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OPEN Chromosome-level genome
patapescripTor  assembly of an Arctic fish species
pale eelpout (Lycodes pallidus)

Ran Zhang(®, RuiWang, Xing Miao, Hai Li, Puqing Song, Yuan Li* & Longshan Lin*

Eelpouts (Zoarcidae) are known for their bipolar distributions and distinctive biogeographic histories.

: However, limited genomic data have hindered our understanding of their adaptive evolution. In this

© study, we present a thoroughly annotated chromosome-level genome assembly of pale eelpout

. (Lycodes pallidus) generated through the integration of lllumina, PacBio circular consensus, and Hi-C

. sequencing techniques. The final assembly spans 753.4 Mb, with its high quality confirmed by a scaffold

: N50 of 28.6 Mb and a Benchmarking Universal Single-Copy Ortholog (BUSCO) completeness of 99.3%.
In comparison to other eelpouts and related fishes, the L. pallidus genome is larger and exhibits greater
repetitive element content, accounting for approximately 45% of its total length. We annotated 21,419

. protein-coding genes, a significant proportion of which are involved in signal transduction mechanisms

. and transcription. These findings provide valuable genetic resources for elucidating the evolutionary
mechanisms underlying polar fish adaptation.

: Background & Summary

. The family Zoarcidae (eelpouts) demonstrates remarkable adaptive radiation and is abundant at both poles'~.
. These teleosts originated in the Northern Hemisphere, evolved unique type III antifreeze proteins (AFPs) to
. survive subfreezing temperatures during the Miocene Ice Age, subsequently colonized the Southern Oceans
: via specific migratory routes, and are currently among the most rapidly speciating fishes*%, contributing to
. their distinct biogeographic patterns. Within this group, the genus Lycodes Reinhardt, 1831 comprises more
© than 60 species, making it the most extensive lineage®. Among them, the pale eelpout (Lycodes pallidus Collett,
- 1879) serves as an ideal model for evolutionary studies. It follows an Arctic zoogeographic pattern, commonly
. occurring in the Greenland, Barents, and Kara Seas, and has recently been observed in the Pacific Arctic regions
© by the Chinese National Arctic Research Expedition (CHINARE) (Fig. 1)>!*!1. Consequently, a high-quality
. chromosome-level genome assembly for L. pallidus is essential for gaining insights into eelpout sympatric spe-
. ciation, adaptive radiation to polar extremes, and biogeographic hirtory.

Here, we report a chromosome-level genome assembly for L. pallidus constructed by combining Illumina
: short reads, PacBio high-fidelity (HiFi) long reads, and Hi-C chromatin interaction data. The genome covers
© 753.4 Mb, similar in size to the Anisarchus medius genome (739.1 Mb)'? but larger than that of other eelpout
: species, such as Zoarces viviparus (663.0 Mb)'3, Melanostigma gelatinosum (662.0 Mb)', and Lycodes pacificus
: (646.4 Mb) (GenBank GCA_028022725.1). The assembly consists of 24 pseudo-chromosomes ranging from
. 15.4Mb to 35.6 Mb in length, with a scaffold N50 of 28.6 Mb (Fig. 2A). Its integrity and accuracy are confirmed
- by over 99% genome coverage from short and long reads, alongside a benchmarking universal single-copy ort-
. holog (BUSCO) analysis indicating 99.3% complete genes (Fig. 2B). Approximately 30.0% of the genome was
. identified as transposable elements (TEs). Our annotation pipeline predicted a total of 21,419 protein-coding
: genes, highlighting functional enrichment in signal transduction and transcriptional regulation pathways. This
. assembly establishes a robust foundation for investigating the molecular basis of adaptive evolution in polar
. fishes.
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Occurence records
® GBIF
® CHINARE

Fig. 1 A sample image (top left) of Lycodes pallidus with its occurrence records from the Global Biodiversity
Information Facility (GBIF) (yellow dots) and the Chinese National Arctic Research Expedition (CHINARE)

(red dots).
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Fig. 2 Integrity assessment of Lycodes pallidus genome. (A) The contig contact density map constructed using
Hi-C data represents the 24 pseudo-chromosomes. (B) Snail plot of the assembly, integrating scaffold statistics,
base composition, and BUSCO results.

