6).
The factors that might be responsible for such changes will be an
important topic for future studies.

The late emergence of mature domain structures, including
loop domains, suggests that they are not needed for initiating
and regulating genome-wide transcription (i.e., ZGA). This finding
is reminiscent of previous studies exploring the role of CTCF and
cohesin disruption in mammalian cell lines, which have shown
that the transcriptional consequences of such treatments are mod-
est (Nora et al. 2017; Rao et al. 2017). The subsequent emergence
of these features instead raises the possibility that loop domains
play a role in the process of differentiation and lineage commit-
ment or cell competency. Indeed, a significant increase in the
number of long-distance CTCF-mediated loops is associated with
differentiation of naive ES cells into neural stem cells (Pekowska
et al. 2018).

Finally, our study revealed strong conservation of 3D genome
structure at particular synteny blocks between medaka and
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zebrafish—distantly related species—further suggesting an irre-
placeable role of loops in gene regulation.

Methods

Fish strains and sampling

We used the medaka d-rR wild-type strain. For RNA-seq data of
hybrid embryos, we used a female HNI-II strain and male d-rR
strain and obtained F1 hybrid medaka embryos. Medaka fish
were maintained and raised under standard conditions. Embryos
were dechorionated and incubated at 28°C. Developmental stages
were determined based on a previous study (Iwamatsu 2004). A
medaka embryonic fibroblast cell line was previously established
in our laboratory. For zebrafish experiments, we used TL2E strain.
All experimental procedures and animal care were carried out ac-
cording to the animal ethics committee of the University of
Tokyo (Approval No. 14-05).

In situ Hi-C

In situ Hi-C experiments were performed as previously described
(Rao et al. 2014) with some modifications. For all developmental
stages, two biological replicates were generated. Embryos were col-
lected at the one-cell stage and dechorionated immediately.
Dechorionated embryos were incubated at 28°C until a certain
developmental stage, collected in L-15 medium with 15% FBS,
and dissociated by pushing through a 21G needle using a syringe.
Dissociated embryos or fibroblast cells were collected by centrifuge
at 500g for 3 min and cross-linked with 1% formaldehyde in 1.5
mL L-15 medium (15% FBS) for 10 min at room temperature.
Cross-linking was quenched by adding 2.5M glycine (125 mM fi-
nal) and incubating for 5 min at room temperature, then 15 min
on ice. Cells were pelleted at 500g for 5 min, and supernatant
was removed and stored at —80°C.

Cells were thawed on ice, washed with PBS, resuspended in
250 uL of ice-cold Hi-C lysis buffer (10 mM Tris-HCI, pH 8.0, 10
mM NaCl, 0.2% Igepal CA-630) with 50 uL of protease inhibitors
(Sigma-Aldrich P8340), and incubated on ice for 20 min. The lysate
was centrifuged at 2500¢ for 5 min, washed with ice-cold Hi-C lysis
buffer, resuspended in 50 pL of 0.5% SDS, and incubated for 10
min at 62°C; 145 uL of water and 25 uL of 10% Triton X-100
were added and incubated for 15 min at 37°C. Twenty-five micro-

ture for 4 h. Proteins were degraded by

adding 50 pL of 20 mg/mL Proteinase K

and 120 uL of 10% SDS and incubated
at 55°C for 2 h. Cross-linking was reversed by adding 130 pL of
5M NaCl and incubated at 68°C overnight.

The biotinylated DNA was collected by ethanol precipitation
and resuspended in 130 pL of Tris buffer (10 mM Tris-HCI, pH 8.0).
DNA was sheared using Covaris $220 with the following parame-
ters: Peak Incident Power: 140, Duty Factor: 10, Cycle per Burst:
200, time: 80 sec. The sheared DNA was size-selected to a size of
100-500 bp and purified using AMPure XP beads (Beckman
Coulter). DNA was eluted in 60 uL of Tris buffer.

