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the architecture of centromeric satellites, giant
mobile elements, and sex chromosomes
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Medaka (Oryzias latipes) is a small freshwater teleost widely used as a vertebrate model organism. Existing medaka reference
genomes, however, contain many gaps and unresolved repetitive regions, hindering precise genome annotation and com-
parative analyses. Here we present one complete and two near-complete genome assemblies for three inbred medaka strains
derived from geographically distant populations. These assemblies provide a comprehensive view of highly repetitive
sequences and chromosome-scale genome architecture in medaka. The fully resolved centromeres reveal an intriguing se-
quence organization characterized by short, distinct SF1+3 satellite arrays flanked by larger homogenized repeats. These
short arrays are putatively hypomethylated and conserved across all acrocentric chromosomes, suggesting a functional
role in centromere stability. The reconstructed 121 copies of the giant mobile element Teratorn retain complete genes of
both a transposon and a herpesvirus, highlighting its unique persistence and impact on host genomes. Moreover, our as-
semblies reveal extensive structural divergence of medaka Y Chromosomes, yet identify a small (~24 kb) conserved region
encompassing Dmy that may suffice for male determination. Collectively, these (near-)Jcomplete medaka genomes provide a
powerful resource for exploring the biology of uncharacterized repetitive regions and the molecular basis of phenotypic

diversity in vertebrates.
[Supplemental material is available for this article.]

The medaka fish (Oryzias latipes) has been studied for almost a cen-
tury and was the first vertebrate in which the XY sex determination
system was documented (Aida 1921). With its long research histo-
ry, medaka has provided numerous insights into evolutionary,
developmental, and reproductive biology (Takeda and Shimada
2010). More recently, the Medaka Inbred Kiyosu-Karlsruhe
(MIKK) panel, 80 inbred strains derived from a wild medaka popu-
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lation (Leger et al. 2022), has provided a powerful resource for dis-
secting genotype-phenotype relationships, including epistatic
and gene-by-environment interactions, thereby complementing
human disease GWAS (Gierten et al. 2025; Welz et al. 2026). To
further advance such studies, complete genome assemblies are ur-
gently required to capture repetitive and structurally complex re-
gions. In this study, we resequence the ~800 Mb genomes of
three medaka inbred strains, Hd-rR, HNI, and HSOK, which origi-
nated from wild populations in southern and northern Japan and
Korea, respectively (Fig. 1A).

The two Japanese strains (Hd-rR and HNI) diverged ~10 mil-
lion years (MY) ago (MYA), and the Japanese and Korean (HSOK)

© 2026 Suzukietal. This article, published in Genome Research, is available un-
der a Creative Commons License (Attribution-NonCommercial 4.0 Internation-
al), as described at http://creativecommons.org/licenses/by-nc/4.0/.
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Figure 1.

Geographic distribution and assembly improvements of medaka inbred strains. (A) Geographic distribution of wild medaka populations. The

inbred strains Hd-rR, HNI, and HSOK were established from southern and northern Japanese populations and an eastern Korean population, respectively.
Divergence times are based on a previous report (Yamahira et al. 2021), and the timing of the duplication/transposition event of (proto-)Dmy is inferred
from the distribution of the Dmy-mediated sex-determination system within the genus Oryzias. (B) Assembly statistics on the v3 assemblies compared with
the previous v2 assemblies. (C) Complete chromosomes of Hd-rR with annotations of important regions. Mean ONT-UL read depth (0-100x) in 10 kb bins

is shown below each chromosome bar.

strains diverged ~10-15 MYA (Fig. 1A). Despite this level of diver-
gence, these populations can still interbreed under laboratory con-
ditions (Setiamarga et al. 2009; Takehana et al. 2016; Yamahira
et al. 2021). Indeed, the two Japanese subpopulations have been
proposed as distinct species (Asai et al. 2011) and exhibit marked
physiological differences, including pronounced variations in
their responses to photoperiod and temperature (Shinomiya
et al. 2023). They are considered to be undergoing incipient speci-
ation, representing a moderate evolutionary distance: genetically
close enough to permit reliable alignment of noncoding sequenc-
es, yet divergent enough to harbor substantial sequence variation
underlying phenotypic diversity (Takehana et al. 2003, 2004;
Spivakov et al. 2014).

We reported draft genome assemblies of these strains in 2007
and 2017 (Kasahara et al. 2007; Ichikawa et al. 2017). However, it
has been challenging to create a gapless, telomere-to-telomere
(T2T) genome assembly because of highly repetitive regions in-
cluding centromeres, telomeres, ribosomal DNA arrays, XY
Chromosomes, and the giant mobile element Teratorn (Inoue
et al. 2017). In this study, using state-of-the-art long-read technol-
ogies, Pacific Biosciences (PacBio) HiFi sequencing (Wenger et al.
2019) and Oxford Nanopore Technologies (ONT) ultralong se-
quencing (Shafin et al. 2020), we reconstruct a complete genome

of the Hd-1R strain, as well as near-complete genomes of the HNI
and HSOK strains. These (near-)complete medaka genomes uncov-
er a comprehensive view of highly repetitive regions and provide
unique insights into three previously inaccessible yet biologically
crucial genomic regions: namely, centromeric sequences, giant
transposons, and sex chromosomes.

