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technologies [2], yet production and sustainability chal-
lenges remain [3].

Genetic improvement through selective breeding and 
genetic engineering has emerged as a promising strategy 
for enhancing production efficiency in fish farming [4]. 
Thus, a high-quality species genome assembly is critical 
to support these genetic improvement efforts. Although 
recent progress in sequencing technologies has provided 
valuable genomic insights applicable to basic fish sci-
ence [5] and aquaculture practices [4], genomic informa-
tion on tuna remains limited. For example, as a model of 
tuna species, the current Pacific bluefin tuna, Thunnus 
orientalis (NCBI: txid8238) genome assembly (GenBank 
accession: GCA_021601225.2, hereafter referred to as 
the “TUNAREF2023”) [6] remains fragmented (scaffold 
N50 = 13 Mb) and is not assembled to the chromosome 
level. High-resolution linkage maps are essential tools in 

Background
Tuna (Thunnus spp.) is among the most valuable fish for 
human consumption, with bluefin tuna being particu-
larly prized for its high market demand and value [1]. 
Full-cycle aquaculture of bluefin tuna has been achieved 
through advances in larval rearing and juvenile grow-out 
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Abstract
Background  High-quality reference genomes are fundamental for selective breeding and genetic engineering 
to improve aquaculture productivity. Here, we report an improved chromosome-level genome assembly of Pacific 
bluefin tuna (Thunnus orientalis), a commercially valuable species consumed worldwide. By integrating genetic 
linkage information from interspecific hybrids of Euthynnus affinis and T. orientalis, we anchored and oriented T. 
orientalis scaffolds into 24 pseudochromosomes.

Results  The updated assembly achieved a scaffold N50 of 34.19 Mb, representing a notable improvement from 
13.3 Mb, and contained 22,640 predicted protein-coding genes.

Conclusions  This resource provides a robust genomic foundation for future genetic and genomic studies to advance 
the selective breeding of T. orientalis in aquaculture.

Keywords  Pacific bluefin tuna, Aquaculture, Genome annotation, Linkage map, Genome improvement

Genome refinement in Pacific bluefin tuna 
(Thunnus orientalis): chromosome-level 
assembly using hybrid linkage data
Xi Fu1, Daiki Saka1, Kazutoshi Yoshitake2, Taiju Saito3, Milos Havelka3, Osamu Nishimiya3, Takahiro Matsubara3, 
Rie Goto3, Toshinao Ineno4 and Shuichi Asakawa1*

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1186/s12864-026-12856-y
http://crossmark.crossref.org/dialog/?doi=10.1186/s12864-026-12856-y&domain=pdf&date_stamp=2026-4-21


Page 2 of 9Fu et al. BMC Genomics          (2026) 27:524 

genetics and genomics, and support applications such 
as comparative genome analysis and genome scaffold-
ing [7]. One of the main challenges in linkage analysis 
is accurately distinguishing haplotypes, which typically 
requires high-depth sequencing (over 10× coverage) 
across numerous individuals to reliably resolve hetero-
zygosity. In contrast, haploid individuals, such as those 
produced through gynogenesis or androgenesis, require 
only a single read per polymorphic site to determine the 
haplotype, thereby substantially reducing the sequenc-
ing effort required [8]. Similarly, in interspecific hybrids, 
sequence divergence between parental genomes enables 
the clear assignment of sequencing reads to either mater-
nal or paternal origin. This haploid-equivalent resolution 
of single-nucleotide polymorphisms (SNPs) facilitates 
straightforward haplotype determination and allows the 
independent construction of linkage maps for both dip-
loid parents [9, 10].

Here, we leveraged F1 interspecific hybrids between 
T. orientalis and Euthynnus affinis to anchor and orient 
scaffolds of the TUNAREF2023 assembly onto pseudo-
chromosomes, producing a chromosome-level genome 
assembly. The final assembly comprised 192 scaffolds, 
including 24 chromosome-scale scaffolds, with a scaffold 
N50 of 34.19  Mb and 22,640 predicted protein-coding 
genes. Of the 580 scaffolds in the TUNAREF2023 assem-
bly, 421 were successfully integrated into the pseudo-
chromosomes using the SELDLA approach, whereas 
the remaining scaffolds, for which neither orientation 
nor chromosomal position could be reliably determined, 
were retained as unanchored sequences in our assem-
bly. This improved genomic resource provides a robust 
foundation for future studies on the genomics, selective 
breeding, and conservation of T. orientalis.