The sheared DNA was end-repaired by adding 40 uL of master
mix (10 pL of 10x NEB T4 DNA ligase buffer with 10 mM dATP, 20
uL of 2.5 mM dNTP, 5 uL of 10 U/uL NEB T4 PNK, 4 uL of 3 U/uL
NEB T4 DNA polymerase I, and 1 uL of NEB DNA polymerase I
Large Klenow Fragment) and incubated at room temperature for
30 min. End-repaired DNA was then purified using a MinElute
PCR purification kit (Qiagen) and eluted in 40 uL of water. DNA
was A-tailed by adding 20 uL of master mix (10 pL of 10x
NEBuffer 2, 5 pL of 10 mM dATP, and 5 puL of 5 U/uL NEB
Klenow exo minus) and incubated at 37°C for 30 min. The sample
was then incubated at 65°C for 20 min, and 200 pL of water was
added.

One hundred fifty microliters of 10 mg/mL Dynabeads
MyOne Streptavidin T1 beads (Life Technologies) were washed
with 400 pL of 1x Tween Washing Buffer (I1x TWB: 5 mM Tris-
HCI, pH 7.5, 0.5 mM EDTA, 1 M NaCl, and 0.05% Tween 20)
and resuspended in 300 uL of 2x Binding Buffer (2x BB: 10 mM
Tris-HCI, pH 7.5, 1 mM EDTA, and 2 M NacCl). The beads were add-
ed to the A-tailed DNA sample and incubated at room temperature
for 15 min with rotation. The biotinylated DNA-bound beads were
collected with a magnet, and the supernatant was discarded. The
beads were washed twice by adding 600 pL of 1x TWB, transferred
to a new tube, incubated at 55°C for 2 min on a Thermomixer, and
the supernatant was discarded using a magnet. Then, the beads
were washed with 100 uL of 1x Quick ligase buffer (NEB), resus-
pended in 50 puL of 1x Quick ligation buffer; 2 uL. of NEB DNA
Quick ligase and 1.5 pL of 30 uM indexed Illuminar adapter were
added and incubated at room temperature for 15 min. The beads
were washed twice by adding 600 pL of 1x TWB, transferred to a
new tube, incubated at 55°C for 2 min on a Thermomixer, and
the supernatant was discarded using a magnet. The beads were
washed with 100 uL of Tris buffer, transferred to a new tube, and
resuspended in 50 uL of Tris buffer. The libraries were amplified
directly off of the beads with 6-7 cycles of PCR, using KAPA HiFi
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HotStart ReadyMix (KAPA Biosystems), and DNA was purified us-
ing AMPure XP beads. Paired-end sequencing of the Hi-C libraries
was performed using the [llumina HiSeq 1500 platform.

ATAGC-seq

ATAC-seq was performed as previously described (Buenrostro et al.
2013) with some modifications. Embryos were homogenized
in PBS, and cells were harvested by centrifugation at 500g for
5 min. Approximately 5000 cells were used for each experiment.
After washing with PBS, cells were resuspended in 500 uL of cold
lysis buffer (10 mM Tris-HCl, pH 7.4, 10 mM NaCl, 3 mM
MgCl,, and 0.1% Igepal CA-630), centrifuged for 10 min at 500g,
and the supernatant was removed. A tagmentation reaction was
performed as described previously (Buenrostro et al. 2013) with a
Nextera Sample Preparation kit (Illumina). After tagmented DNA
was purified using a MinElute kit (Qiagen), two sequential PCRs
were performed to enrich small DNA fragments. First, nine-cycle
PCR were performed using indexed primers from a Nextera
Index kit (Illumina) and KAPA HiFi HotStart ReadyMix (KAPA
Biosystems), and amplified DNA was size-selected to a size of
<500 bp using AMPure XP beads (Beckman Coulter). Then, a sec-
ond seven-cycle PCR was performed using the same primer as
the first PCR and purified by AMPure XP beads. Libraries were se-
quenced using the Illumina HiSeq 1500 platform.

RNA-seq

Embryos were homogenized in 1 mL of Isogen (Nippongene), 200
uL of chloroform was added, and total RNA was isolated using an
RNeasy MinElute Cleanup kit (Qiagen). Total RNA from fibroblast
cells was extracted using an RNeasy Mini kit (Qiagen). Ribosomal
RNA was removed using RiboMinus Eukaryote System v2
(Thermo Fisher Scientific), and RNA-seq libraries were generated
using a KAPA Stranded RNA-seq kit (KAPA Biosystems). Libraries
were sequenced using the Illumina HiSeq 1500 platform.