Centromeres consist of tandem satellite arrays in medaka as
in many other eukaryotes (Melters et al. 2013). Concerted evolu-
tion of centromeric satellite arrays through unequal crossover
and gene conversion accelerates both sequence turnover and ho-
mogenization (Smith 1976; Schueler and Sullivan 2006), often giv-
ing rise to lineage- or species-specific sequence structures. In
primates, centromeric sequence evolution follows the layered ex-
pansion model, in which new layers of homogenized arrays ex-
pand at the active core whereas older layers of divergent arrays
are displaced outward (Shepelev et al. 2009; Altemose et al.
2022). Similar gradients of sequence similarity across a centromer-
ic satellite array have also been observed in other animals and
plants (Naish et al. 2021; Chen et al. 2023; Chaudhry et al.
2025). However, comprehensive understanding of how rapid se-
quence evolution is reconciled with conserved centromere func-
tion still requires complete assemblies of centromeric sequences
from a wider diversity of species (Henikoff et al. 2001). In medaka,
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centromeric sequences have been partially (~10%) resolved, pro-
viding only a glimpse into their genomic and epigenetic organiza-
tion (Ichikawa et al. 2017). Comparative analyses of complete
centromeric sequences across medaka strains reveal distinctive sat-
ellite sequences correlated with putative CpG hypomethylation,
offering a basis to compare with other species and explore how
centromeric satellites evolve within vertebrates.

Teratorn, a unique ~180 kb active mobile element that origi-
nated from the fusion of a piggyBac-like DNA transposon and a her-
pesvirus, is another underexplored component in medaka (Inoue
et al. 2017). Although Teratorn-like transposons are widely distrib-
uted in the teleost lineage (Inoue et al. 2018), their evolutionary
dynamics have remained unclear because of assembly difficulties,
except for their identification as strong natural drivers of mutagen-
esis contributing to phenotypic diversity in mutants (Moriyama
et al. 2012; Koita et al. 2025) and potentially driving speciation.
To understand its impact, it is essential to elucidate the unique
biology of its dual transposon-virus nature, particularly how
such unique hybrid elements replicate, persist, and coevolve
with their hosts.

The medaka DM-domain gene on the Chr Y (Dmy gene) was
cloned as the first known nonmammalian male-determining gene
analogous to Sry (Matsuda et al. 2002, 2007). A 43 kb duplication of
Chr 9 containing Dmrtl (Kondo et al. 2006) was inserted into
Chr 1 ~25-40 MYA (Fig. 1A), and the inserted copy soon evolved
into the Y-specific (Y-sp) region with Dmy, initiating proto-
Y Chromosome differentiation. Nevertheless, medaka XY
Chromosomes remain cytogenetically homomorphic, unlike het-
eromorphic mammalian XY Chromosomes that arose 170-210
MYA (Graves 2006). Thus, medaka is considered to be at an early
stage of sex chromosome evolution and a model suitable for study-
ing transitions toward heteromorphy and the maintenance of
Dmy. However, repetitive sequences have hindered contiguous as-
sembly of medaka sex chromosomes.

Here, we first describe overall statistics and structural features
of our medaka (near-)T2T assemblies and then discuss their signifi-
cance and potential as genomic resources through initial analyses
of the three aforementioned repetitive regions. These resources
provide a foundation for future studies aiming to link genomic var-
iation, including structural variation, to phenotypic diversity.

Results

Genome sequencing of three medaka strains

We extracted genomic DNA from three medaka strains (Hd-rR,
HNI, and HSOK) and sequenced it using PacBio HiFi and ONT
ultralong (ONT-UL) reads, which have complementary strengths.
HiFi provides ~10x lower error rates (~0.1%) compared with
ONT-UL (~1%), whereas ONT-UL produces ~10x longer reads
(N10 ~150 kb vs. ~20 kb). HiFi libraries were prepared from
whole-body samples, whereas ONT-UL libraries were prepared
from pooled heart, spleen, and testis tissues to obtain DNA of suf-
ficient length and yield. To facilitate the discrimination of se-
quences divergent between Chr X and Chr Y (which are also
known as Chr 1) in medaka, HiFi reads were sequenced from
male and female samples separately for each strain. The combined
sequencing depth of HiFi reads was 68.4x-75.9x, and that of ONT-
UL reads of size >100 kb amounted to 19.7x-32.1x. Additionally,
we generated Hi-C long-range data for assembly validation and
curation of Hd-rR and HNI. All sequencing statistics are summa-
rized in Supplemental Table S1.

Genome assembly and gene annotation

For each strain, the initial set of chromosomal scaffolds was gener-
ated using Hifiasm (Cheng et al. 2024) and RagTag (Alonge et al.
2022). After manually correcting false inversions using Hi-C con-
tact maps (Supplemental Fig. S1), we performed semiautomated
curation of the assemblies to obtain a gapless, T2T complete ge-
nome for Hd-rR and nearly complete genomes for HNI and
HSOK (Methods), which we refer to as the v3 assemblies to distin-
guish them from the v2 assemblies reported in 2017 (Ichikawa
et al. 2017). In particular, we corrected large tandem repeats such
as centromeric satellite arrays, whose sequences are prone to col-
lapse during assembly, and extended telomeric sequences at
both chromosomal ends (Supplemental Fig. S2). Additionally, se-
quences of sex-differentiating regions on Chr 1 and the mitochon-
drial genomes were identified during the curation process.

