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OPEN: Chromosome-level reference
paTaDeEscriPToR  genome and annotation of the
Arctic fish Anisarchus medius

. Ruoyu Liu®?, Ziyu Meng?, Yinan Mu?, Ran Zhang?, Hanhui Ma?, Jingjing Hu?, Yanan Wang?,
© Yuxin Shi', Yanan Li?, Chaofeng Wang?, Weini Zhang?, Longshan Lin?%, Ping Zheng{*
. & Xinhua Chen'™

. Anisarchus medius (Reinhardt, 1837) is a widely distributed Arctic fish, serving as an indicator of

. climate change impacts on coastal Arctic ecosystems. This study presents a chromosome-level genome
assembly for A. medius using PacBio sequencing and Hi-C technology. The PacBio assembly totaled

: 739.07 Mb across 697 contigs, with a Contig N50 of 10.004 Mb. Hi-C mapping yielded 23 chromosomes,

© with a successful mapping rate of 90.53% and a Scaffold N50 of 30.20 Mb. Genome BUSCO integrity

: was 97.05%. Repetitive sequences accounted for 240.83 Mb (32.58%) of the genome. Non-coding

. RNA annotations included 4,928 rRNAs, 9,663 tRNAs, 347 snRNAs, and 21 snoRNAs. A total of
30,345 protein-coding genes were identified, encoding 46,603 proteins, with a BUSCO completeness
of 94.98%. Molecular pathway related to the endocrine system, carbohydrate metabolism, folding,
sorting, and degradation, signal transduction, and transport and catabolism contribute to A. medius
adaptation to extreme Arctic environments. This high-quality genome provides valuable genetic
resources for understanding Arctic adaptations and supporting polar ecological conservation and
management.

: Background & Summary
. Anisarchus medius, commonly known as stout eelblenny, is a ray-fin fish that belongs to the eel pricklebacks,
. taxonomically classified under Order Perciformes, Suborder Cottioidei, Infraorder Zoarcales, and Family
. Stichaeidae (NCBI: txid980385, Fig. 1). A. medius is a common seen species in the Arctic Ocean, with a prac-
- tically circumpolar distribution and particular abundance in the Pacific Arctic'. Thriving in muddy substrates
© at depths of 30-100 m! and favoring water temperatures below 0°C??, this benthic fish primarily feeds on poly-
. chaetes and other small benthic organisms'*, acting as a critical intermediary in transferring energy from lower
- benthic trophic levels to higher predators*. By maintaining ecosystem stability, A. medius plays an essential
. role in Arctic marine food webs™. Given the Arctic ecosystem is highly sensitive to climate change, with rising
. temperatures and shifting ice dynamics threatening its biodiversity>~, A. medius has emerged as an important
indicator species for assessing the climate change on population dynamics within the coastal Arctic ecosystems?.
Deciphering the high-quality genome of the ecosystem indicator species like A. medius is critical for informing
future conservation and management strategies in the face of a rapidly warming climate.
Despite its ecological importance, research on A. medius remains limited and predominantly focused on
. fundamental aspects, including morphological classification, growth and development, geographical distribu-
. tion, phylogeny, nutrient composition, and ecological and climatic studies. Morphological studies address char-
. acteristics such as body size, age description’*?, and skeletal development during ontogenesis'®. Growth and
development studies have explored various life stages, including egg, larval, post-larval, and juvenile phases"'®!1.
Geographical distribution surveys"® and phylogenetic research based on mitochondrial genomes and conserved
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Fig. 1 The image of Stout Eelblenny (Anisarchus medius) collected in the Chukchi Sea (—169.02 °W; 67.68°N).
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Fig. 2 The length distribution of PacBio HiFi reads for A. medius.