ChIP-seq

ChIP was performed as previously described with modifications
(Nakamura et al. 2014). Dechorionated embryos were dissociated
using a 21G needle in PBS containing 20 mM Na-butyrate, com-
plete protease inhibitor (Roche), and 1 mM PMSF, and fixed with
1% formaldehyde for 8 min at room temperature, then quenched
by adding glycine (200 mM final) and incubating on ice for 5 min.
After washing with PBS, cell pellets were stored at —80°C. Cells
were thawed on ice, suspended in lysis buffer (50 mM Tris-HCl,
pH 8.0, 10 mM EDTA, 1% SDS, 20 mM Na-butyrate, complete pro-
tease inhibitors, and 1 mM PMSF), sonicated 10 times using a soni-
fier (Branson) at power seven, and centrifuged for collecting
chromatin lysates. The chromatin lysates were diluted with RIPA
ChIP buffer (10 mM Tris-HCI, pH 8.0, 140 mM NaCl, 1 mM
EDTA, 0.5 mM EGTA, 1% Triton X-100, 0.1% SDS, 0.2% sodium
deoxycholate, 20 mM Na-butyrate, complete protease inhibitors,
and 1 mM PMSF) and rotated with an antibody/protein A
Dynabeads complex overnight at 4°C. Immunoprecipitated sam-
ples were washed three times with RIPA buffer (10 mM Tris-HClI,
pH 8.0, 140 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 1% Triton
X-100, 0.1% SDS, and 0.2% sodium deoxycholate) and once
with TE buffer, followed by elution with lysis buffer at 65°C over-
night. Eluted samples were treated with RNase A for 2 h at 37°C,
Proteinase K for 2 h at 55°C, and DNA was purified by phenol/chlo-
roform extraction and ethanol precipitation. Input DNA was
simultaneously treated from the elution step. ChIP-seq libraries
were generated using a KAPA Hyper Prep kit (KAPA Biosystems).

Antibodies used in this study are as follows; H3K27ac: ab4729
(abcam), CTCF: see below.

For spike-in ChIP-seq, we mixed the chromatin from 6 and
30 hpf d-rR strain embryos with a half of that amount of chromatin
from 30 hpf Hamochi strain embryos, and used for ChIP.

Generation of medaka CTCF antibody

Four peptides derived from medaka CTCF (gene ID: ENSORLG
00000008771) were synthesized by MAB Institute, Inc. (Nagano,
Japan) as listed below:

1-36+C: METGQATALASDGKVLSEGGEALIQTGQGDEAGTMEC
50-70+C: MKTEVLEGGGTVTVTGGDEGQC

699-730: CTDETTEQVITGGGKPGAQSEELSQADAAAQE
C+734-753: CSAAPSNGDLTPEMILSMMDR

The mixture of these peptides was used as an antigen to gen-
erate antibodies against medaka CTCF in mice, and hybridoma
clones were established by MAB Institute, Inc. We screened hybrid-
oma clones by western blotting using the lysate of HEK293 cells
transfected with pCS2-MT-olCtcf1. For the selected clones, the su-
pernatant of the culture medium was concentrated by ammonium
sulfate precipitation, and antibodies were purified by protein A
sepharose and eluted with 100 mM Glycine, pH 4.0, then dialyzed
with PBS +0.05% NaNj.

3D-FISH

3D-FISH analyses were carried out following protocols described
previously with some modifications (Kondo et al. 2014). Medaka
fish embryos were fixed with 4% paraformaldehyde (PFA), embed-
ded in paraffin, and sectioned into 5-um thickness. After deparaffi-
nization, HistoVT ONE (Nakalai Tesque 06380-05) treatment and a
wash process by water, hybridizations with medaka BAC as probes
proceeded. BACs, olal-199A02, olal-190NO8, and olal-182E06
were labeled with ChromaTide AlexaFluor 488-5-dUTP (Thermo
Fisher Scientific C11397), Cy3-dCTP (GE Healthcare PA53021),
or Cy5-dCTP (GE Healthcare PAS55021) by nick-translation
(Roche 976776), respectively.