Materials and methods
Generation and sequencing of hybrids
Interspecific hybrids of E. affinis and T. orientalis were 
generated to establish haploid linkage evidence. Specifi-
cally, eggs from a single E. affinis female were artificially 
fertilized with cryopreserved T. orientalis sperm. After 
1–2 h, eggs undergoing cleavage were selected and trans-
ferred to a hatching tank maintained at 24 °C. Approxi-
mately 36–40 h post fertilization, 200 hatched individuals 
were collected and preserved in 100% ethanol [11]. The 
animal study protocol was reviewed and approved by 
the Animal Care Committee of Ehime University and 
the Animal Experimentation Committee of the Gradu-
ate School of Agricultural and Life Sciences, University of 
Tokyo.

Genomic DNA was extracted from each F1 hybrid 
using a NucleoSpin Tissue XS kit (Macherey-Nagel, 
Düren, Germany). Sequencing libraries were con-
structed using the Nextera DNA Library Preparation 

and Nextera Index kits (Illumina, San Diego, CA, USA) 
following the manufacturer’s protocol. Sequencing was 
performed on an Illumina HiSeq X Ten instrument to 
generate 150 bp paired-end reads. Quality-filtered reads 
were then aligned with BWA mem v.0.7.15 [12] using 
default parameters to a reference genome generated by 
combining the E. affinis genome (GenBank accession: 
GCA_019973915.1) with the “TUNAREF2023” reference. 
The aligned reads were sorted using SAMtools v.1.17 
[13], and variant calling was conducted using BCFtools 
[13], using the mpileup and call commands with multial-
lelic-caller and variant-only flags (-mv).

Genome elongation using linkage analysis
Informative SNPs were extracted from specific regions 
by omitting regions where reads were mapped to male 
T. orientalis and female E. affinis genomes. Next, the 
SNPs were confirmed to be heterozygous in the T. orien-
talis genome. SNPs present in less than 30% of hybrids 
were removed, with those in which the minor allele was 
found in less than 30% of the hybrids (i.e., with the major 
allele appearing in more than 70% of the hybrids). Het-
erozygous SNPs in more than 10% of the individuals were 
suspected to be multi-copy genes and were excluded. 
The extracted SNPs were input into SELDLA v.2.3.0 
for linkage analysis using the following options: DP = 0 
--GQ = 0–r 1000 --cs = 2 --mode=crossbreed.

Repeat annotation
Homology-based and de novo strategies have been used 
to identify repetitive sequences in the SELDLA-extended 
T. orientalis genome. A de novo repeat library was gen-
erated using RepeatModeler v.2.0.5 [14] with default 
parameters. The SELDLA-extended T. orientalis assem-
bly was subsequently screened for repeats using Repeat-
Masker v.4.1.7 in two runs using (i) a de novo-generated 
repeat library and (ii) the Dfam database (release 3.8) 
under the vertebrate category [15, 16]. The results of both 
runs were integrated into a repetitive sequence library. 
Using this repeat database, repetitive sequences were 
identified by homology searches using RepeatMasker and 
rmBLASTn.

Gene prediction and functional assignment
Gene predictions were conducted using the BRAKER3 
pipeline with RNA-seq and protein data [17]. In detail, 
RNA sequencing datasets for T. orientalis (Supple-
mentary Material 4 -Table S1) were obtained from the 
Sequence Read Archive database [18]. The RNA-Seq 
datasets were quality-controlled using Trim_Galore 
v.0.6.10 (​h​t​t​p​​s​:​/​​/​g​i​t​​h​u​​b​.​c​​o​m​/​​F​e​l​i​​x​K​​r​u​e​g​e​r​/​T​r​i​m​G​a​l​o​r​
e). The trimmed reads were aligned to the ​S​E​L​D​L​A​-​e​x​t​
e​n​d​e​d T. orientalis genome using STAR v.2.7.11b (STAR, 
RRID: SCR_004463) [19]. For homology-based gene 
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prediction, the full genome-retrieved proteins of the four 
tuna species (Supplementary Material 4 - Table S2, upper 
part) were retrieved from the Ensembl database [20] or 
NCBI RefSeq [21]. The BRAKER3 pipeline was used, in 
which GeneMark-ETP integrates both transcriptional 
and protein-based hints to identify ‘high-confidence’ 
genes. These were subsequently used by AUGUSTUS 
v.3.5.0 for gene model prediction. Finally, the gene pre-
dictions from AUGUSTUS and GeneMark-ETP were 
merged and refined using TSEBRA [22]. BRAKER3 was 
run using the following additional parameters: -gff3-
min_contig = 10000.