Sample name | Read number | Totallength (bp) | N50 (bp) | N90 (bp) | Mean (bp) | Median (bp) | Max. (bp) | Min. (bp)
HIFI_data 2,444,493 35,749,145,145 16,902 9,921 14,624 14,366 72,732 76

Table 1. The summary of HIFI-Subread statistic of A. medius.

sequences >'? have also been conducted. Physiological studies are scarce and mainly focus on the aspect such
as fatty acid composition'>!%. Key biological questions, such as the reproductive habits and life history of A.
medius, remain unanswered. Ecological and climatic studies of A. medius are relatively more abundant, primar-
ily addressing temperature-related phenomena, such as osmotic and ionic regulation at varying temperatures'
and population migrations driven by global warming!®-*°. Genomic resources for A. medius are currently limited
to one mitochondrial genome? and two genomic Illumina sequencing datasets®. Critical gaps in understanding
the origin, evolution, and adaptive mechanisms of A. medius to the Arctic environment, as well as its conserva-
tion and management, highlight the urgent need for high-quality genome sequencing.

This study combines PacBio long-read sequencing with high-throughput chromosome conformation
capture (Hi-C) technology to construct a high-quality, chromosome-level reference genome for A. medius.
Comprehensive genomic annotation includes repetitive sequences, non-coding elements, and protein-coding
genes. Functional annotation, including Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) analysis, further enriches our understanding of the A. medius genome. These findings provide valuable
insights into the adaptive evolution of Arctic organisms and establish a foundation for polar ecological conser-
vation and management efforts.

Methods
Ethics statement. All animal handling and experimental procedures were approved by the Fujian
Agriculture and Forestry University Ethics Committee (approval number: PZCASFAFU24069).
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Seq. type All Chr. Contig.
Sep. number 390 23 697

Total length (bp) | 739,230,572 669,270,049 739,077,072
N50 (bp) 30,207,471 30,887,387 10,004,925
L50 (bp) 10 9 22

N90 (bp) 18,504,769 23,751,151 591,375
L90 (bp) 22 19 155

Mean (bp) 1,895,463 29,098,697 1,060,368
Median (bp) 74,557 30,207,471 118,921
Max. (bp) 46,974,980 46,974,980 27,142,426
Min. (bp) 9,758 17,251,295 9,758

GC content (%) 42.36 42.26 4237

Table 2. The assembly statistic of A. medius.
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Fig. 3 BUSCO assessment results for A. medius genome. Indicator: C, indicates complete BUSCOs; S, single-
copy BUSCOs; D, complete and duplicated BUSCOs; F, fragmented BUSCOs; and M, missing BUSCOs; n, total
number of BUSCO groups analyzed.
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Fig. 4 A. medius genome contig contact matrix was constructed using Hi-C data, with Chr1-23 representing
the 23 chromosomes. The intensity of the red coloration indicates the contact density, where darker shades
correspond to higher interaction frequencies.
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Chr Chr size (bp) | Contig number | Contig size (bp) GC content (%)
Chrl 46,974,980 21 46,964,980 42.53
Chr2 38,175,894 15 38,168,894 41.72
Chr3 35,296,513 9 35,292,513 42.31
Chr4 34,856,473 20 34,846,973 42.24
Chr5 33,287,400 10 33,282,900 41.84
Chré6 32,028,287 19 32,019,287 42.14
Chr7 31,962,062 11 31,957,062 41.82
Chr8 31,274,129 17 31,266,129 41.97
Chr9 30,887,387 14 30,880,887 42.02
Chr10 30,207,471 19 30,198,471 42.36
Chrl11 29,459,091 7 29,456,091 42.11
Chr12 29,152,110 22 29,141,610 42.48
Chr13 29,019,092 15 29,012,092 42.27
Chr14 | 28,372,503 6 28,370,003 42.04
Chrl5 28,361,610 8 28,358,110 43.09
Chrl6 28,092,748 10 28,088,248 42.24
Chrl7 | 25,515,609 6 25,513,109 41.84
Chr18 25,127,810 3 25,126,810 42.19
Chr19 23,751,151 18 23,742,651 42.42
Chr20 21,254,401 6 21,251,901 42.02
Chr21 20,457,264 4 20,455,764 42.57
Chr22 18,504,769 7 18,501,769 43.61
Chr23 17,251,295 18 17,242,795 43.30
All 669,270,049 285 669,139,049 42.26

Table 3. The summary of A. medius chromosome lengths statistics.