The confocal images were captured by microscopy with
Olympus UPlanSApo 100x NA 1.40 and PlanApo N 60x NA 1.42,
images with 65-nm pixels in X-Y and 300-nm steps in Z axes.
Those images were deconvoluted and distances of foci (centroid)
were measured by using Image].

Counting mitotic cell ratio in early embryos

Embryos were fixed with 4% PFA at room temperature for 2 h,
then 4°C overnight. The fixed embryos were stained with DAPI,
and mitotic cells were identified manually based on the morphol-
ogy of condensed chromosomes. Cell number was counted using
Image].

Blocking zygotic genome activation by alpha-amanitin
treatment

To block zygotic genome activation, embryos were collected at the
one-cell stage and injected with 10 ng/puL of o-amanitin (Sigma-
Aldrich A2263), incubated for 10 h, and used for RNA-seq and in
situ Hi-C experiments.

Western blotting

Embryos were washed with PBS and lysed on ice for 10 min in a ly-
sis buffer (25 mM Tris-HCI, pH 7.5, 250 mM NacCl, 5 mM MgCl,,
10% [v/v] glycerol, 0.2% [v/v] NP-40, and 1 mM NaF).
Chromatin-enriched fractions were collected by low-speed
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centrifugation at 1500¢ for 5 min, washed with the lysis buffer, and
further lysed with 1x SDS buffer. Proteins were separated using
polyacrylamide gels (5.5% for SMC3 and 12.5% for histone H3)
and transferred onto polyvinylidene difluoride membrane
(MilliporeSigma). After blocking with 5% skim milk for 1 h at
room temperature, membranes were incubated with primary anti-
bodies (SMC3: abcam ab9263, histone H3: abcam ab1791) over-
night at 4°C. After several washes, membranes were incubated
with secondary antibody (anti-rabbit IgG Peroxidase, Sigma-
Aldrich A0545) for 1 h at room temperature. Protein bands were vi-
sualized using the ECL Select Western Blotting Detection Reagent
(GE Healthcare) and detected by ImageQuant (GE Healthcare).

Hi-C data processing

The sequenced reads were mapped, filtered, and normalized using
Juicer (version 1.5) (Durand et al. 2016). Medaka reference genome
version 2.2.4 or zebrafish danRer11 was used for mapping. In order
to compare between different stages, the KR-normalized matrix
was further normalized by average total contacts of each row, so
that all samples will have the same total contact number. We
used Juicer Tools (version 1.7.6) to calculate Pearson’s correlation
matrices, eigenvectors, and others in what follows.

The reproducibility between the replicates was calculated us-
ing HiCRep (Yang et al. 2017) using the default parameter.
Normalized contact matrices at 100-kb resolution were used.

Loops were identified using Juicer Tools HICCUPS at 5- and
10-kb resolution. As our fibroblast cells were maintained in a labo-
ratory environment for a long period of time, chromosomes could
have been rearranged, thereby yielding a number of peaks identi-
fied by HiCCUPS in the off-diagonal areas of the Hi-C contact
maps. In particular, off-diagonal loops of >1 Mb in size were unex-
pectedly long, were likely to be false-positives, and were therefore
removed. We also noticed that skewed sequence coverage bins
sometimes caused abnormal enrichment on contact maps. To fil-
ter out these possibly false-positives loops, we selected loops on
rows and columns of each contact matrix where the value of the
KR normalization vector produced for matrix balancing was in
the range of 0.5 to 2.0.

As we did not have CTCF ChlIP-seq data for fibroblast cells, as
substitutes we instead used CTCF ChIP-seq peaks identified from
54 hpf embryos. The CTCF motif orientation of loops was deter-
mined using MotifFinder of Juicer Tools. Specifically, we used mo-
tif MA0139.1_CTCF from Jasparcore 2014 as the CTCF motif, and
the positions of the CTCF motif in the medaka genome were iden-
tified using FIMO (Grant et al. 2011) from the MEME Suite with the
default parameters.

