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PUBLIC SUMMARY

= We generated the first telomere-to-telomere (T2T) genome assembly of Atlantic salmon.
= The assembly showed high continuity and contained 15 complete T2T chromosomes.

= This Atlantic salmon genome assembly provides a key resource for selective breeding.
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Atlantic salmon is one of the world's most valuable aquaculture species,
providing substantial economic and nutritional benefits. In China, the iden-
tification of the Yellow Sea Cold Water Mass has enabled offshore salmon
farming and supported the development of innovative deep-sea aquaculture
platforms such as Deep Blue No. 1. However, the lack of a gap-free telomere
-to-telomere (T2T) reference genome has limited progress in population
genetics, functional genomics, and genetic improvement programs, including
ICSASG_v2 and Ssa_v3.1, contained unresolved gaps and collapsed dupli-
cated regions. To overcome these constraints, we integrated PacBio HiFi
long reads, ultra-long Oxford Nanopore reads, and Hi-C scaffolding to
generate a T2T genome assembly (MGB-Salmon-T2T-v1.0) with a contig
N50 of 101.69 Mb and scaffold N50 of 114.45 Mb, representing a substantial
advance in genome continuity and completeness. This work provides the
first T2T genome assembly of Atlantic salmon, marking a major milestone
in aguaculture genomics and establishing a powerful foundation for selective
breeding of this globally important species. Furthermore, constructing a
species-wide catalogue of genetic variants represents a critical step toward
comprehensive functional genome annotation and underpins the ongoing
international FarmGTEx project, which aims to link genetic variation with
regulatory activity, tissue-specific expression, and phenotypic outcomes.

INTRODUCTION

Aquaculture is increasingly important for ensuring global food security and
meeting the growing demand for seafood, with aquaculture products
accounting for 52% of global fish consumption in 2018 and projected to
reach 59% by 2030.'* Atlantic salmon (Salmo salar), the second most valu-
able farmed aquatic species after shrimp, has undergone decades of selec-
tive breeding for growth, disease resistance, and flesh quality.”* Norway
dominates global production, contributing approximately 55% of total output,
while salmon farming has expanded to other high-latitude regions such as
Canada and the United Kingdom.”™" In China, the discovery of the Yellow Sea
Cold Water Mass and associated technological advances enabled the first
successful open-ocean harvest from the "Deep Blue No.1" platform in 2021,
overcoming previous constraints imposed by heat stress "' As a high-value
source of protein and omega-3 fatty acids, Atlantic salmon represents an
important species for climate-smart aquaculture, where continued genetic
improvement is essential for enhancing resilience, reducing environmental
impacts, and supporting sustainable industry growth."

Selective breeding and genomic selection have substantially accelerated
genetic gains in Atlantic salmon breeding programs.'*~"* However, the effec-
tiveness of genomic selection remains constrained by incomplete characteri-
zation of regulatory variants, unresolved structural variation, and limited
understanding of the molecular basis of complex traits. Successive improve-
ments in reference genomes, from ICSASG_v2 to Ssa_v3.1 and additional
lineage-specific chromosome-level assemblies, have markedly enhanced
genome quality and revealed extensive genomic diversity within the species.'®
Nevertheless, a true telomere-to-telomere (T2T) Atlantic salmon genome is
still lacking. This limitation hampers comprehensive identification of struc-

tural variants, accurate annotation of regulatory elements, and elucidation of
the genetic architecture underlying economically important traits and disease
susceptibility. Recent studies and the FarmGTEx white paper have high-
lighted the importance of T2T genomes for integrative functional genomics
and precise regulatory variant annotation in livestock species, including cattle,
pigs, chickens, and sheep.'*™ Establishing a T2T genomic framework for
Atlantic salmon is therefore critical for advancing genomic selection, genome
editing, and sustainable breeding strategies.

In this study, we present the first T2T genome assembly for Atlantic
salmon, providing a comprehensive and highly contiguous genomic refer-
ence for this economically important species. By resolving previously
collapsed, repetitive, and duplicated regions, this assembly substantially
improves genome completeness and enables more accurate characterization
of complex genomic features that remained inaccessible in earlier references.
This high-quality genomic resource provides a robust foundation for studies
of genome structure, evolution, and functional variation, while facilitating the
identification of genetic determinants underlying key aquaculture traits. Ulti-
mately, the T2T genome offers an important resource for developing more
precise and effective genomic-assisted breeding strategies in Atlantic
salmon.