Sample collection and sequencing. During the 2014 Chinese Arctic Research Expedition, A Stout
Eelblenny (A. medius) was sampled aboard by the icebreaker R/V Xuelong (Snow Dragon) in the Chukchi Sea
(-169.02 °W; 67.68°N) through trawling. The arctic fish sample was rapidly frozen with liquid nitrogen on the
deck and then transferred to a —80 °C freezer for storage®'~**. Upon returning to the laboratory, the dorsal muscle
tissue of the fish was collected for genomic sequencing and analysis*. High-quality genomic DNA was extracted
from the dorsal muscle tissue using QITAGEN Genomic-tip 100/G kit (Qiagen, Hilden, Germany)*. The qual-
ity and quantity of the extracted DNA were assessed using a NanoDrop 2000 spectrophotometer (NanoDrop
Technologies, DE, USA), measuring the OD260/280 and OD260/230 ratios*>**. The concentration of the genomic
DNA was accurately measured using a Qubit 3.0 Fluorometer (Life Technologies, CA, USA). The integrity of the
genomic DNA was verified through 0.8% agarose gel electrophoresis®?>*,

The SMRTbell library was prepared using the SMRTbell Express Template Prep Kit 2.0 (Pacific
Biosciences)??. In brief, 15 ug of genomic DNA was subjected to an initial enzymatic reaction to remove
single-stranded overhangs, followed by treatment with repair enzymes to fix any potential damage to the DNA
backbone. Once the DNA damage was repaired, the ends of the double-stranded fragments were polished,
and an A-overhang was added. The fragments were then ligated to T-overhang SMRTbell adapters at 20 °C
for 60 min. After ligation, the SMRTbell library was purified using 1X AMPure PB beads. The library’s size
distribution and concentration were evaluated using a FEMTO Pulse automated pulsed-field capillary elec-
trophoresis instrument (Agilent Technologies, DE, USA) and a Qubit 3.0 Fluorometer (Life Technologies, CA,
USA). Once the library characterization was complete, 3 pg of the library underwent size selection using the
BluePippin system (Sage Science, MA, USA), which removed SMRTbells smaller than 15kb. After size selection,
the library was again purified with 1X AMPure PB beads. The final library size and quantity were verified using
the FEMTO Pulse and the Qubit dsDNA HS Assay Kit. Sequencing primer and Sequel Il DNA Polymerase were
then annealed and bound to the SMRTbell library. The library was loaded at an on-plate concentration of 120
pM using diffusion loading. SMRT sequencing was conducted on a single 8 M SMRT Cell using the Sequel II
System and the Sequel II Sequencing Kit, with 1800-minute movies produced by Frasergen Bioinformatics Co.,
Ltd. (Wuhan, China), and the resulting data was processed using SMRT LINK 5.0 software?.

Genome assembly and analysis. SMRTbell libraries were sequenced on a PacBio Revio system, and con-
sensus HiFi reads were generated using the CCS software (https://github.com/pacificbiosciences/unanimity)
with a minimum of three passes (‘-minPasses 3’). To further enhance and validate the assemblies, we generated
35.75 Gb of PacBio HiFi reads for this sample (Table 1), and the length distribution is shown in Fig. 2. These long
(~15kb), highly accurate (>99%) HiFi reads were assembled using Hifiasm (https://github.com/chhylp123/hifi-
asm)?. To correct errors in the initial assembly, Illumina-derived short reads were employed using Pilon (v1.23)%
for error correction. The final A. medius genome assembly had a total length of approximately 739.07 Mb, con-
sisting of 697 contigs with a Contig N50 of 10.004 Mb (Table 2). The completeness of the assembled genome was
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Repeat type Repeat size (bp)
Low_complexity 2,247,372
LINE/L1-Tx1 163,046
LTR/DIRS 423,042
DNA/TcMar-ISRm11 232,981
DNA/TcMar-Tel 2,091,901
DNA/hAT-Charlie 6,255,762
Unknown 165,243,169
DNA/hAT-Ac 1,456,899
LTR/ERV1 772,382
DNA/PIF-Harbinger 60,382
LTR/ERV-Foamy 144,344
DNA/hAT-Tol2 751,286
DNA/PiggyBac 479,504
DNA/hAT-hAT5 149,117
LINE/L1 1,736,919
LINE/Proto2 240,675
DNA/Academ 249,070
LTR/Pao 432,506
LINE 65,089
DNA/CMC-EnSpm 16,213
DNA/hAT-Tip100 4,163,103
LINE/L2 5,271,186
DNA/hAT-Blackjack 57,277
LTR/Gypsy 1,853,475
LINE/Rex-Babar 4,963,062
LINE/RTE-X 601,957
LINE/Jockey 86,961
LINE/I-Nimb 1,263,675
LTR 97,679
RC/Helitron 33,654
LINE/RTE-BovB 2,203,609
Simple_repeat 36,787,604
LTR/Ngaro 237,122
Total 240,832,023