Aggregate peak analysis was performed using Juicer Tools us-
ing all filtered fibroblast loops that are 100 kb or larger at 5-kb res-
olution by using commands: apa -n 20 -w 6 -q 4 -r 5000. In the
presence of strong background signals near the diagonal, we con-
sidered loops of size 100 kb or larger (see the rationale in
Supplemental Fig. S8F). Normalized APA plots were used to depict
loop signal enrichment across stages. The P2LL score (the ratio of
the central pixel to the mean of the pixels in the lower left corner)
from Juicer output was used for the quantification of loop
strength.

Contact domains were annotated using the Juicer Tools
Arrowhead algorithm at 5-kb resolution, changing the default fil-
ter size from 300 kb to 50 kb. To quantify the change in size of con-
tact domains during development, we used the N10 statistics (Fig.
3A), where the N10 maximizes such that non-overlapping contact
domains of size N10 or longer occupy at least 10% of the genome
covered by domains. To calculate the N10 value, one can order
non-overlapping contact domains in descending order and scan

the ordered list from the top until the sum of domain sizes be-
comes 10% or larger. A higher N10 value means that larger contact
domains occupy at least 10% of the genome covered by contact do-
mains. The statistics show that contact domains with larger size are
established later during gastrulation (Fig. 3A).

ATAC-seq and ChlP-seq data processing

The sequenced reads were preprocessed to remove low-quality bas-
es and adapter-derived sequences using Trimmomatic v0.32
(Bolger et al. 2014) and then aligned to the medaka reference ge-
nome version 2.2.4 by BWA (Li and Durbin 2009). Reads with
mapping quality (MAPQ) larger than or equal to 20 were used
for further analyses. For ATAC-seq and ChIP-seq, MACS2 (version
2.1.1.20160309) (Zhang et al. 2008) was used to call peaks and gen-
erate signals per million reads tracks using the following com-
mands; ATAC-seq: macs2 callpeak --nomodel --extsize 200 --shift
-100 -g 600000000 -q 0.01 -B -SPMR, H3K27ac and CTCF ChlIP-
seq: macs2 callpeak -q 0.01 -B —-SPMR. The option -g 600000000
is the effective genome size estimated by remapping 50-mer of
the medaka reference genome version 2.2.4 to itself using GEM li-
brary tools; gem-indexer (build 1.423), gem-mappability (build
1.315), and counting the uniquely remapped reads denoted as
“1” in the output (Marco-Sola et al. 2012). The number of peaks
called by MACS2 depends on the total number of reads. Thus, to
balance the total read number, 10 million reads were randomly
sampled from each of the replicates for CTCF ChIP-seq data. For
Figure 1C and Supplemental Figure S1D,E, replicates were com-
bined for each stage after random sampling.

Normalization of spike-in ChlIP-seq

The sequenced reads were preprocessed to remove low-quality bas-
es and adapter-derived sequences using Trimmomatic v0.32
(Bolger et al. 2014) and then aligned to the medaka Hd-rR and
HNI reference genome version 2.2.4 by BWA (Li and Durbin
2009). Reads with mapping quality larger than or equal to 20
were used for the further analyses. MACS2 (version
2.1.1.20160309) (Zhang et al. 2008) was used to call peaks and gen-
erate signals per million reads tracks. ChIP signals were then divid-
ed by Hamochi read (reads mapped on HNI genome) counts, and
further divided by the ratio of d-tR reads to Hamochi reads in the
input sample, which represents the relative amounts of the d-rR
and Hamochi in the starting chromatin samples used for ChIP.

RNA-seq data processing for d-rR embryos (5 to 54 hpf)
and fibroblast cells

The sequenced reads were preprocessed to remove low-quality bas-
es and adapter-derived sequences using Trimmomatic v0.32
(Bolger et al. 2014) and were aligned to the medaka reference ge-
nome version 2.2.4 by STAR (Dobin et al. 2013), and reads with
mapping quality larger than or equal 20 were used for further
analyses.