MATERIALS AND METHODS
Sample collection and sequencing

A 1.5-year-old female Atlantic salmon (S. salar) from a commercial farm in
Yantai, Shandong Province, China, was used for genome assembly and
annotation. Brain, liver, heart, spleen, skeletal muscle, and gonad tissues were
collected, flash-frozen in liquid nitrogen, and stored at -80°C. High-molecular-
weight DNA extracted from muscle tissue was used for PacBio HiFi, Oxford
Nanopore ultra-long (ONT), Hi-C, and genome survey sequencing. ONT
libraries were prepared using the SQK-LSK114 kit and sequenced on R10.4.1
flow cells”’ Base calling was performed using Dorado v0.9.1 with the
dna_r10.4.1_e8.2_400bps_sup@v5.0.0 model. PacBio libraries with 15—20 kb
inserts were sequenced on the PacBio Revio platform in circular consensus
sequencing (CCS) mode to generate highly accurate HiFi reads. Hi-C libraries
were constructed following,” involving formaldehyde cross-linking, Mbol
digestion, biotin labeling, proximity ligation, and paired-end sequencing on the
DNBSEQ platform. Total RNA was extracted from brain, liver, heart, spleen,
skeletal muscle, and gonad tissues using TRIzol reagent (Invitrogen). Subse-
quently, paired-end short-read sequencing was performed on the NovaSeq
6000 platform, and Iso-Seq long-read sequencing was conducted on the
PacBio Revio platform.

Genome assembly and annotation

Ultra-long ONT reads were filtered using SegKit v2.9.0 to retain reads > 70
kb with Q-scores > 15 and assembled using Hifiasm v0.24.0 with ONT
support enabled.”**" Hi-C reads were mapped to the draft assembly using
Juicer v1.5.7,” followed by scaffolding and misassembly correction using 3D-
DNA and manual inspection in Juicebox. To improve assembly continuity,
additional assemblies generated from more stringent ONT datasets (> 80
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Figure 1. Geographic distribution map of all collected sample data.

kb/Q18 and > 90 kb/Q18) were incorporated for error correction and gap filling
using Quartet v1.2.5.”° Chromosome-scale scaffolds from alternative assem-
blies were used to replace corresponding regions when necessary. Final
polishing was performed with NextPolish v0.2.1 using PacBio HiFi and Illu-
mina short reads.”” Telomeric sequences were identified using TeloExplorer
implemented in Quartet.

Repetitive sequences were annotated using combined de novo and struc-
ture-based approaches. Long terminal repeat retrotransposons (LTR-RTs)
were identified using LTRfinder and refined using LTR_retriever. Additional
repeat families were generated using RepeatModeler v2.0.5, and redundant
sequences were removed using CD-HIT v4.8.1. The resulting non-redundant
repeat library was used by RepeatMasker v4.1.7 to annotate genome-wide
repetitive elements.

Genome annotation integrated ab initio prediction, homology-based
evidence, and transcriptomic support. Initial gene prediction was conducted
using BRAKER v3.0.8, incorporating protein homology from Danio rerio,
Oncorhynchus kisutch, Epinephelus lanceolatus, and Centropristis striata,
together with RNA-seq data. To maintain compatibility with previous genome
resources, annotations from the Ssa_v3.1 reference genome were trans-
ferred using Liftoff.”” Low-confidence gene models, including unsupported
single-exon genes and genes containing internal stop codons, were removed
using GFFread.” To further improve annotation quality, full-length Iso-Seq
transcripts were processed using the IsoSeq3 pipeline. Following primer
removal using lima and transcript refinement, high-quality isoforms were
aligned to the genome using pbmm?2 and integrated into PASA v2.5.3 to
refine exon-intron structures and annotate untranslated regions (UTRs).

Variant detection and population genomic analyses

Whole-genome resequencing data from 1,399 Atlantic salmon individuals
(Figure 1 & Table ST) were processed using FastQC (https://github.com/s-
andrews/fastqe) and Trimmomatic v0.39.°' Clean reads were aligned to the
Ssa_v3.1 reference genome using BWA-MEM,** and duplicate reads were
removed using Picard implemented in GATK v4.2.3.* Variants were called
using GATK HaplotypeCaller and jointly genotyped using GenotypeGVCFs.
Variant quality score recalibration (VOSR) was applied, and SNPs were further
filtered using the following criteria: QD < 2.0, FS > 60.0, MQ < 40.0,
MQRankSum < -12.5, ReadPosRankSum < -8.0, and SOR > 3.0. Biallelic
SNPs with sequencing depth > 5 were retained using VCFtools,™ followed by
additional filtering using PLINK v1.90 to exclude variants with minor allele
frequency < 0.01 or call rates < 0.8.% After quality control, approximately 42
million high-confidence SNPs were retained for downstream analyses.