After the curation, the base-level quality value (QV) of the Hd-
1R assembly improved from 49.1 to 57.6 (Fig. 1B; Supplemental
Table S2), whereas the QV was limited to 36.3 in the previous v2
assembly. For HNI and HSOK, their assembly graphs were highly
tangled (Supplemental Fig. S3), indicating that some repeats re-
main unresolved, and the assemblies for these two strains re-
mained incomplete. Nevertheless, we anchored 98.8%/97.5% of
the sequences to chromosomes with only 15/83 gaps in HNI/
HSOK, compared with about 1000 gaps per strain in the v2 assem-
blies. The comparatively lower assembly contiguity in HSOK may
be attributable to the relatively smaller amount of ONT-UL reads
(Supplemental Table S1) and the higher copy number of the large
transposon Teratorn (see below). In 45S and 5SS ribosomal DNA ar-
rays and adjacent megabase-scale tandem repeats, we observed se-
quence variation and read-depth fluctuations that may reflect
sample variation, somatic variation, and/or residual uncertainty
(Fig. 1C; Supplemental Figs. S4, SS; Supplemental Discussion).
Overall, the present v3 assemblies represent a substantial improve-
ment on reconstructing repetitive elements over the v2 assemblies
(Fig. 1C; Supplemental Fig. S6).

We annotated protein-coding genes by integrating multiple
gene prediction methods and external evidence (Supplemental
Fig. S7). Specifically, gene models of the previous v2 Hd-rR assem-
bly were lifted over to the v3 genomes and merged with de novo
predictions with RNA-seq providing homolog hints. In total,
36,040 genes were determined for Hd-rR, and 29,032 and 29,668
genes were predicted for HNI and HSOK, respectively (Fig. 1B;
Supplemental Table S3). The higher gene count in Hd-1R than in
HNI and HSOK may reflect the larger amount of RNA-seq data
available for Hd-rR (387 Gb compared with 69 Gb) and the
resulting more comprehensive detection of lowly expressed
transcripts. The BUSCO completeness (Manni et al. 2021) ranged
from 99.6%-99.8% across the three strains, supporting the high
quality of our medaka gene annotations.

Centromere localization and chromosome orientation

In the prior v2 medaka assemblies, only ~10% of centromeric se-
quences were inferred, whereas the v3 assemblies resolved all
24 centromeres in Hd-rR and yielded 21 and 14 gapless centro-
meres in HNI and HSOK, respectively. Compared with v2, centro-
mere positions were newly determined or corrected for 42
chromosomes (Supplemental Table S4). The updated centromeric
satellite locations were largely shared across the three strains and
consistent with previous FISH images in Hd-rR (Ichikawa et al.
2017). Specifically, of the 24 chromosomes, 12 were acrocentric
whose centromeres are located near telomere, and the other 12

1698 Genome Research
www.genome.org


http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.281813.125/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.281813.125/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.281813.125/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.281813.125/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.281813.125/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.281813.125/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.281813.125/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.281813.125/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.281813.125/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.281813.125/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.281813.125/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.281813.125/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.281813.125/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.281813.125/-/DC1
http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on August 5, 2026 . Published by Cold Spring Harbor Laboratory Press

Completing repetitive regions in medaka genomes

were nonacrocentric, except that five A
HNI chromosomes (Chr 5, 6, 7, 10, 16)
contained two distant centromeric satel-

lite arrays at submetacentric and acro-

centric positions, respectively. These
putative pseudodicentric chromosomes

were likely generated by large inversions,

which were supported by multiple ONT-

UL reads (Supplemental Figs. S8, S9;
Supplemental Discussion).

Precise identification of centromer-
ic locations enabled p/q-arm assignment
and standardization of chromosome ori-
entation across all strains by defining po-
sition 1 at the telomeric end of the p-arm.
Compared with v2, 12 chromosomes
including the sex chromosomes were
reverse-complemented in each v3
assembly.

Comparative analysis of centromeric
satellite monomers

Leveraging fully assembled centromeric
sequences, for each chromosome of the
three strains we clustered ~160 nt centro-
meric satellite monomers into represen-
tative monomers based on sequence
similarity. As similarly defined in pri- B
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(n=2,552)
were inferred from the fragmented v2 as-
semblies (Supplemental Fig. STOA-D).
In the phylogenetic tree of the 350
representative monomers belonging to
SF1-SFS (Fig. 2A; Supplemental Data
File 1), monomers from different strains
were intermixed, indicating that all three
strains share the same set of SFs. We then
tested whether representative monomer
sequence similarity varies with strain re-
lationship (intra- vs. interstrain) and
chromosome type (acrocentric vs. nona-
crocentric) and detected a strong effect
of chromosome type on sequence diver-
gence (Freedman-Lane permutation ANOVA, 20,000 permuta-
tions, P=5.0x107°), with no significant effect of strain
relationship (P=0.190) and no interaction (P=0.683).
Consistently, pairwise comparisons confirmed that monomers
were significantly less diverged within acrocentric chromosomes
than within nonacrocentric ones (two-sided Wilcoxon test,
Bonferroni-corrected for all possible comparisons, P<1.0 x 107
(Fig. 2B) as previously suggested (Ichikawa et al. 2017). We further
identified 20 groups of highly similar (>97%) representative
monomers shared between different acrocentric chromosomes in
a genome, which we refer to as interchromosomal ultraconserved