For functional annotation of the predicted genes, pro-
tein sequences generated by BRAKER were queried 
against the Swiss-Prot and NCBI non-redundant (nr) 
protein databases (downloaded November 2024) using 
BLASTP with a minimum sequence identity threshold of 
30% and an E-value cutoff of 1e-6. Protein domains were 
predicted using InterProScan v.5.71 [23] with default 
parameters, and the associated Gene Ontology (GO) 
terms were retrieved from the corresponding InterPro 
entries. Kyoto Encyclopedia of Genes and Genomes 
(KEGG) orthology (KO) annotations were assigned using 
KofamKOALA [24], applying an E-value threshold of 
1e-6. To categorize GO terms into three major functional 
domains (biological processes, molecular functions, and 
cellular components), the ontology structure was pro-
vided in the go-basic.obo file was parsed using the GOA-
TOOLS library [25].

Quality assessment
To assess the completeness of the SELDLA-extended 
T. orientalis assembly, two approaches were used: (1) 
evaluation based on complete Core Vertebrate Genes 
(CVGs) [26] and (2) BUSCO. First, 233 complete CVGs 
were confirmed using gVolante [27]. Second, the acti-
nopterygii_obd12 lineage dataset (creation date: 2025-
04-11, number of genomes: 75, number of BUSCOs: 
7,207) was used to run BUSCO v.5.8.2 [28] in genome 
mode for the SELDLA-extended T. orientalis assembly. 
To assess the accuracy of scaffold arrangement in the 24 
pseudochromosomes, the genomic locations of single-
copy orthologs were compared between T. orientalis 
and Japanese medaka (Oryzias latipes) (GenBank acces-
sion: GCF_002234675.1). The comparison was visualized 
using Circos v0.69- 8 (Circos, RRID: SCR_011798) [29]. 
Only complete and unduplicated orthologs co-identified 
using BUSCO across the two species were selected for 
comparison.

Comparative genomic analysis of orthologs
Orthologous relationships were inferred using Ortho-
Finder v.3.0.1 b1 [30] by comparing the predicted genes 
in T. orientalis with those from the following eight 

representative fish species listed in Table S2 (Supplemen-
tary Material 4): zebrafish (Danio rerio), climbing perch 
(Anabas testudineus), tiger tail seahorse (Hippocampus 
comes), Japanese medaka (Oryzias latipes), Yellowtail 
amberjack (Seriola lalandi), three-spined stickleback 
(Gasterosteus aculeatus), southern bluefin tuna (Thunnus 
maccoyii), and yellowfin tuna (Thunnus albacares). The 
results were visualized using ComplexUpset [31].

Results
Sequencing summary
Sequencing of interspecific hybrid individuals gener-
ated a total of 390 Gb of reads. When the reads derived 
from hybrid individuals were mapped separately to 
each parental genome, the mean mapping rates were 
90.28% for the E. affinis genome and 90.52% for the T. 
orientalis reference genome (TUNAREF2023), indicat-
ing no strong mapping bias toward either parent. When 
mapped to the combined E. affinis and TUNAREF2023 
reference genome, the overall mapping rate increased to 
94.2%,reflecting the mixed genomic origin of the hybrid 
reads. Reads derived from each parental genome pref-
erentially align to their corresponding homologous 
sequences, reducing the impact of interspecific diver-
gence on read mapping.