Selective sweeps within populations were identified using SweeD based on

composite likelihood ratio (CLR) tests.” CLR values were calculated in 10-kb
windows across each chromosome, and candidate regions were defined as
the top 1% of the empirical distribution. Population differentiation was
assessed using Weir and Cockerham's Fst statistic implemented in VCFtools
with 40-kb sliding windows and 10-kb step sizes. Cross-population selective
sweeps between the Guoxing strain and Norwegian wild populations were
further evaluated using XP-CLR with 40-kb windows, 10-kb steps, and a
minimum of five SNPs per window.”’

Gene enrichment analysis

According to genome annotation, candidate genes under selection were
defined as those located within or overlapping regions showing selection
signatures. To understand the biological significance of selection signatures,
we performed gene ontology (GO) enrichment analysis on differentially
expressed genes using the GOstats tool from the Bioconductor package.”
GO terms with a corrected P-value < 0.05 were considered significantly
enriched. Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment
analyses were performed using Clusterprofiler 4.0 KEGG pathways with a
Benjamini-Hochberg FDR corrected P-value < 0.05 were considered enriched
for differential expression.

RESULTS AND DISCUSSIONS
Genome assembly and telomeres identification

In this study, we integrated 150.22 G of PacBio HiFi long reads (= 5 kb),
236.15 G of ultra-long Oxford Nanopore reads (= 70 kb, = Q15), and 524.85 G
of Hi-C data for T2T genome assembly (MGB-Salmon-T2T-v1.0). The total
genome size of the T2T is 2,981.11 Mb, representing an expansion relative to
the 2,756.58 Mb observed in Ssa_v3.1 (Figure 2A). A total of 15 T2T chromo-
somes were assembled (Table S2), with detailed annotation indicating which
chromosomes are complete T2T assemblies, which are incomplete T2T
assemblies, and the locations of telomeric sequences. This increase is
accompanied by significantly enhanced contiguity: the contig N50 and N90 of
the T2T assembly reached 101.69 Mb and 45.84 Mb, respectively, compared
to only 28.05 Mb and 1.04 Mb in Ssa_v3.1. The scaffold N50 also improved
from 96.06 Mb in Ssa_v3.1 to 114.45 Mb in the T2T assembly, further reflect-
ing the higher assembly quality (Table T). BUSCO (Benchmarking Universal
Single-Copy Orthologs) analysis of genome completeness indicates a slight
improvement in the T2T version, with a genome BUSCO score of 98.8%,
compared to 98.5% in Ssa_v3.1. The proportions of single-copy (S) dupli-
cated (D), fragmented (F), and missing (M) orthologs are largely consistent
between assemblies, with the T2T version showing slightly higher single-
copy (39.2%) and duplicated (59.6%) BUSCOs, and marginally lower frag-
mented (0.7%) and missing (0.6%) ones. Gene annotation revealed a higher
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Figure 2. (A) Genomic features and homology distribution map; (I) Telomeres: red dots indicate telomeres in T2T chromosomes, while gray dots represent telomeres in non-
T2T chromosomes; gray blocks denote gaps, with each gap represented by N = 500; (I1) Gene density; (Ill) DNA transposable elements; (V) LINE elements; (V) LTR elements;
(VI) SINE elements; (VII) GC content (range: min = 0.30, max = 0.55); The inner links represent collinear blocks across the 29 chromosomes; (B) Comparison of different

genome versions.

Table 1. The summary of interspersed repeat contents in the genome assembly.

Type MGB-Salmon-T2T-v1.0 - Ssa_v3.1 -
Length (bp) % in genome Length (bp) % in genome

SINE 51438910 1.73% 46535559 1.69%
LINE 318373011 10.68% 313285627 11.36%
LTR 389650547 13.07% 359718497 13.05%
DNA transposons 624897878 20.96% 616268556 22.36%
Unclassified 112473621 3.77% 109057239 3.96%
Rolling-circles 1353991 0.05% 1331029 0.05%
Small RNA 32754602 1.10% 22424581 0.81%
Satellites 28140261 0.94% 20346581 0.74%
Simple repeats 171542547 5.75% 78047592 2.83%
Low complexity 12228775 0.41% 12388787 0.45%

number of predicted protein-coding genes in the T2T assembly (45,639)
compared to Ssa_v3.1 (43,000). Annotated completeness remained
unchanged at 98.8% for both assemblies. The distribution of annotated genes
among categories was also similar, with the T2T assembly having slightly
more single-copy (41.4%) and slightly fewer duplicated (57.4%) genes rela-
tive to Ssa_v3.1 (Table S3).