Methods

Sample collection and genome sequencing. The fish specimen was collected aboard the RV Xue Long
2 at station R13 (75.46°N, 167.89°W) in the Chukchi Borderland, Central Arctic Ocean, on July 31, 2023 using
a 6.5m triangular net (a triangular structure made of steel with 2.2 m wide and 0.65m tall opening and a 20 mm
mesh codend liner). The sample was frozen in liquid nitrogen for 12 hours prior to being stored at —80 °C until
DNA extraction. Fish surveys and monitoring are integral to the CHINARE, with the field collection program
approved by the Chinese Arctic and Antarctic Administration of the State Oceanic Administration (CAA) and
the Polar Research Institute of China (PRIC). The Institutional Committee on the Care and Use of Animals at the
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Length range (bp) Total number | Total length (bp) | Mean length (bp)
1~2000 199 204,450 1027.39
2000~4000 964 3,144,827 3262.27
4000~6000 2,194 11,111,566 5064.52
6000~8000 2,969 20,938,192 7052.27
8000~10000 3,428 30,940,504 9025.82
10000~12000 9,863 112,268,215 11382.77
12000~14000 333,033 4,467,035,139 13413.19
14000~16000 809,440 12,089,160,512 14935.22
16000~18000 343,366 5,757,048,107 16766.51
18000~ 48,243 910,704,268 18877.44

Table 1. Statistic summary of HiFi reads obtained through PacBio circular consensus sequencing.

Third Institute of Oceanography, Ministry of Natural Resources, confirmed that no experimental animals were
involved in the collection or analysis of these Arctic fish samples. The occurrence records were derived from the
Global Biodiversity Information Facility (GBIF; https://www.gbif.org/).

High-quality genomic DNA was extracted from muscle tissue using the sodium dodecyl sulfate (SDS) pro-
tocol, and three sequencing libraries were prepared for genome survey and assembly. First, the short fragment
library was built using the VAHTS Universal Plus DNA Library Prep Kit for Illumina ND617 (Vazyme Biotech
Co., Ltd., China) following the manufacturer’s instructions. After verifying the size distribution and concen-
tration using a Qseq. 400 (BIOptic Inc., China) and a Qubit 3.0 Fluorometer (Life Technologies, CA, USA),
the library was sequenced on the Illumina NovaSeq X Plus Platform (Illumina, Inc., USA) to generate 150-bp
paired-end (PE150) reads. Second, the long read library was built using the SMRTbell Express Template Prep Kit
2.0 (Pacific Biosciences, USA) through magnetic bead purification, DNA damage and end repair, and adapter
ligation, following the standard PacBio protocol (Pacific Biosciences, USA). After examining the concentra-
tion and integrity using a Nanodrop 2000 (Thermo Fisher Scientific, USA) and a Qubit 3.0 Fluorometer, the
library was subjected to the PacBio Revio System (Pacific Biosciences, USA) on circular consensus sequencing
(CCS) model for obtaining HiFi reads (Table 1). Third, the Hi-C library was built using the Frasergen Hi-C
Kit (Frasergen, China) following the protocol instructions, with muscle tissue processed via cell cross-linking,
DNA digestion and fragmentation (DpnlII), biotin labelling of repaired sticky ends, ligation, enrichment of
biotin-labelled fragments, and purification. The concentration of 300-700 bp insert reads was assessed using
an Agilent 2100 bioanalyzer (Agilent, USA) and a Qubit 3.0 fluorometer, and the library was sequenced on the
Ilumina HiSeq sequencing platform (Illumina, Inc., USA) to produce PE150 reads.

Total RNA was isolated from pooled tissues (skin, muscle, and liver) using the TRIzol reagent kit (Thermo
Fisher Scientific Inc., USA) to assist in gene prediction. The mRNA was collected using oligo (dT) coupled
to magnetic beads and randomly fragmented with RNA Fragmentation Reagents (Thermo Fisher Scientific
Inc., USA). The first-strand cDNA was synthesized with fragmented mRNA as the template, followed by
second-strand synthesis. The cDNA was purified with AMPure XP beads (Beckman Coulter Inc., USA).
Double-strand cDNA was subjected to end repair, adenylated, and ligated to adapters. After quality and con-
centration examination of the extracted RNA, the final cDNA libraries were sequenced on the Illumina HiSeq
platform (Illumina Inc., USA) to generate PE150 reads. The isolation and sequencing processes were performed
by the Biomarker Technologies Co., Ltd. (Beijing, China).