Chromosome-level assembly using linkage map data
A total of 4,048,459 SNPs specific to T. orientalis were 
used for linkage analysis using SELDLA. The final 
SELDLA-extended T. orientalis assembly (GenBank 
accession No. GCA_055472215.1) comprised 192 scaf-
folds, including 24 chromosome-scale scaffolds larger 
than 10 Mb, corresponding to the expected karyotype 
of T. orientalis (n = 24) [32] (Supplementary Mate-
rial 4 - Table S3). The remaining 168 scaffolds were 
shorter sequences that could not be anchored to the 
chromosome-scale scaffolds and are therefore retained 
as unplaced scaffolds in the current assembly. The 
SELDLA-extended assembly had a total N50 of 34.19 
Mb, with the longest scaffold measuring 42.02 Mb. The 
total assembly size was 795.65 Mb, corresponding to 
99.3% of the estimated genome size (~ 800 Mb) [33]. The 
chromosome-level scaffolds cover 791.84 Mb (99.55%) of 
the total sequences in the new assembly. This assembly 
yielded a 3-fold increase in average scaffold length and 
a 2.6-fold increase in the N50 scaffold compared to the 
“TUNAREF2023.”

To assess the distribution of scaffolds within the pseu-
dochromosomes, each sub-scaffold inherited from the 
TUNAREF2023 assembly was categorized as either 
“Located only” or “Located and Oriented” according to 
our linkage information. In cases where the scaffolds were 
subdivided into fragments and assigned to different pseu-
dochromosomes, their contributions were normalized 
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against the length of the parent scaffold. The placement 
of scaffolds from the TUNAREF2023 assembly across the 
24 pseudochromosomes is summarized (Table 1; Supple-
mentary File S1). For each chromosome, the number of 
scaffolds assigned, the total sequence length of scaffolds 
that were both located and oriented versus those that 
could only be localized, and the proportion of sequences 
in each category are reported. This provides a genome-
wide overview of the anchoring process, highlighting that 
most of the sequences were not only placed but also con-
fidently oriented by linkage information.

Repeat and gene set annotations
Repetitive sequences in the T. orientalis genome 
were annotated using a combination of ab initio– and 
homology-based approaches. In total, repetitive ele-
ments (REs) accounted for 30.41% (~ 242  Mb) of the 
SELDLA-extended T. orientalis assembly (Table  2; 
Supplementary Material 4 - Table S4). The most abun-
dant categories were long interspersed nuclear elements 
(LINEs; 25.8 Mb, 3.24%) and DNA transposons (17.0 Mb, 
2.14%). Repetitive elements were unevenly distributed 
along the chromosomes, and the largest fraction (21.9%) 
remained classified as “unclassified,” indicating the 

presence of lineage-specific or highly diverged repeats 
requiring further characterization. A clear negative cor-
relation was observed between repeat density and gene 
density across non-overlapping 100-kb windows in chro-
mosome-scale scaffolds (Fig. 1, tracks d and e).

To further characterize the unplaced scaffolds, we 
examined their repeat content using RepeatMasker 
annotations. Repetitive elements accounted for approxi-
mately 30.0% of the total length of the chromosome-scale 
scaffolds (237.2 Mb of 791.8 Mb), whereas unplaced scaf-
folds were strongly enriched in repetitive sequences, with 
repeats comprising approximately 87.4% of their total 
length (3.32 Mb of 3.80 Mb). These results indicate that 
the unplaced scaffolds largely consist of highly repetitive 
and likely non-coding regions, which are intrinsically dif-
ficult to anchor and orient at the chromosome scale. This 
enrichment of repetitive elements in unplaced scaffolds 
provides a plausible explanation for the high complete-
ness of the predicted proteome despite the presence of 
residual unanchored sequences.

A total of 22,640 putative protein-coding genes were 
predicted (producing 30,446 transcript isoforms due to 
alternative splicing), covering approximately 35% of the 
T. orientalis genome (Table  2). Functional annotation 

Table 1  Summary of scaffold placement and orientation using linkage analysis
Chromosome #TUNAREF 2023 Scaffolds Mb Oriented Mb Located-only Total Mb % Oriented % Located-only
LG01 22 38.32 0.76 39.08 98.1 1.9