Analysis of RNA-seq data from d-rR/HNI hybrid FI embryos
(5 to 10 hpf)

To investigate the transcriptional activity in early zygotic stages,
we employed hybrid F1 of d-rR and HNI strains—the former was
used as a paternal strain and the latter as a maternal strain—for
RNA-seq analysis. We mapped RNA-seq reads of hybrid F1 embryos
to both Hd-rR and HNI reference genomes (v2.2.4) (Ichikawa et al.
2017). For reliable identification of the source strain of expressed
RNA, paternal Hd-rR, or maternal HNI, we utilized the genomic
polymorphism between the two strains because the genetic
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divergence is sufficiently high and the single nucleotide variant
(SNV) rate is ~2.5% (Ichikawa et al. 2017). First, to call SNVs be-
tween the two genomes, we obtained publicly available whole-ge-
nome shotgun sequencing data of the HNI strain with accession
numbers DRR002216 and DRR002217 from the DNA Data Bank
of Japan (DDBJ; https://www.ddbj.nig.ac.jp/index-e.html). Raw
[llumina reads were preprocessed to remove low-quality bases
and adapter-derived sequences using Trimmomatic v0.32 (Bolger
et al. 2014). Subsequently, a total of 109-fold coverage short-read
data were aligned with the medaka Hd-rR reference genome
(v2.2.4) by using BWA v0.7.8 (Li and Durbin 2009). After refining
alignments around indel sites with GATK v3.6 (McKenna et al.
2010), SNVs and indels were called by SAMtools v1.2 (Li et al.
2009). High quality variants, SNVs, and indels, with read depth
>20 and variant quality >20, were used for downstream analysis.
To further filter erroneous regions where short reads from HNI
matched to the Hd-1R genome, we aligned HNI blastula RNA-seq
reads (NCBI Sequence Read Archive [SRA; https://www.ncbi.nlm
.nih.gov/sra] accession number SRR3168578) with the two ge-
nomes using STAR v2.5.4 (Dobin et al. 2013) and discarded variant
sites where HNI RNA-seq reads matched erroneously, retaining
17,516,984 sites for hybrid F1 embryo RNA-seq analyses. After
mapping RNA-seq reads of hybrid F1 of each developmental stage
the two genomes using STAR, we determined that reads were pater-
nally expressed if they matched the Hd-rR sides of polymorphic
SNVs. For Supplemental Figures S5 and S9, paternal read coverage
was normalized by the sum of paternal and maternal read numbers
to calculate the rpm.

Gene expression at loop anchors

The RPKM values were computed from RNA-seq read counts for
the medaka gene model version 2.2.4 (http://utgenome.org/
medaka_v2/#!Medaka_gene_model.md) in each time point. Out
of the medaka gene model v2.2.4, genes associated with Ensembl
protein ID were used. Then, we defined zygotically expressed genes
(ZEGS) such that the read counts <30 and the RPKM <2 at 5 hpf,
and read counts >30 and RPKM >4 in one of later stages than
5 hpf, which means that ZEGs were inactive before ZGA and began
to be transcribed during or after that. Then, we got the vectors
whose elements were the gene expression levels of ZEGs in devel-
opmental time course. To separate ZEGs by expression timing, the
vectors were grouped into seven clusters according to a widely used
method (Trapnell et al. 2014). Loop genes in ZEGs were defined so
that their TSSs and loop anchors with loop size >100 kb (see the ra-
tionale in Supplemental Fig. S8F) were within the same 5-kb bin.
Nonloop genes were the rest of ZEGs.

Association of large contact domains with mature cells

We compared contact domains between mature fibroblast cells
and each time point during development. Two contact domains
were treated identically when their boundaries were close, which
was, however, a difficult task to do because the boundaries
changed between samples. Indeed, the boundaries of 54 hpf and
fibroblast (both were the most matured samples in our data)
should be consistent; however, only 8% of boundaries at 54 hpf ex-
actly matched those at fibroblast. To increase the ratio, we allowed
the positional difference between pairs of matching domain
boundaries to be at most 25 kb (5 bins), so that 71% domains at
54 hpf were associated with those at fibroblast. We counted the
number of large contact domains which were shared with mature
fibroblast cells and plotted for three different domain size ranges;
>200 kb, >300 kb, and > 400 kb (Supplemental Fig. S8B).