Reads preprocessing and genome assembly.  The raw Illumina, HiFi, and Hi-C sequencing data were
subjected to adapter trimming and quality filtering using Fastp v0.24.0'® with the parameters “-q 10 -u 50 -y -g -Y
10 -e 20 -1100%, yielding 34.26 Gb of high-quality Illumina short reads with a GC content of 42.47% and Q20 and
Q30 base percentages of 96.47% and 90.69%, respectively. Alignments of 10,000 randomly selected clean short
reads to the nucleotide sequence (NT) database with BLAST 4 v2.9.0'® suggested the absence of contamination
in the DNA sample. A k-mer (k=21) distribution analysis performed with Jellyfish v2.2.10'” and GenomeScope
2.0 v2.0.1'8 revealed a genome repeat content of 28.49% and heterozygosity of 1.21% (Fig. 3).

After removing low-quality reads and adapters, the retained 23.40 Gb clean HiFi long reads had Q20 and
Q30 scores of 97.57% and 94.15%, respectively, and the 91.24 Gb clean Hi-C reads had Q20 and Q30 scores of
97.51% and 93.79%. A primary de novo assembly was generated using hifiasm v0.24.0-r702' by integrating HiFi
and Hi-C reads, followed by polishing using NextPolish v1.4.1%° with HiFi and Illumina reads, and contamina-
tion removal using FCS-GX v0.5.4?!. The Hi-C data were mapped to the genome draft and indexed using BWA
v2.2.1%2, SAMtools v1.21%, and Picard Toolkit (https://broadinstitute.github.io/picard/) following Arima-HiC
Mapping Pipeline A160156 v03 (https://github.com/ArimaGenomics/mapping_pipeline). Chromosome-scale
scaffolds were subsequently constructed using Juicer v1.19.02** and YaHS v1.2.2%. The gaps were filled using
Minimap2 v2.282¢ and TGS-GapCloser v.1.2.1%, and a second round of Hi-C data scaffolding finalized the
chromosome-level genome assembly (Table 2).

Repetitive sequence analysis. TEs were de novo identified using EDTA v2.2.2%, an automated
whole-genome annotation pipeline that incorporates the LTRharvest, LTR_retriever, GRF, TIR-Learner,
HelitronScanner, and RepeatModeler programs, along with customized filtering scripts, for recognition of TE
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Fig. 3 K-mer distribution map (k=21) based on the Illumina short reads.

Assembly statistics Long reads (PacBio) + Hi-C reads
Contig N50 4,682,479bp
Scaffold N50 28,576,443 bp
Scaffold L50 12

Scaffold N90O 1,288,722bp
Scaffold L90O 32

Total scaffolds 627

GC content 43.35%

Total length 753,345,134 bp
iliﬂ;bge; eolf :Snnotated protein- 21,419
BUSCO single complete 95.1%

BUSCO duplicated complete 4.2%

Table 2. Lycodes pallidus genome assembly statistics.

subclass and compilation of a comprehensive non-redundant TE library. The TEs constituted 28.13% of the
L. pallidus genome, including 57.7 Mb long terminal repeat retrotransposons (LTRs), 20.3 Mb long interspersed
nuclear elements (LINEs), and 69.2 Mb terminal inverted repeats (TIRs), representing 7.66%, 2.70%, and 9.19%
of the genome, respectively (Table 3), suggesting recent transposition activities (Fig. 4). The interspersed repeats
were also screened and masked using RepeatModeler2 v2.0.6* and RepeatMasker v4.1.7-p1 (https://repeat-
masker.org/), accounting for 29.61% of the assembly. Moreover, the tandem repeats (TRs) were estimated to be
118.9 Mb using TRF v4.10.0* with the parameters “2 7 7 80 10 50 500 (for matching weight, mismatching penalty,
indel penalty, match probability, indel probability, and minimum alignment score and maximum period size to
report)”, based on the retention of the longest sequence after deduplication.