LG02 11 20.9 0.52 21.42 97.6 2.4

LG03 25 39.61 1.78 41.39 95.7 4.3

LG04 22 35.1 0.79 35.89 97.8 2.2

LG05 14 38.24 0.31 38.55 99.2 0.8

LG06 15 34.59 1.11 35.71 96.9 3.1

LG07 28 34.19 1.79 35.98 95 5

LG08 9 29.38 1.22 30.6 96 4

LG09 45 33.81 2.9 36.71 92.1 7.9

LG10 14 34.94 0.46 35.4 98.7 1.3

LG11 10 30.16 0.54 30.7 98.2 1.8

LG12 12 31.94 0.5 32.44 98.5 1.5

LG13 17 30.71 5.62 36.33 84.5 15.5

LG14 17 32.05 0.51 32.56 98.4 1.6

LG15 5 31.59 0.17 31.76 99.5 0.5

LG16 27 33.62 1.1 34.71 96.8 3.2

LG17 18 31.45 1.39 32.84 95.8 4.2

LG18 30 25.26 2.07 27.33 92.4 7.6

LG19 18 27.89 0.88 28.77 97 3

LG20 16 27.99 0.19 28.18 99.3 0.7

LG21 8 33.82 0.24 34.06 99.3 0.7

LG22 4 30.37 0.13 30.51 99.6 0.4

LG23 17 26.01 0.67 26.68 97.5 2.5

LG24 17 29.68 0.6 30.27 98 2

Total 421 761.62 26.25 787.87 96.7 3.3
For ease of presentation, the chromosome names are shown as LG01, LG02, …. These names correspond to the official chromosome identifiers in the NCBI-submitted 
assembly (e.g., C0000000001_linkage_scaffold_1, C0000000002_linkage_scaffold_2) as well as those listed in Supplementary File S1. Genome-wide totals are 
provided in the last row. Detailed per-scaffold information is available in Supplementary File S1
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assigned at least one database hit to 22,410 genes 
(98.98%), based on searches against multiple protein 
databases (Supplementary Material 4 - Table S5). Specifi-
cally, 13,587 genes were annotated with KEGG Orthology 
(KO) terms, corresponding to 8,509 unique KO entries 
(Supplementary File S2), and 18,137 genes were associ-
ated with at least one Gene Ontology (GO) term, repre-
senting 6,901 unique GO terms (Supplementary File S3).

The number of predicted protein-coding genes in T. 
orientalis was comparable to those reported for closely 
related scombrid species, including yellowfin tuna (T. 
albacares; 24,623 genes), eastern little tuna (E. affinis; 
23,059 genes), and southern bluefin tuna (T. maccoyii; 
24,659 genes) (Supplementary Material 4 - Table S2). 
Although the predicted gene number was lower than that 
of a previously reported T. orientalis annotation (26,433 
genes) [34], the current assembly represents a substantial 

improvement in quality (N50 increased from 8.2 kb to 
34.19 Mb).

Data validation
The quality and completeness of the SELDLA-extended 
T. orientalis genome assembly were evaluated using mul-
tiple independent approaches. First, 230 of 233 (98.7%) 
CVGs [26] were identified, indicating high completeness 
at the assembly level. Consistently, BUSCO analysis of 
the genome assembly recovered 7,085 complete BUS-
COs (98.3%), including 7,020 single-copy (97.4%) and 
65 duplicated (0.9%) BUSCOs (Table 2), supporting the 
overall contiguity and completeness of the assembled 
genome.

Comparative synteny analysis further demonstrated 
structural consistency between T. orientalis and Oryzias 
latipes, with 6,727 of 6,773 single-copy orthologs local-
ized to corresponding chromosomes in both species 
(Fig.  2). Accordingly, 24 scaffolds longer than 10  Mb in 
the T. orientalis assembly were concordantly numbered 
with O. latipes chromosomes (Figure S1).

The completeness of the predicted gene set was sepa-
rately assessed using BUSCO, which identified 6,378 
complete BUSCOs (88.5%) out of 7,207 actinopterygian 
single-copy orthologs (Table  2). This analysis revealed a 
notable proportion of duplicated (19.5%) and fragmented 
(2.2%) BUSCOs, together with 9.3% missing BUSCOs, 
indicating incomplete recovery of conserved coding 
genes at the gene model level despite the high complete-
ness of the underlying genome assembly.