on the lower side.
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Figure2. Compositional and phylogenetic landscape of centromeric satellites. (A) Phylogenetic tree of
350 representative monomers excluding divergent monomers. The outermost track is the monomer
count per representative, and the “hypo” track indicates ONT-inferred CpG hypomethylation level
(i.e., the proportion of hypomethylated monomers within each representative). Dark gray shades on
the dotted lines connecting the tree leaves and the strain track indicate interchromosomal ultraconserved
(ICUC) monomers. (B) Pairwise interchromosomal monomer sequence similarities for four categories by
two aspects: intra- versus interstrain, and within acrocentric versus nonacrocentric chromosomes.
Wilcoxon test; (*) P<1.0x107°°, (n.s.) P>0.01. (C) Centromeric satellite array lengths by chromosome
and SF group. Acrocentric chromosomes are placed on the upper side and nonacrocentric chromosomes

(ICUC) monomers (Fig. 2A,B). All ICUC monomers were found
within individual strains and not across strains, as well as exclu-
sively among acrocentric chromosomes (Supplemental Fig.
S10E). These results support preferential sequence homogeniza-
tion among acrocentric chromosomes, likely through interchro-
mosomal gene conversions, as previously suggested in humans
(Choo et al. 1989; Guarracino et al. 2023).

The composition of SFs as a set was generally conserved for
each chromosome across the three strains, although individual ar-
ray sizes varied (e.g., from 190 kb in Chr 22 to 1.4 Mb in Chr 4 in
Hd-rR) (Fig. 2C), probably owing to unequal crossover and
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replication slippage during meiosis (Smith 1976; Levinson and
Gutman 1987). Although nonacrocentric chromosomes showed
greater variability in SF composition, acrocentric chromosomes
were consistently dominated by SF2 monomers with minor frac-
tions of SF1 and SF3.

Positional distributions and methylation patterns in centromeric
satellite arrays

Despite their low abundance in acrocentric chromosomes (Fig.
2C), SF1 and SF3 monomers displayed a unique positional and pu-
tative epigenomic organization distinct from other reported eu-
karyotic centromeres (Naish et al. 2021; Altemose et al. 2022;
Chen etal. 2023; Chaudhry et al. 2025). Specifically, in the centro-
meric sequences of acrocentric chromosomes in Hd-rR, short com-
posite arrays containing both SF1 and SF3 (hereinafter referred to
as SF1+3 arrays) were consistently interspersed at multiple posi-
tions within large SF2 arrays, except on Chr 22 (Fig. 3A). In line

A Acrocentric chromosomes B

Nonacrocentric chromosomes

with this structural organization, these SF1+3 arrays corresponded
predominantly to hypomethylated regions inferred by ONT-UL
reads, whereas the large SF2 arrays were almost entirely hyperme-
thylated (Fig. 3A). The assembly of these arrays was validated using
ONT-UL reads (Supplemental Fig. S11). In contrast, nonacrocen-
tric centromeres were largely homogenized by a single SF or a com-
posite of SF1+3, supporting independent and rapid concerted
evolution of satellite arrays (Fig. 3B). These observations were com-
mon in HNI and HSOK as well (Supplemental Figs. S12, $13).

We detected putative CpG hypomethylated regions in centro-
meric sequences, termed centromere dip regions (CDRs), although
future experimental validation will be required. Each chromosome
had at least one CDR, whereas some nonacrocentric chromosomes
exhibited relatively lower dip levels (Fig. 3A,B). Of note, in acrocen-
tric chromosomes, 93.1% of monomers in the interspersed SF1+3
arrays were hypomethylated at CpG sites, whereas 99.7% of
monomers in the large SF2 arrays were hypermethylated (Figs. 24,
3A; Supplemental Fig. S14). Among the acrocentric SF1 and SF3
monomers, we further identified se-
quence motifs enriched in hypometh-
ylated monomers (Fig. 3C; Supplemental
Fig. S15; Supplemental Table S5). Specifi-
cally, GCATATTGTACATAAAAA (18 nt)
was the significant motif enriched in
hypomethylated SF1 monomers (86.8%,
n=81, Xz test, Bonferroni-corrected, P=
4.8x107). In SF3, ATAGCGT (7 nt) con-
taining a CpG site was the significant

motif, although its enrichment was small-

er than that of SF1 (62.9%, n="72, y test,

Chr 1 1 ma - SF1 Chr 12 Bonferroni-corrected, P=3.9x107%.
[ V¥ | - SF2 . et R

o s These results suggest that putative CpG
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Figure 3. Positional landscape of sequence and CpG methylation status of centromeric satellites in the
complete Hd-rR genome. (A, B) Positional distributions of centromeric monomers colored by SF group,
along with average ONT-inferred CpG methylation levels from zero to 100, for acrocentric (A) and non-
acrocentric (B) chromosomes of the T2T Hd-rR assembly. Thick lines indicate ICUC monomers. For HNI
and HSOK, see Supplemental Figures S12 and S13. (C) Graph representations of representative mono-
mers for SF1 and SF3, for which monomer sequences were progressively aligned and sequence variations
appear as branching paths, shown around the sequence motifs enriched in putatively hypomethylated
monomers. Edges are colored by relative enrichment in hypo- and hypermethylated monomers.
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and by distinct sequence motifs.