Gene prediction and annotation. We employed BRAKER3 v3.0.7.6%, an automated pipeline,
to integrate evidence from the RNA-seq reads, which were mapped to the indexed soft-masked assem-
bly using HISAT2 v2.2.1%%, and protein data from the vertebrate OrthoDB* to predict reliable genes with
GeneMark-ETP* and AUGUSTUS?>*. As a result, a total of 21,419 protein-coding genes and 26,554 pro-
tein sequences were predicted, with average lengths of 8,637.71 bp and 568.15 amino acids (aa), respectively.
Genome-wide gene function was inferred via orthology assignment using eggNOG-mapper v2.1.12 combined
with the eggNOG database®”**, and annotations were extracted and converted from the KOG databases with
TBtools-1I v2.210% (Fig. 5). Additionally, 28,238 transfer RNAs were identified with tRNAscan-SE v2.0.12%,
and 1,114 ribosomal RNAs, 1,155 microRNAs, and 2,794 small nuclear RNA genes were identified using
Infernal v1.1.5*! based on the Rfam database®.
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Class Subclass Count Length (bp) Proportion
CR1 238 103971 0.01%
I 2160 1178836 0.16%
Jockey 89 39306 0.01%
L1 3827 1853487 0.25%
LINE L2 18733 8995444 1.19%
Proto2 795 293213 0.04%
R2 301 273527 0.04%
RTE 4002 1326255 0.18%
Rex 10372 4483516 0.60%
unknown 4756 1794515 0.24%
Bel_Pao 1275 711834 0.09%
Copia 3106 1453325 0.19%
LTR Endogenous_Retrovirus 1080 262129 0.03%
Gypsy 14235 10242252 1.36%
Retrovirus 863 327661 0.04%
unknown 120999 44713252 5.94%
SINE Alu 194 94631 0.01%
tRNA 3737 921797 0.12%
CACTA 69084 15553584 2.06%
Dada 172 154284 0.02%
IS3EU 863 463976 0.06%
Mutator 43442 16130850 2.14%
TIR PIF_Harbinger 8776 2018564 0.27%
Tcl_Mariner 2172 671638 0.09%
hAT 83140 34228845 4.54%
piggyBac 55 26598 0.00%
DIRS_YR 274 38352 0.01%
nonLTR Ngaro_YR 251 79293 0.01%
Penelope 1442 1533591 0.20%
nonTIR Crypton_YR_transposon 124 23915 0.00%
helitron 58827 12767649 1.69%
Low complexity / 34 6244 0.00%
Repeat fragment / 69489 49160412 6.53%
Total / 528907 211926746 28.12%

Table 3. Summary of whole-genome transposable elements (TEs) annotation of Lycodes pallidus genome.
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Fig. 4 Repeat landscape plots showing the expansion of transposable elements (TEs) in the Lycodes pallidus genome.
The distribution of TE copies as percentage of divergence from consensus repeat models versus genome coverage.

Data Records

The reference genome assembly and all sequencing data, including Illumina short reads, PacBio long reads, and
Hi-C data, were deposited in the NCBI database under BioProject PRINA1231400 (BioSample SAMN47210740,
GenBank GCA_049309625.14, and SRA SRR32607915*, SRR32607916%, and SRR326079174°). The reference
genome, masked assembly, repetitive sequences, and gene annotation files are available on Figshare*’*,
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Fig. 6 The genome coverage and sequence depth of short reads and long reads to the final assembly indicate a

highly complete assembly.
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Technical Validation

The mapping rates of the short and long reads to the final assembly were analysed using BWA-MEM2 v2.2.1%
and Minimap2 v2.28%, and the genome coverage and depth of the qualified bam files of the reads to the final
assembly were assessed and visualized using bamdep (https://github.com/slw287r/dep). Both Illumina reads
and HiFi reads achieved over 99% genome coverage and mapping rates (Fig. 6).

The final assembly quality was assessed using BUSCO v5.8.3 on the basis of the “actinopterygii_odb10
(v5/2024-01-08)” dataset™, and a snail plot was generated using BlobToolKit v4.4.5°!. The results revealed that
99.3% of the BUSCOs were classified as “complete” (“single-copy” and “duplicated”), with only 0.6% being “frag-
mented” and 0.7% being “missing”, indicating highly complete assembly (Fig. 2; Table 2).

Code availability
All software and tools used are publicly accessible, with the versions specified in the Methods section. The default

parameters were applied unless otherwise stated, per the manuals and protocols of the respective bioinformatics
software.
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