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A high-quality chromosome-level 
genome assembly and annotation 
of the Amur grayling (Thymallus 
grubii)
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Graylings (Thymallus) represent one of the earliest diverged salmonid subfamilies and provide crucial 
insights into the evolutionary consequences of the salmonid-specific whole genome duplication event 
(Ss4R). Here, we present the first chromosome-level genome assembly of the Amur grayling (Thymallus 
grubii), an economically and ecologically important species endemic to East Asian freshwater systems. 
The final assembly spans 1,754.51 Mb with 46 pseudo-chromosomes, achieving a contig N50 of 3.03 Mb 
and anchoring 99.97% of sequences to chromosomes. The genome contains 31,867 protein-coding 
genes with 97.58% functionally annotated. Repetitive sequences comprise 52.64% of the genome, 
dominated by DNA transposons (22.06%). BUSCO analysis indicates 97.9% completeness for conserved 
Actinopterygii genes. This high-quality genome assembly provides an essential resource for salmonid 
comparative genomics, aquaculture breeding programs, and conservation genetics of this economically 
important species.

Background & Summary
The Amur grayling (Thymallus grubii), also referred to as Heilongjiang grayling, is endemic to the Amur River 
basin in northeastern Asia and represents one of the most phylogenetically significant yet genomically under-
studied members of the Salmonidae family1,2. As part of the Thymallinae subfamily, this species occupies a 
crucial position for understanding early salmonid evolution, particularly the genomic consequences of the 
salmonid-specific whole genome duplication (Ss4R) that occurred 80–100 million years ago3,4.

From a genomic evolution perspective, graylings are particularly fascinating because they have retained 
ancestral chromosome characteristics following the Ss4R event. Unlike other salmonids that underwent exten-
sive chromosomal fusions (such as Atlantic salmon with 2n = 58), graylings maintained high chromosome num-
bers (2n = 92–102), suggesting alternative post-duplication evolutionary pathways5–8. The European grayling 
genome revealed fusion-free chromosomes dominated by inversions rather than fusions8, but whether this pat-
tern extends to the Amur grayling genome remained unknown.

The economic importance of T. grubii extends across multiple sectors, supporting significant recreational 
fisheries in its native range and representing a cultural icon in northeastern Asian aquatic ecosystems9. The 
species’ cold-water adaptation, rapid growth rates, and high-quality flesh make it an attractive candidate for 
aquaculture development10,11. Recent studies have demonstrated its potential for intensive aquaculture, with 
research focusing on optimal dietary conditions and growth performance parameters11,12. However, conserva-
tion concerns are mounting due to habitat degradation and climate-induced changes in the Amur River system. 
The species’ restricted distribution makes it particularly vulnerable to environmental changes, while population 
genetic studies have revealed significant phylogeographic structure within the Amur River basin13,14.
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Despite the evolutionary and practical importance of the Amur grayling, genomic resources remain scarce 
compared to other salmonids. While chromosome-level assemblies exist for Atlantic salmon3, European gray-
ling8, and other commercially important species15–20, no high-quality genome assembly has been available for 
this species. This genomic gap has limited comparative studies of salmonid chromosome evolution and hindered 
the development of molecular tools for T. grubii research and management.

Here, we present the first high-quality chromosome-level genome assembly for T. grubii, employing PacBio 
HiFi long-read sequencing, Hi-C proximity ligation, and comprehensive transcriptome data. This 1.75 Gb 
assembly with 46 pseudo-chromosomes provides unprecedented insights into grayling genome organization, 
enables comparative analysis of salmonid chromosome evolution, and establishes essential genomic infrastruc-
ture for breeding programs and conservation genetics applications.

Methods
Sample collection and sequencing.  A female T. grubii individual was collected at the Bohai Cold Water 
Fish Test Station, Heilongjiang Fisheries Research Institute, Chinese Academy of Fishery Sciences. The individ-
ual was anaesthetized and tissues including muscle, heart, liver, kidney and spleen were obtained. Tissues were 
rapidly preserved in liquid nitrogen and stored at −80 °C until further analysis. The fish was handled in accord-
ance with the guidelines for the Care, Ethics, and Safety Inspection of Laboratory Animals of the Heilongjiang 
Fisheries Research Institute of the Chinese Academy of Fishery Sciences. Ethical approval was obtained from the 
Institutional Review Board.