Table 4. The summary of repeat sequence statistics of A. medius genome.

assessed using BUSCO (v3.1.0) with the OrthoDB database Actinopterygii_odb9***’, where 97.05% of the BUSCO
genes were successfully identified (Fig. 3), indicating a highly complete genome assembly.

To anchor the contigs, 7.39 Gb of clean read pairs were generated from the Hi-C library and mapped to
the polished A. medius genome using Bowtie 2 (v2.4.1) with default parameters’!. Paired reads, where mates
were mapped to different contigs, were utilized for Hi-C-assisted scaffolding. Invalid reads, such as self-ligation,
non-ligation, and others like Start Near Rsite, PCR amplification artifacts, random breaks, Large Small
Fragments, and Extreme Fragments, were filtered out using the HICUP software*. We clustered 390 contigs into
23 groups using agglomerative hierarchical clustering within 3D-DNA, as illustrated in Fig. 4. The 3D-DNA tool
was also employed to order and orient these clustered contigs®*3. A total of 285 contigs, spanning 669,270,049
base pairs, were successfully ordered and oriented. This effort resulted in the first chromosomal-level
high-quality assembly, with chromosome lengths ranging from 17.25 Mb to 46.97 Mb, accounting for 90.53% of
the total genome sequence (Table 2). The statistics of A. medius chromosome lengths are summarized in Table 3.

Repetitive sequence annotation and analysis. To identify the repeat elements in A. medius genome,
we applied two complementary methods: homology-based and de novo prediction. For the homology-based
approach, we used RepeatMasker (v4.0.9)*° with the Repbase TE library to identify known transposable elements
(TEs). In parallel, we constructed a de novo repeat library for the A. medius genome using RepeatModeler (http://
www.repeatmasker.org/RepeatModeler/)*, which automatically integrates two key de novo repeat-finding tools:
RECON (v1.08) and RepeatScout (v1.0.5). These tools enabled comprehensive identification, refinement, and
classification of consensus models for potential interspersed repeats®”. Additionally, a de novo search for long
terminal repeat (LTR) retrotransposons was conducted using LTR_FINDER (v1.0.7), LTR harvest (v1.5.11), and
LTR retriever (v2.7)%-%. We also identified tandem repeats using the Tandem Repeat Finder (TRF) package
and simple sequence repeats (SSR) using MISA (v1.0)*!. Finally, we merged the libraries generated from both
approaches and used RepeatMasker®® to identify the complete repeat content in the genome. As a result, we
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Fig. 5 The genomic circus plot of A. medius. The rings, from the outermost to the innermost ring, the map
illustrates the following: gene density (using a 200 kb sliding window), transposon density (200kb sliding
window), repetitive sequence density (marked as SimpleRepeat by RepeatMasker, with a 200 kb window), and
GC content (200kb sliding window, where red indicates regions with higher GC content than the genome
average, and green indicates regions with lower GC content), the innermost ring represents collinear blocks.

rRNA type Total length (bp) Average length (bp) Number
18s_rRNA 104,595 1,835 57
28s_rRNA 313,648 5808.296296 54
5_8S_rRNA 9,028 153.0169492 59
5S_rRNA 491,254 117.9198272 4,166
8s_rRNA 67,482 113.9898649 592

Table 5. The summary of non-coding RNA statistics of A. medius genome.