Detecting more reliable loops

Automatic detection of loops from Hi-C contact maps generally
suffered from many false positives. To filter out false positive loops,
we imposed two additional constraints on loops; namely, loops
were associated with contact domains, and loops were 100 kb or
larger in size by considering the resolution limitation of identify-
ing loops (Supplemental Fig. S8F). The first condition was support-
ed by the fact that a large fraction of peaks in mammals were
associated with domains (Rao et al. 2014), which was also the
case in the medaka genome. To meet the first condition, we ex-
tracted loops (called by HiCCUPS) associated with contact do-
mains by selecting those located in boundaries of contact
domains within a distance of 20 kb (4 bins).

Insulation score

The insulation scores were computed from the contact maps with
5-kb bins according to the method (Crane et al. 2015). We set the
square size to 500 kb and smoothed the scores by averaging the
neighboring five bins for each bin.

Detection of synteny blocks between medaka and zebrafish
and comparison of Hi-C maps

We downloaded all protein-coding gene trees from Ensembl (re-
lease 75) and sorted the protein-coding genes with respect to the
chromosomal position. The sorted genes were arranged along
the x-axis (zebrafish) and the y-axis (medaka), and the Nth gene
was represented by the Nth point. Then, a one-to-one ortholog
pair between the Nth zebrafish gene and the Mth medaka gene
was represented by a line from (N,M) to (N+1,M+1) if the two
orthologs were encoded on the same strand, or a line from (N,M
+1) to (N+1,M) if they were encoded on the reverse strand. Next,
for each chromosome pair, we chained these orthologs into lon-
ger, approximately diagonal lines using a chaining algorithm
with a geometric gap cost calculated as described previously
(Abouelhoda and Ohlebusch 2003; Shibuya and Kurochkin
2003) (match score: 1, gap cost: 0.25). For example, a chain consist-
ing of five medaka genes and five zebrafish orthologs has a chain
score 5 if those genes are consecutive and non-inverted in
both species; on the other hand, the chain score decreases as 5 —
0.25 x (i+j) if the chained regions include i medaka nonortholo-
gous (or inverted) genes and j zebrafish nonorthologous (or invert-
ed) genes. We chose these parameter values because the ortholog
distribution between the medaka and zebrafish genomes showed
that smaller gap costs (<0.2) cause artifactual extension of chains
and erroneous merger of distinct synteny blocks. During the chain
extension procedure, we computed “increasing” chains and “de-
creasing” chains separately: specifically, “increasing” chains can
extend to an orthologous pair of medaka and zebrafish genes
only if the two genes are encoded on the same strand of the meda-
ka and zebrafish chromosomes. On the other hand, “decreasing”
chains can extend to an orthologous pair of medaka and zebrafish
genes only if they are encoded on the opposite strands. In this way,
locally inverted genes (by small-scale rearrangements or by misas-
sembly) were treated as gaps and excluded from the chains. Finally,
we defined high-scoring chains (score >9) as synteny blocks (i.e.,
regions with conserved gene order) between the medaka and
zebrafish genomes (Supplemental Fig. S14) and presented the list
of 101 synteny blocks in Supplemental Data 1. We assumed that
orthologous regions are about twice the size of medaka in zebrafish
according to their genome size. We therefore selected regions that
are relatively long (medaka region size >0.7 Mb) and the size ratio
of zebrafish to medaka is within the range of 1.33 to 3. Among 101
synteny blocks, 21 met these criteria, but 10 regions contained
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large unmapped regions in either of species. Consequently, 11 syn-
teny blocks were examined for Hi-C map comparison. For Figure
5C and Supplemental Figure S13, we translated the genomic coor-
dinates from the older genome assemblies (Ensembl release 75) to
the more recent genome assemblies (i.e., Hd-rR v2.2.4 and zebra-
fish danRer11), and the most similar regions within the synteny
blocks were shown.

Data access

All sequencing data generated in this study have been submitted to
the NCBI BioProject database (https://www.ncbi.nlm.nih.gov/
bioproject/) under accession number PRJDB7492. The data analy-
sis pipeline is available as Supplemental Code and also at Bitbucket
(https://bitbucket.org/tashiraka/medaka_hic/).
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