Despite an overall high level of synteny across all 29 chromosomes, we
identified substantial structural rearrangements when the Atlantic salmon
T2T genome was compared to Ssa_v3.1. We identified numerous inversions,
translocations, and duplications across multiple chromosomes. The largest

10.6 Mb inversion on Chr7 (Chr7: 63,142,492-73,829,407 in the new assem-
bly, corresponding to Chr7: 59,240,931-66,982,771 in Ssa_v3.1), are highly
likely to reflect corrections of previous assembly or scaffolding errors rather
than definitive biological variation. Notably, in the corresponding Ssa_v3.1
region, two adjacent 100-N gaps (Chr7:59,240932-59,241,031 and
Chr7:67,025904-67,026,003) are located near the inversion boundaries,
strongly suggesting potential mis-scaffolding orientation in the previous
reference. A similar pattern was also observed for the Chr14 inversion break-
point (breakpoint in Ssa_v3.1: 51,656,445; Gap region in Ssa_v3.1: 51,656,334~
51,656,433) (Figure 2B).
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Figure 3. (A) Evolutionary and phylogenetic analysis of Atlantic salmon; (B) Noval selection signatures identified using the T2T genome in the Guoxing population.

Repetitive sequence annotation

To evaluate improvements in the repeat landscape of our newly assem-
bled Atlantic salmon genome MGB-Salmon-T2T-v1.0, we compared its
repetitive element content and subclass composition with those of the refer-
ence genome Ssa_v3.1 (Table 1 & Table S4).

The total length of annotated repeat sequences in the T2T assembly
(1716.95 Mb) was substantially greater than that of the Ssa_v3.1 version
(1558.40 Mb), reflecting an increase of 158.55 Mb. Among transposable
elements (TEs), SINEs, LINEs, rolling-circle (RC), and unclassified elements
exhibited modest increases in length in the T2T assembly relative to
Ssa_v3.1.

Meanwhile, DNA transposons were slightly longer in the T2T assembly by
approximately 8.63 Mb (Ssa_v3.1: 616.27 Mb; MGB-Salmon-T2T-v1.0:
624.90 Mb). LTR retrotransposons showed a more pronounced increase by
approximately 29.93 Mb (Ssa_v3.1: 359.72 Mb; MGB-Salmon-T2T-v1.0:
389.65 Mb). Notably, the detection of simple repeats showed significant
improvement, with their annotated length increasing from 78.05 Mb in
Ssa_v3.1t0 171.564 Mb in the T2T assembly, with an increase of 93.49 Mb.

Gene structure and functional annotation

The final annotation comprised 45,639 genes, of which 33934 were
supported by full-length Iso-Seq data, and 27,742 genes were structurally
refined, demonstrating strong transcript-level support. Comparative analysis
with Ssa_v3.1 identified 4,693 genes unique to the T2T assembly; among
these, 2,093 were supported by Iso-Seq evidence, suggesting that a substan-
tial proportion of these newly identified genes are biologically meaningful
rather than annotation artifacts.

To further assess the quality and completeness of functional annotation,
we compared the annotated gene sets of the Atlantic salmon T2T genome
with those of the reference genome Ssa_v3.1 using five major databases: NR,
Swiss-Prot, KEGG, GO, and InterPro. Overall, 44,972 protein-coding genes in
the T2T assembly were annotated by at least one database. Notably, 24,431
genes were supported by all five databases, compared with 24,293 genes in
Ssa_v3.1, indicating improved annotation consistency and higher confidence
in gene functional assignment. Consistent with these results, the T2T
genome showed increased numbers of annotated genes across all individual
databases, including GO (30,826 vs. 29,997), InterPro (44,046 vs. 42,300),

KEGG (30,995 vs. 30,366), NR (44,427 vs. 42,517), and Swiss-Prot (41,694 vs.
40,790). Together, these improvements reflect enhanced gene structure
accuracy, more comprehensive functional characterization, and improved
resolution of protein-coding regions in the T2T assembly.