Structural rearrangements among
three medaka strains

We detected large-scale structural varia-
tion between the three nearly complete
genomes (Fig. 4). In addition to the previ-
ously reported large (>10 Mb) inversion
on Chr 11 in Hd-rR, we identified large
subtelomeric inversions in HNI on five
chromosomes causing division of centro-
meric satellite arrays. We also identified
large (~20 Mb) highly nonsyntenic re-
gions in the distal part of Chr 2 (Fig. 4;
Supplemental Fig. S8), most of which
were unassembled in previous assemblies.

Pairwise comparisons identified
21,495 SVs (insertions, deletions, and in-
versions >50 bp) between Hd-rR and HNI
compared with 18,713 SVs between HNI
and HSOK and 18,229 SVs between Hd-
1R and HSOK. These SV counts did not
simply scale with strain divergence
time. Interpreting this pattern is limited
by technical factors such as assembly
quality and alignment sensitivity that

hypo —

[ 40
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from 35-84 copies for subtype 1 and
one to 15 copies for subtype 2
(Supplemental Fig. S16B; Supplemental
Table S6). Overall sequence structures
were conserved among copies except for
small indels and long-repeat expansion
in some copies (Fig. 5; Supplemental
Figs. S16C,D, S17).

Phylogenetic  analyses demon-
strated that Teratorn copies generally
clustered by strain and followed the
topology of host genes (Fig. S5;
Supplemental Fig. S18; Supplemental
Data File 2), supporting independent ex-
pansion and vertical inheritance of
Teratorn within each strain, although
herpesviruses are generally transmitted
horizontally without being integrated
into the host genome. Teratorn could pro-
duce virus particles as it contains the
whole genome of the alloherpesvirus
species (Inoue et al. 2017). Consistent
with this, horizontal transfer, although
possibly less frequent, was also suggested
by the shorter branch length of the phy-
logenetic trees between Hd-rR and HNI
for subtype 2 compared with that of
host genes (Fig. 5; Supplemental Fig.
S18).

Most Teratorn copies retained cod-

Genome annotation:
® centromere

©® telomere . e, .

o Teratorn ing capacity; namely, the genes essential
° Toi for viral replication and propagation are
® 455 DNA intact (Supplemental Fig. S19A). In
© 5SDNA addition, the nonsynonymous-to-syn-

onymous mutation rate (dy/ds) of her-
pesvirus genes was much lower than
one for almost all copies (Supplemental
Fig. S19B), suggesting that herpesvirus
genes have undergone purifying selec-
tion. Indeed, there seemed to be subclus-

Genome comparison:
N syntenic
inversion
B duplication
I translocation

IO N e e——
ik —— 7 ¥
0Mb 10Mb 20 Mb 30 Mb 40Mb 50 Mb

Figure 4. Structural rearrangements and transposons. Structural rearrangements among the three
medaka strains with annotations of major repetitive elements. Strains are ordered as HNI, Hd-rR, and
HSOK to clearly illustrate that megabase-scale inversions associated with divided centromeric arrays
are specific to HNI. For Chr 11, however, the order is Hd-rR, HNI, and HSOK to highlight a large inversion

specific to Hd-rR.

vary with genome divergence. Moreover, pairwise genome com-
parisons cannot unambiguously assign individual SVs to specific
evolutionary lineages. Additional high-quality outgroup genomes
will be needed to place each SV on a particular branch of the me-
daka phylogeny.

Evolution of Teratorn copies

The giant (180 kb) DNA transposon Teratorn has two subtypes,
which share ~88% sequence identity within their coding regions,
with an ~80 kb inversion in the middle of subtype 2
(Supplemental Fig. S16A). Our new assemblies revealed the com-
plete architecture of Teratorn, showing that the copy number
and composition of each subtype varied among strains, ranging

ters with higher proportion of full-length
Teratorn copies (especially for subtype 1
in Hd-rR) (Fig. 5), implying that full-
length copies exhibit higher propagation
capacity. In contrast, medaka Tol2, one
of the conventional transposons,
showed extremely high sequence identi-
ty between the copies of each strain and
also between the three strains (less than two mutations among
4678 nt aligned regions) (Supplemental Fig. S20) as reported previ-
ously (Ichikawa et al. 2017). Tol2 is thus likely to have recently in-
vaded into medaka populations widely distributed in southeast
Asia (Koga et al. 2000). Taken together, although the underlying
mechanism remains elusive, the transposase gene and the herpes-
virus genes may be coordinately utilized for the propagation of
Teratorn, presumably through virus-like particles in medaka.

Evolution of the Y Chromosome

In our new assemblies, we clearly defined, for the first time, the
Y-differentiating (Y-dif) region as a genomic segment largely ho-
mologous to Chr X but showing sequence or structural divergence.
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Figure 5.