High molecular weight genomic DNA was isolated from muscle tissue using the MagAttract HMW DNA 
Kit (Qiagen, Germantown, MD, USA) following manufacturer’s guidelines. For PacBio HiFi sequencing, DNA 
was fragmented to 15–20 kb using the MegaRuptor 3 (Diagenode, Denville, NJ, USA). Library preparation was 
conducted using the SMRTbell Express Template Prep Kit 2.0, followed by treatment with the Enzyme Clean Up 
Kit (Pacific Biosciences, Menlo Park, CA, USA). Sequencing was performed on the PacBio Revio platform, gen-
erating 89.59 Gb of HiFi reads. Raw data were processed using the CCS program v4.2.0 (https://ccs.how/) with 
parameters: minimum pass of 3, minimum subread length of 50 bp, and minimum predicted accuracy of 0.99.

For Hi-C sequencing, liver tissue was fixed in formaldehyde, lysed, and cross-linked DNA was digested 
overnight with DpnII. Sticky ends were biotinylated and proximity-ligated to create chimeric junctions, which 
were enriched and fragmented to 300–500 bp. Sequencing was performed on the DNBSEQ-T7 system (MGI, 
Shenzhen, China), yielding 224.09 Gb of 150 bp paired-end reads. Additionally, whole genome shotgun sequenc-
ing using MGI PE150 technology generated 110.48 Gb of paired-end genomic reads from muscle tissue for a 
pre-assembly genome survey aimed at estimating genome size, heterozygosity, and repeat content.

For transcriptome sequencing, total RNA was extracted from four tissues (including muscle, heart, kidney 
and spleen) using TRIzol reagent (Invitrogen, CA, USA) and purified using the RNeasy Mini Kit (Qiagen, CA, 
USA). RNA quality was assessed using agarose gel electrophoresis and Agilent Bioanalyzer 2100 system, with all 
samples achieving RNA Integrity Number (RIN) values above 8.5. mRNA was enriched using Oligo (dT) beads. 
Sequencing libraries were prepared using the MGIEasy RNA Library Prep Set (MGI, Shenzhen, China) and 
sequenced on the DNBSEQ-T7 platform, generating 150 bp paired-end reads. RNA-seq data were successfully 
generated from four tissues with varying yields: muscle (9.54 Gb), heart (11.29 Gb), kidney (9.42 Gb), and spleen 
(12.27 Gb). Mapping rates to the assembled genome ranged from 88.42% (heart) to 92.60% (muscle), providing 
extensive transcript evidence for gene structure prediction and validation.

Genome survey analysis.  A genome survey using GenomeScope2.021 based on k-mer analysis estimated 
the genome size at 1,654.00 Mb, with a low heterozygosity of 0.303%. The unimodal k-mer distribution confirmed 
its diploid nature (Fig. 1). While the estimated genome size is comparable to the final assembly size (1,754.51 Mb), 
the k-mer-based repeat estimate (30.6%) was substantially lower than the final annotation result (52.64%). 
This is expected, as k-mer methods are less sensitive to older, diverged repeats that are effectively identified by 
homology-based annotation. The slight discrepancy in genome size is typical in such projects, particularly for 
species with high repeat content like salmonids. K-mer-based methods often underestimate size due to their 
challenges in accurately modeling highly repetitive or divergent regions, such as transposable elements from the 
Ss4R event, which can lead to collapsed k-mer counts. In contrast, the final assembly benefits from long-read 
PacBio HiFi sequencing and Hi-C scaffolding, which better resolve these complex regions and yield a more com-
plete genome representation. The survey thus provided a solid foundation by confirming diploidy and offering a 
reasonable genome size estimate.

Genome assembly and scaffolding.  Initial contig assembly was performed using HiFiasm v0.19.8-r60322 
with default parameters, utilizing the PacBio HiFi reads. Subsequently, purge_dups v1.2.523 was employed to elim-
inate redundant haplotigs in the primary assemblies. Hi-C scaffolding was conducted using the ALLHIC scaffold-
ing pipeline24. To guide the scaffolding process, the European grayling (NCBI accession: GCA_023634145.1, T. 
thymallus) was selected as the reference due to its close phylogenetic proximity to T. grubii within the Thymallinae 
subfamily and shared karyotypic characteristics, including high chromosome numbers and limited fusions fol-
lowing the Ss4R event. These similarities facilitate accurate allelic contig grouping and reduce scaffolding errors 
compared to more divergent salmonids. Initially, GMAP25 was used to align coding sequences of reference species 
to generate an allelic contig table to filter out noisy Hi-C signals. The contigs were divided into different homolo-
gous groups based on the allelic contig table to reduce scaffolding complexity. Finally, unscaffolded contigs were 
globally rescued using ALLHiC_rescue. The scaffolding results were manually reviewed using Juicebox26. The 
Hi-C interaction heatmap was generated with HiCExplorer27.