Evolution and phylogeny of Atlantic salmon

To infer the evolutionary relationships among S. salar and other represen-
tative salmonid species, we selected single-copy orthologous sequences
identified by Orthofinder v3.0.1b7 and constructed a super alignment matrix
(979,140 aa) by merging the multiple sequence alignments of these genes.
Using this matrix, a maximum likelihood phylogenetic tree was constructed
with RAXML v8.2.12 under the JTT+I+G4 model with 1,000 bootstrap repli-
cations to ensure robust support for internal nodes. Subsequently, diver-
gence time estimation was performed using the mcmctree module of the
PAML package v4.9, calibrated with divergence times from TimeTree and
fossil record (MRCA of the clade comprising Pleuronectidae and
Paralichthyidae was constrained with a minimum age of 29.62 Mya and a
95% soft upper boundary at 35.3 Mya, based on t Oligofluorenes germani-
cus). Gene family expansion and contraction were assessed using CAFE5
with default parameters,”” based on gene family classifications from
OrthoFinder and the inferred phylogenetic relationships. The estimated diver-
gence times were 30.16 Mya between S. salar and Coregonus clupeaformis,
15.45 Mya between S. salar and the (Salvelinus + Oncorhynchus) lineage, and
577 Mya between S. salar and S. trutta. These divergence events were
accompanied by extensive expansions and contractions of gene families,
reflecting a complex and dynamic evolutionary trajectory for Salmonidae
(Figure 3A).

Selection signatures

Using the T2T genome assembly, we identified a greater number of candi-
date selective sweep windows compared to the Ssa_v3.1 reference. Specifi-
cally, 2,829 windows in the T2T assembly exhibited SweeD composite likeli-
hood ratio (CLR) values above log 7.65, corresponding to the top 1% thresh-
old, whereas 2,753 windows exceeded the top 1% threshold (log CLR > 5.51)
in Ssa_v3.1. Among these, 1,114 windows were shared between the two
assemblies, while 1,715 and 1,639 windows were uniquely identified in the
MGB-Salmon-T2T-v1.0 and Ssa_v3.1 assemblies, respectively, indicating
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improved resolution of selective signals in the T2T genome. Gene Ontology
(GO) enrichment analysis of genes located within the candidate selective
sweep regions identified nine significantly enriched GO terms across the
biological process, cellular component, and molecular function categories.
These terms included regulation of proteolysis (G0:0030162), extracellular
matrix (G0:0031012), and protein sumoylation (G0:0016925), highlighting
biological processes and cellular functions that may have been targets of
selection. KEGG pathway analysis further identified the insulin signaling path-
way (KEGG ID:sasa04910) as the only significantly enriched pathway, involv-
ing five key genes: insr, ptp1b, ampk, foxo1, and mek1/2 (Figure S2)

To minimize potential bias associated with single-method detection, we
further validated these selective sweep regions using complementary
approaches, including XP-CLR and Fst analyses. A total of 2,500 candidate
windows were identified by XP-CLR and Fst based on the top 1% thresholds
for each method. Among these, 1,330 windows exhibited at least 20 kb overlap
between the two approaches, and 828 windows exhibited overlap between
the three approaches (Table S5). The consistency among these independent
methods supports the robustness of the detected selection signals (Figure
S1). Notably, the T2T assembly enabled the identification of additional candi-
date genes within selective regions, including /GF2R and SLC25A3 and
SLC6AT5 (Figure 3B), which exhibit high expression in brain (Table S6) and
may play roles in growth regulation and domestication in China.

CONCLUSION

Using PacBio HiFi, ultra-long ONT, and Hi-C sequencing, we generated a
T2T genome with a contig N50 of 101.69 Mb and scaffold N50 of 114.45 Mb,
A total of 15 T2T chromosomes were assembled, representing a major
advance in genome completeness and continuity for Atlantic salmon. This
T2T genome resolves previously collapsed repeat-rich, duplicated regions,
and telomeric regions. We identified 45,639 protein-coding genes (BUSCO
98.8%), and population-level analyses uncovered previously unrecognized
selective sweep regions and key candidate genes associated with growth
traits that are central to breeding improvement. The high-resolution T2T
assembly establishing a species-wide catalogue of genetic variants is an
essential first step toward functional genome annotation and forms the foun-
dation for the ongoing international FarmGTEx project, which aims to link
genetic variation with regulatory activity, tissue-specific expression, and
phenotypic outcomes.
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