The X/Y-dif regions were identified by reduced male read depth in
X-dif (Fig. 6A) and by almost no female reads in Y-dif
(Supplemental Fig. S21). We focused on Hd-rR and HNI because
the HSOK sex chromosomes were less complete, although the se-
quence accuracy around the Dmy locus in HSOK was supported
by raw reads (Supplemental Fig. S21E). In HNI, the Y-dif region
spans ~23.6 Mb and contains 858 genes, extending beyond the
centromere. In Hd-rR, the primary Y-dif region spans ~11.6 Mb
and contains 596 genes; it does not extend to the centromere,
but instead, two additional small Y-dif regions are present on op-
posite sides of the centromere (Supplemental Tables S7, S8). The
expansion of Y-dif regions along the chromosome is consistent
with theoretical predictions (Kirkpatrick and Guerrero 2014).
Within the Y-dif region, the portions flanking the Y-sp region ex-
hibit extensive structural divergence, especially on the telomeric
side, including large inversions, indels, and long stretches of repet-
itive sequences (Fig. 6B). Beyond these flanking regions, a certain
degree of diversification was broadly detected over the Y-dif region
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Evolutionary relationships of Teratorn copies. Maximum-likelihood trees based on six concat-
enated herpesvirus genes (17,865 ntin total) and 17 host genes (13,803 nt). Branch values indicate sup-
port from 100 replicates. Structural categories of Teratorn copies are shown next to Teratorn copy names.

(Fig. 6A), indicating that the structural
differentiation extends far beyond the
Y-sp region.

A previous study estimated the Y-sp
region of HNI to be ~258 kb, having ex-
panded from the original 43 kb segment
derived from Chr 9 (Kondo et al. 2006).
In our assemblies, we precisely deter-
mined the Y-sp region in the three strains
(250 kb in HNI, 507 kb in Hd-rR, and 351
kb in HSOK) and identified strain-specif-
ic patterns of internal repeats (Supple-
mental Fig. $22). Despite extensive
divergence, comparison of the Y-sp
regions revealed a small, structurally
conserved region surrounding Dmy,
spanning 53 kb (from 0.2 kb upstream
of exonl to 3.1 kb downstream of
exon6) in HNI, 31 kb in Hd-rR, and 24
kb in HSOK. We refer to these conserved
intervals as the candidate “minimum
Dmy cassette” (Fig. 6C). Although further
experimental validation will be required
to confirm its regulatory activity, this
conserved cassette could be sufficient
for Dmy to function as the sex-determin-
ing gene.

Discussion

We uncovered a unique centromere
landscape in medaka that is distinct
from other eukaryotes analyzed so far.
Particularly, the short SF1+3 composite
arrays appear to have been conserved
across all acrocentric chromosomes
among strains since the divergence of
Hd-rR and HNI from HSOK ~10-15
MYA, despite the typically rapid turnover
of centromeric sequences. Although
colocalization of multiple types of cen-
tromeric satellites occurs in other organ-
isms such as primates and plants (Naish
et al. 2021; Logsdon et al. 2024), these

generally form large single arrays and are not conserved among (ac-
rocentric) chromosomes. The 18 nt and 7 nt motifs enriched in
hypomethylated SF1 and SF3 monomers may be analogous to
the mammalian CENP-B box (Masumoto et al. 1989; Kipling
etal. 1995). Multiple hypomethylated regions observed in medaka
are similarly found in humans (Logsdon et al. 2025), potentially
serving as substitutes of functional regions. Comparison of the rel-
ative positions of CDRs within the entire centromeric arrays
among the three strains showed that some chromosomes exhibit-
ed similar CDR distributions, whereas others showed more variable
patterns (Supplemental Fig. S23). Nevertheless, more complete as-
semblies will be necessary to assess the extent to which CDR loca-
tions are conserved among individuals and among strains. These
observations suggest that medaka might possess specific DNA-pro-
tein interactions to stabilize kinetochore attachment. Proving this
hypothesis will be essential for understanding the function and
evolution of vertebrate centromeres and will require further exper-

imental validation.
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= HSOK Y-sp 351 kb

Chr Y represents a transitional stage in
sex chromosome evolution. In contrast,
the small (24-53 kb) conserved region
surrounding Dmy provides a focused can-
didate “minimum Dmy cassette” for
identifying the key cis-regulatory ele-
ments that enabled Dmy neofunctionali-
zation, which could not be resolved in a
previous work (Herpin et al. 2010).

In summary, our complete and
near-complete medaka genomes high-
light unique aspects of medaka genome
biology and provide a precise framework
for future vertebrate genome research in-
cluding comparative, evolutionary, and
functional genomics and studies of geno-
type-phenotype relationships.

Hd-rR Y-sp 507 kb

arrows, transcriptional direction. A 43 kb segment containing Dmrt1 was duplicated and inserted into the

proto-Y Chromosome, giving rise to Dmy.

Teratorn has long persisted in medaka through vertical and,
possibly, occasional horizontal transmission, which could be facil-
itated by its dual nature as both a transposon and a herpesvirus. Its
persistence stands in sharp contrast to the apparent fate of decay
and extinction of the authentic DNA transposons Toll and Tol2
belonging to the hAT superfamily. The long-term survival of
Teratorn can be explained by (1) the preferential retention of intact
copies owing to the requirement of viral particles for propagation
(probably because of its large size); (2) the ability to evade host im-
munity, a common characteristic of herpesviruses; and (3) the

Methods

Sample preparation and sequencing

Three inbred medaka strains, Hd-1R (southern Japan), HNI (north-
ern Japan), and HSOK (Korea), were used in this study. All three
strains were obtained from the Japan NBRP Medaka resource cen-
ter (https://shigen.nig.ac.jp/medaka/).