The mitochondrial genome was assembled using mitohifi v3.2.128. Contigs from the HiFiasm assembly that 
aligned to mitochondrial sequences over 50% of their length were removed from the final assembly.
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Hi-C contact maps reveal clear chromosomal territories with strong intra-chromosomal interactions and 
minimal inter-chromosomal contacts (Fig. 2). The contact patterns support the chromosome-level organization 
and validate the scaffolding accuracy. No evidence of large-scale misassemblies is apparent in the Hi-C interac-
tion patterns. The genomic characteristics of the assembled genome are visualized in Circos plots showing GC 
content, gene density, repeat sequence density, and chromosome synteny blocks (Fig. 3).

Fig. 1  Genome survey analysis of T. grubii. K-mer frequency distribution plots for T. grubii. The x-axis shows 
K-mer depth, and the y-axis represents the number of K-mers.

Fig. 2  Hi-C contact map of T. grubii genome assembly. The x and y axes represent chromosomes, with color 
intensity indicating interaction frequency between genomic regions. Chromosome boundaries are indicated by 
black lines for clarity.
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The final chromosome-level assembly spans 1,754.51 Mb, comprising 46 pseudo-chromosomes plus one 
mitochondrial genome (ChrM) (Table 1). The assembly demonstrates high contiguity with a contig N50 of 
3.03 Mb and scaffold N50 of 39.65 Mb. A total of 99.97% of assembled sequences are anchored to chromosomes, 
indicating successful chromosome-scale scaffolding. The largest contig reaches 14.83 Mb, while the largest scaf-
fold spans 51.7 Mb (Table 2).

Repetitive element annotation.  Repetitive sequences were identified using RepeatMasker v4.1.629 against 
the RepBase database30, supplemented with de novo repeat identification using RepeatModeler v2.0.531. This 
process involved de novo identification of transposable elements with RepeatScout v1.0.632 and RECON v1.0833. 
LTRharvest34 and LTR_retriever v2.9.535 were employed to identify high-quality long terminal repeat (LTR) fam-
ilies. CD-HIT v4.8.136 was used to remove redundant TEs from the library. The identified TE families were anno-
tated and classified using the Dfam v3.737 and Repbase v2018102630 databases. Tandem repeats were identified 
using Tandem Repeats Finder38.

Repetitive sequences comprise 923.51 Mb (52.64%) of the T. grubii genome (Table 3). This repetitive content 
is consistent with other salmonid genomes and reflects the genomic consequences of the Ss4R whole genome 
duplication event3,4. DNA transposons represent the largest category at 387.06 Mb (22.06%), followed by LINEs 
at 195.06 Mb (11.12%) and LTR elements at 88.36 Mb (5.04%). Among LTR retrotransposons, Ty1/Copia ele-
ments (39.87 Mb, 2.27%) and Gypsy/DIRS1 elements (28.71 Mb, 1.64%) were most abundant. SINEs contributed 
41.89 Mb (2.39%) to the repetitive landscape. Tandem repeats totaled 76.63 Mb (4.36%). The high proportion 
of interspersed repeats (48.82%) reflects the transposon-mediated repeat expansion characteristic of salmonid 
genomes following whole genome duplication.

Gene structure prediction and functional annotation.  Gene structure prediction was conducted 
using the ETP model of the BRAKER3 pipeline v3.0.839,40, which integrates homologous protein-based evi-
dence and transcriptome data. Initially, ProtHint41 was utilized to align 9,805,833 Vertebrata orthologous 
genes, obtained from OrthoDB v1142, to the genome sequences after duplication masking. Concurrently, 
RNA-Seq data were aligned to the duplicate-masked genome using HISAT2 v2.1.043. GeneMark-ETP+44 then 
used evidence from these sources to make initial unsupervised gene predictions. Subsequently, AUGUSTUS 
v3.5.045 was trained for two rounds using the initial high-quality gene models. Final gene structures were pre-
dicted with AUGUSTUS, combining transcriptome and homologous protein evidence. UTRs were predicted 
using GUSHR v1.0.046.

The comprehensive annotation pipeline identified 31,867 protein-coding genes generating 41,902 transcripts 
(Table 4). Genes average 10,407.56 bp in length with an average of 12.32 exons per gene. The total exonic sequence 
comprises 68.08 Mb, representing approximately 3.9% of the genome. Total gene length including introns spans 
331.66 Mb (18.9% of the genome), indicating extensive intergenic regions typical of salmonid genomes.