Orthogroup clustering across nine teleost species 
grouped 218,379 genes into 21,668 orthogroups, of which 
11,437 orthogroups were conserved across all examined 
species (Fig. 3). Among the 22,640 predicted genes in T. 
orientalis, 21,428 genes (94.6%) were assigned to 17,807 
orthogroups, and 323 orthogroups were unique to scom-
brid species (T. albacares, T. maccoyii, and T. orienta-
lis). In contrast, 761 orthogroups conserved in the other 
teleost species were not detected in T. orientalis, likely 
reflecting a combination of incomplete gene recovery and 
potential lineage-specific gene loss.

Although 98.98% of the predicted genes were assigned 
at least one functional annotation, the BUSCO and ortho-
group analyses indicate that the recovered gene set does 
not fully represent the expected conserved actinopteryg-
ian coding repertoire. Therefore, the high annotation hit 
rate reflects comprehensive annotation of the recovered 
gene models, rather than complete coverage of all con-
served genes. This limitation should be taken into con-
sideration when interpreting functional and comparative 
genomic analyses based on the current gene annotation.

Table 2  Genome assembly statistics and annotation of the 
Thunnus orientalis genome
Genome assembly Value
Number of sequences 192

Total length (bp) 795,647,880

N50 (bp) 34,195,991

Max scaffold length (bp) 42,023,264

GC content (%) 39.67

Number of gaps 665

BUSCO (%) C = 98.3; S = 97.4; D = 0.9;
F = 0.8; M = 0.9

Repeats annotation Value
SINEs (bp) 1,533,091 (0.19%)

LINEs (bp) 25,797,628 (3.24%)

LTR elements (bp) 3,249,944 (0.41%)

DNA transposons (bp) 17,004,590 (2.41%)

Simple repeats (bp) 17,103,504 (2.15%)

Low complexity (bp) 2,638,066 (0.33%)

Small RNA (bp) 1,411,561 (0.18%)

Unclassified (bp) 174,264,846 (21.9%)

Total (bp) 241,985,022 (30.41%)

Gene annotation
Number of predicted genes 22,640

Average gene length (bp) 12,400

Average CDS length (bp) 1,807

Average exon per transcript 11

Percent of the genome covered by genes 35

BUSCO C = 88.5; S = 69; D = 19.5;
F = 2.2; M = 9.3

Functional annotation total 22,410 (98.98%)
Swissport 19,942 (88.07%)

TrEMBL 22,144 (97.81%)

NCBI nr 21,207 (93.67%)

InterPro 20,374 (89.99%)
BUSCO benchmarking universal single-copy orthologs, C complete, S complete 
and single copy, D complete and duplicated, F fragmented, M missing, 
LINEs long interspersed nuclear elements, LTR long terminal repeat, SINEs short 
interspersed nuclear elements, CDS coding DNA sequence
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Conclusions
The new chromosome-level T. orientalis genome assem-
bly presented herein has a scaffold N50 of 34.19  Mb, 
98.3% BUSCO completeness, and 22,640 annotated 
genes, representing a step forward compared to the pre-
vious assembly. Of the 22,640 protein-coding genes, 
4,677 (20.65%) contained putative, alternative, spliced 
transcripts. The availability of chromosome-level 
genome assemblies is expected to support applied and 

fundamental research, particularly the genetic improve-
ment of this commercially valuable fish species.

Fig. 1  Circos plot depicting genome features across the 24 Thunnus orientalis chromosomes. a T. orientalis chromosomes (LG01–LG24 on an Mbscale). 
b Short-read coverage plot. Coverage within 2 SD of the mean is shown as grey circles. Abnormal sequence coverage (± 2 SD from the mean) isindicated 
with a red square or triangle, respectively. c GC content (percentage). d Distribution of repeat elements: DNA transposons (light orange bar),LINEs (yel-
low bar), LTRs (green bar), and SINEs (black bar). e Gene density. A window size of 1 Mb was used for tracks (d) and (e), 0.1 Mb for track (c), and 0.2 Mb for 
track (b)
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Fig. 2  Chromosome-level synteny between Thunnus orientalis (right, LG01–LG24) and Japanese medaka, Oryzias latipes (left, O.01–O.24) based on 
6,773complete single-copy orthologs
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