For PacBio HiFi sequencing, we used whole-body samples ex-
cluding the head, skin, and gut. Male and female samples were pre-
pared separately for each strain. The numbers of fish used were two
males and two females for Hd-rR, two males and three females for
HNI, and one male and one female for HSOK.

For ONT-UL read sequencing, we did not use whole-body
samples because pilot extractions from whole bodies did not yield
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DNA of sufficient length and quantity for ultralong library prepa-
ration. We therefore sought tissues suitable for ultra-high-molecu-
lar-weight DNA extraction. As a result, a combination of heart,
spleen, and testis yielded the best balance between DNA length
and total yield, whereas single tissues alone did not provide suffi-
cient amount of DNA. Hd-rR and HNI tissues from both males and
females were mixed for the UL DNA library, whereas HSOK tissues
were collected only from males. The numbers of fish used were 15
for Hd-rR, 17 for HNI, and 15 for HSOK. Details of sequencing are
provided in the Supplemental Methods.

Genome assembly

For each strain, we assembled HiFi and ONT-UL reads of >50 kb
jointly using Hifiasm v0.19.6 (Cheng et al. 2024) and Verkko
v2.0 (Antipov et al. 2025). Because the strains are inbred, their ge-
nomes were treated as effectively haploid except for sex-specific
regions. Therefore, we specified the “-10” option for Hifiasm
and the “--haploid” option for Verkko. Because Hifiasm contigs
showed higher contiguity, we primarily proceeded with the
Hifiasm assembly, curating it using both Verkko contigs and
raw reads. Initial chromosomal scaffolds, named v3.0.0, were ob-
tained by scaffolding the Hifiasm contigs using RagTag v2.1.0
(Alonge et al. 2022) based on the v2.2.4 assembly (NCBI
Genomes database  [https://www.ncbi.nlm.nih.gov/home/
genomes/] accession number GCF_002234675.1).

Sex-differentiating sequences were identified based on female
and male HiFi read depths. Specifically, sequences whose male
read depths were approximately half of the global average depth
were classified as sex-differentiating sequences. Among these,
sex-differentiating sequences with normal female read depths
were categorized into X-dif, whereas those with almost no female
read depths were designated as Y-dif. We searched for sex-differen-
tiating sequences from not only primary contigs but also alterna-
tive contigs Hifiasm generated. Details of assembly are provided
in the Supplemental Methods.

Semiautomated curation of potentially misassembled regions

We defined potentially misassembled regions (PMRs) in an assem-
bly as intervals flagged by sequence gaps, abnormal ONT-UL read
depth, or local accumulation of homozygous variants detected
from same-strain reads. ONT-UL reads were used preferentially
for these metrics because they provide more unambiguous map-
pings. Additionally, we assessed assembly quality using k-mer
QVs and the annotations of major important elements such as
telomeric and centromeric repeats, tDNA arrays, Teratorn, and
sex-specific sequences.

We fixed PMRs particularly for completing the Hd-rR ge-
nome. First, Verkko contigs were aligned to the scaffolds, and
PMRs were replaced with the corresponding Verkko sequence
when the number of variants detected becomes smaller. Then we
curated most of the remaining PMRs using ONT-UL reads span-
ning each PMR. For each PMR, we selected the spanning ONT-
UL read with the longest flanking sequence as a backbone, aligned
other spanning reads to it, calculated a consensus sequence, and
substituted the consensus for the PMR. Telomeric sequence exten-
sion was performed similarly, except that only one flanking side of
each PMR was available. In the end, we curated remaining small
homozygous variants detected by either HiFi or ONT-UL reads
by taking sequence consensus among mapped reads. We iterated
this small variant correction step twice. Details of assembly cura-
tion are provided in the Supplemental Methods.

Orienting chromosomes

We categorized each chromosome into one of the metacentric,
submetacentric, subtelocentric, acrocentric, and (pseudo-)dicen-
tric. Twelve chromosomes (Chr 1, 2, 7, 8, 9, 11, 12, 13, 18, 19,
22, and 24) were initially oriented from the g-arm to the p-arm
and were therefore reverse-complemented. We named these final
scaffolds as v3.1 assemblies or simply as v3 assemblies. For compat-
ibility, the same 12 chromosomes in the previous v2.2.4 assem-
blies were also reverse-complemented, and we named these
assemblies as v2.3. In this study, when it is clear whether v2.2.4
or v2.3 is being referred to, it is simply called v2.

Inference of protein-coding regions

Protein-coding genes were predicted from the assemblies by inte-
grating three different programs. LiftOff v1.6.3 (Shumate and
Salzberg 2021) was run using the existing protein-coding gene
models in GCF_002234675.1_ASM223467v1_genomic.gff associ-
ated with the v2 Hd-rR assembly. BRAKER3 v3.0.8 (Gabriel et al.
2024) was run using odbl1_actinopterygii_fasta from OrthoDB
(Zdobnov et al. 2021) as hints, as well as short-read RNA-seq align-
ments (NCBI Sequence Read Archive [SRA; https://www.ncbi.nlm
.nih.gov/sra] accession number DRP003809) as evidence. Helixer
v0.3.3 (Holst et al. 2026) was run using the developer-provided
model vertebrate_v0.3_m_0080.h5 with the parameters “--lineage
vertebrate --batch-size 16 --subsequence-length 213840.”