Protein-coding genes were functionally annotated using multiple databases including NR (RefSeq 
non-redundant proteins, 2020) and Swiss-Prot47 using DIAMOND v2.0.9.14748 with parameters:–
more-sensitive -p 64 -e 1e-6–max-hsps 1 -k 1 -f 6. The eggNOG-mapper v2.1.1249 annotation pipeline was used 

Fig. 3  Circos plots of the genomic characteristics of T. grubii genome assembly. Circos plots illustrating the 
chromosome-level genome assemblies of T. grubii. The plot displays the following layers from the outermost to 
the innermost circle: (a) a heatmap of GC content; (b) a gene density plot; (c) a repeat sequence density plot;  
(d) chromosome synteny blocks (showing blocks >1 Mb).
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to annotate genes to the eggNOG 5.0 database50. This process also provided Gene Ontology (GO) terms and 
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway annotations. Additionally, InterProScan v5.5551 
was employed for annotation against the PFAM database52.

Functional annotation achieved high coverage across multiple databases (Table 5), with 31,096 genes 
(97.58%) receiving functional assignments. The eggNOG database provided annotations for 29,207 genes, 
while NR database covered 31,058 genes. Gene Ontology terms were assigned to 21,692 genes, and 26,524 genes 
matched entries in the Swiss-Prot database. Only 770 genes (2.42%) remained without functional annotation, 
likely representing species-specific or rapidly evolving gene families.

Syntenic analysis.  To identify syntenic blocks in the assembled genome, all-vs-all BLAST of primary protein 
sequences was performed using DIAMOND with parameters–threads 80–evalue 1e-6–more-sensitive–outfmt 6. 

Chromosome Length (bp) Contigs Chromosome Length (bp) Contigs

Chr1 38,616,233 50 Chr24 40,546,842 46

Chr2 32,855,317 51 Chr25 44,120,899 35

Chr3 48,338,156 46 Chr26 34,924,661 46

Chr4 43,812,173 33 Chr27 47,587,119 40

Chr5 34,903,637 25 Chr28 39,653,670 31

Chr6 29,441,728 50 Chr29 44,584,444 23

Chr7 39,425,273 40 Chr30 42,328,509 39

Chr8 26,202,112 22 Chr31 45,329,829 20

Chr9 36,244,024 37 Chr32 51,701,102 34

Chr10 50,575,919 36 Chr33 34,270,833 38

Chr11 37,858,395 30 Chr34 36,981,557 42

Chr12 46,273,032 34 Chr35 47,492,427 25

Chr13 46,729,120 30 Chr36 45,131,135 29

Chr14 41,002,823 44 Chr37 26,311,800 38

Chr15 51,656,326 42 Chr38 29,322,451 25

Chr16 33,434,292 48 Chr39 34,125,346 42

Chr17 38,212,852 33 Chr40 31,507,621 19

Chr18 38,028,410 52 Chr41 31,334,277 63

Chr19 49,616,253 62 Chr42 28,262,599 52

Chr20 21,343,220 36 Chr43 24,473,442 45

Chr21 43,611,012 43 Chr44 30,722,859 51

Chr22 38,439,102 22 Chr45 29,864,843 51

Chr23 41,255,341 28 Chr46 25,485,447 62

Unanchored contig1 489804 1 Unanchored contig3 15161 1

Unanchored contig2 27846 1 Unanchored contig4 21305 1

ChrM 16,659 1 Total 1,754,509,237 1,795

Table 1.  Statistics of pseudo-chromosomes of T. grubii genome.

Assembly metric Number

Genome Assembly size (Mb) 1754.51

Nuclear pseudo-chromosomes count 46

Mitochondrial genome 1

Contig count 1795

Largest contig size (Mb) 14.83

Contig N50 length (Mb) 3.03

Contig L50 152

Ratio of length of contigs anchored to chromosomes 0.9997

Unanchored contigs 4

Scaffold N50 (Mb) 39.65

Repetitive sequences (length Mb/percent %) 923.51 Mb/52.64%

Protein-coding genes/transcripts 31867/41902

GC content (%) 42.89

Complete BUSCOs (genome %) 97.9

Table 2.  Summary of genome assembly statistics.
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Collinear blocks were then identified using MCScanX53. For pairwise synteny visualization, the Python version of 
MCScan, implemented in jcvi54, was employed to align CDS sequences and generate synteny plots.