These three gene sets were merged, and genes encoding pep-
tides shorter than 20 amino acids were removed. Completeness of
the annotation was assessed with BUSCO v5.1.2 (Manni et al.
2021) using the actinopterygian BUSCO genes in OrthoDB v10.
Details of gene annotation are provided in the Supplemental
Methods.

Analysis of centromeric monomers

Centromeric arrays in the v3 assemblies were initially decomposed
into monomers with StringDecomposer v1.1.2 (Dvorkina et al.
2020) using the four SF consensus sequences previously defined
in the v2 assemblies. For each chromosome, representative mono-
mers were selected by grouping highly similar (>80%) monomers.
Representative monomers accounting for >1% of all centromeric
monomers on a chromosome were retained.

These chromosome-level representative monomers were
compared by hierarchical clustering and principal component
analysis. Based on the correspondence with the v2 SFs and the
clustering patterns in v3, we redefined medaka centromeric mono-
mers into five SFs. Three v3 SFs corresponded clearly to v2 SF1, SF2,
and SF4 and retained these names. The two additional groups rep-
resented intermediate monomer families between v2 SF1/SF2 and
v2 SF2/SF3 and were designated v3 SF3 and v3 SF5, respectively.
The resulting five SF consensus sequences were then used to rean-
notate centromeric arrays. Monomers with <65% identity to any
SF were treated as divergent monomers.

ICUC centromeric monomers were defined as clusters of
chromosome-level representative monomers with >97% sequence
similarity. Individual monomers were assigned to an ultracon-
served monomer class when their similarity to the corresponding
representative monomer was >99%.

CpG methylation levels derived from ONT-UL reads were
summarized for each centromeric monomer. A raw monomer
was classified as hypomethylated or hypermethylated when the
average CpG methylation level across its CpG sites was <30% or
>70%, respectively. A representative monomer was classified as
hypomethylated or hypermethylated when the corresponding
class was more frequent among the raw monomers assigned to
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it. CDRs were detected from 10 kb sliding-window methylation
profiles within each array. Partial order alignment graphs were
constructed for SF1 and SF3 from each SF consensus sequence
and its representative monomers. Details of centromere analysis
are provided in the Supplemental Methods.

Teratorn analysis

Teratorn insertions were screened in the three medaka genomes us-
ing 1000 nt terminal sequences from both ends of a Teratorn copy
as queries. Each Teratorn copy was defined as the interval between
the left and right terminal inverted repeats (TIRs). Copies overlap-
ping PMRs were removed in HSOK. Subtype 1 and subtype 2
Teratorn copies were analyzed separately because their terminal se-
quences share little sequence identity. Structural categorization
was performed based on dot plots between each copy and a repre-
sentative full-length copy. ORFs were identified using ORFFinder
(https://github.com/Chokyotager/ORFFinder).

Sequences of six herpesvirus core genes, piggyBac-like transpo-
sase, ORF56, Tol2, and 17 host genes (Betancur-R. et al. 2013) were
obtained from the three medaka genomes and the genome of
Oryzias curvinotus. Multiple alignments were built up for each
gene, and alignments were concatenated for copies containing at
least five of the six herpesvirus core genes. Maximum-likelihood
trees were constructed from these alignments, with branch sup-
port estimated from 100 replicates.

Nonsynonymous-to-synonymous ratios (dn/ds) for the six
concatenated herpesvirus genes were calculated for each medaka
inbred strain and each Teratorn subtype. Consensus sequences
were generated from multiple alignments, and dn/ds values were
calculated by comparing each copy with the corresponding con-
sensus sequence using the Nei-Gojobori model. Details of
Teratorn analysis are provided in the Supplemental Methods.

Comparative analysis of genomes and sex chromosomes

Genome-wide structural rearrangements were computed using
SyRI v1.6.3 (Goel et al. 2019) with the parameter “-x asmS5” for
genome alignments and were visualized using pyGenomeViz
(https://github.com/moshi4/pyGenomeViz; v1.5.0).

Y-dif sequences were identified in each strain based on sex-
specific HiFi read depths. Y-sp sequences were identified from
the insertion signature in the alignment plot between the X- and
Y-dif sequences. Internal repeats were identified with
RepeatMasker (http://www.repeatmasker.org; v4.1.5). The Dmy
gene was identified from the gene annotation by mapping the pre-
viously known Dmy transcript sequence of HNI (NCBI:
AB071534.1). Dmy amino acid sequences were compared among
the v3 assemblies and the previously registered HNI sequence
(NCBI: BAB92012.1). Synteny of regions containing X- and Y-dif
sequences was calculated with SyRI and visualized with
pyGenomeViz. Details of sex chromosome analysis are provided
in the Supplemental Methods.

Data access

All raw sequencing reads and genome assemblies generated in this
study have been submitted to the DDB]J BioProject database (https
://www.ddbj.nig.ac.jp/bioproject/) under accession number
PRJDB19938. Supplemental data and code are available on
Zenodo (https://doi.org/10.5281/zen0do.15551132) and in the
Supplemental Code.
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