Comparative analysis with Northern pike (NCBI accession: GCF_011004845.1, Esox lucius) as a 
pre-duplication outgroup reveals expected salmonid chromosome evolution patterns (Fig. 4). The synteny 
blocks demonstrate extensive conservation between Northern pike chromosomes and T. grubii chromo-
somes, with most pike chromosomes showing conserved syntenic relationships with multiple T. grubii 
chromosomes. The connecting lines in the synteny plot illustrate numerous collinear blocks that span 
substantial chromosomal regions, indicating remarkable conservation of ancestral gene order despite ~80–
100 million years of divergence since the Ss4R event3,4. The analysis confirms that T. grubii has retained 
near-ancestral chromosome numbers through inversions and intrachromosomal rearrangements rather 
than the extensive fusion events that characterize other salmonid lineages, consistent with previous find-
ings in European grayling8. The comprehensive genome-wide synteny coverage suggests graylings repre-
sent a unique evolutionary solution to genomic instability following whole genome duplication.

Repeat type Number Length (bp) Proportion in genome (%)

SINEs 322,586 41,891,552 2.39

LINEs 564,591 195,055,563 11.12

LTR elements 219,867 88,359,443 5.04

LTR-Ty1/Copia 77,697 39,872,971 2.27

LTR-Gypsy/DIRS1 71,547 28,711,479 1.64

DNA transposons 1,405,111 387,064,292 22.06

Unclassified 850,813 144,227,726 8.22

Total interspersed repeats (TEs) 856,598,576 48.82

Rolling-circles 3,007 927,675 0.05

Small RNA 63,105 14,050,312 0.8

Satellites 11,854 2,522,280 0.14

Simple repeats 605,258 53,593,055 3.05

Low complexity 68,201 6,462,852 0.37

Total Tandem repeats 748,418 76,628,499 4.36

Total masked 923,509,832 52.64

Table 3.  Repetitive element composition in the genome.

Annotation metric Number

Total length of protein-coding gene (bp) 331,657,646

Total exons length (bp) 68,076,439

Protein-coding genes count 31,867

Protein-coding transcripts count 41,902

Exon count 392,521

Average length of protein-coding gene (bp) 10,407.56

Average length of exons 173.43

Average Number of exons per gene 12.32

Table 4.  Genome annotation statistics.

Database Number

eggNOG 29,207

KOG 10,679

GO 21,692

NR 31,058

Swissprot 26,524

Pfam 26,524

Interproscan 28,574

Total of Annotated 31,096

Total of Unnotated 770

Ratio of Annotated 97.58%

Table 5.  Functional annotation results.
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Data Records
All raw sequencing data supporting this study are publicly available and deposited in the NCBI Sequence Read 
Archive (SRA) under accession SRP60140155 (BioProject PRJNA1292408). This includes PacBio HiFi long 
reads (89.6 Gb), MGI paired-end genomic reads (110.5 Gb), Hi-C proximity ligation reads (224.1 Gb), and 
RNA-seq data from four tissues (Total 42.5 Gb: muscle, heart, kidney, spleen). Data are organized by exper-
iment type in the SRA submission, with metadata including sample details, read lengths, and quality scores. 
The final chromosome-level genome assembly (FASTA format) was deposited in NCBI GenBank under acces-
sion GCA_051833735.156. Genome annotation files (GTF format for genes/transcripts, plus cds and protein 
sequences in FASTA) were deposited in the Figshare database57.

Technical Validation
Assembly quality was evaluated using multiple metrics. The assembly achieved high contiguity with contig N50 
of 3.03 Mb, scaffold N50 of 39.65 Mb, and 99.97% of sequences anchored to 46 chromosomes with only 1,744 
gaps across 1,795 scaffolds (Table 2). BUSCO58 analysis indicates 97.9% completeness against the Actinopterygii 
gene set, demonstrating high assembly quality and gene space coverage (Table 2).

Hi-C contact maps show clear chromosomal territories with strong intra-chromosomal interactions and 
minimal inter-chromosomal contacts, validating chromosome-level scaffolding accuracy (Fig. 2).

Data availability
The datasets generated and analyzed in this study are publicly available in NCBI Sequence Read Archive (SRA), 
NCBI GenBank, and Figshare repositories. For detailed access instructions, including file lists, see the Data 
Records section.

Code availability
Bioinformatics analyses in this study were conducted following the official manuals and recommended protocols 
provided by the software developers. Details regarding the software-specific parameters employed are outlined 
in the Methods section.
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