identified 240.83 Mb of repeat sequences within A. medius genome. A summary of these repeat sequence statistics
is provided in Table 4. Furthermore, The Circos program** was used to generate a circular genome map, dis-
playing various genomic features in concentric layers. From the outermost to the innermost ring, the map illus-
trates the following: gene density (using a 200 kb sliding window), transposon density (200kb sliding window),
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Fig. 6 The protein-coding gene and protein Busco analysis for the sample of A. medius. (A) The protein length
distribution. (B) The protein-coding gene BUSCO assessment for A. medius genome. Indicator: C, indicates
complete BUSCOs; S, single-copy BUSCOs; D, complete and duplicated BUSCOs; E, fragmented BUSCOs; and
M, missing BUSCOs; n, total number of BUSCO groups analyzed.

repetitive sequence density (marked as SimpleRepeat by RepeatMasker, with a 200kb window), and GC content
(200kb sliding window, where red indicates regions with higher GC content than the genome average, and green
indicates regions with lower GC content), the innermost ring represents collinear blocks (Fig. 5).

Non-coding annotation and analysis. We employed the tRNAscan-SE (v1.3.1)* algorithm with default
parameters to identify tRNA genes. tRNAs are adaptor molecules composed of RNA that play a crucial role
in translating the three-letter genetic code in messenger RNA (mRNA) into the twenty-letter code of amino
acids in proteins. For rRNA gene identification, we used RNAmmer (v1.2)* with the parameters ‘-S euk -m
Isu,ssu,tsu’. Additionally, snoRNAs, a class of small RNA molecules that guide the chemical modification of
other RNAs (primarily ribosomal RNAs, transfer RNAs, and small nuclear RNAs), were identified using cmscan
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Database Annotated b Annotated ratio
GO 22,336 47.93%
KEGG 26,480 56.82%
KOG 28,526 61.21%
Nr 45,236 97.07%
Pfam 34,911 74.91%
SwissProt 37,252 79.93%
TrEMBL 44,852 96.24%
Total 45,380 97.38%

Table 6. The summary of protein-coding gene annotation statistics of A. medius genome.
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(v1.1.2)* against the Rfam (v14.0)% database with default parameters. In the rRNA analysis, we identified a total
of 4,928 rRNA sequences, with lengths ranging from 9,028 bp to 491,254 bp (Table 5). For tRNAs, 9,663 sequences
were identified, with a total length of 728,112 bp and an average length of 75 bp, accounting for 0.0011 of the
genomes. Additionally, we identified 347 snRNAs and 21 snoRNAs, with total lengths of 45,796 bp and 2,661 bp,
respectively.

Protein coding gene prediction and analysis. For protein-coding genes prediction in A. medius
genome using three complementary methods: ab initio gene prediction, homology-based prediction, and
RNA-Seq-guided prediction. Before gene prediction, the assembled A. medius genome underwent both hard
and soft masking with RepeatMasker™ to eliminate repetitive elements. For ab initio gene prediction, we used
Augustus (v3.3.3)*748, which was trained with high-quality protein models generated from RNA-Seq data. For
homology-based gene prediction, we employed MAKER (v2.31.10)*. In this process, protein and transcript
sequences were aligned to the genome assembly, and coding genes were predicted using the default parame-
ters in MAKER. RNA-Seq-guided gene prediction involved aligning clean RNA-Seq reads to the genome using
HISAT?2 (v2.0.0)*°. The gene structures were then reconstructed using Trinity (v2.3.2)°! with the parameter ‘-
genome_guided_bam XXX_aligned.bam; followed by TransDecoder (v2.01) and MAKER® to further refine the
gene models. Finally, the gene prediction results from the three methods were integrated using EVidenceModeler
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Fig. 8 Protein-coding gene annotations for KEGG in A. medius genome.

(EVM, v1.1.1)*2, resulting in a consistent set of non-overlapping sequence assemblies that defined the gene
structures. In total, 30,345 protein-coding genes were predicted, with an average gene length of 8,563.51 bp.
Additionally, 46,603 proteins were identified, with a total length of 23,509,360 amino acids (aa) and an average
length of 504.46 aa. Figure 6A illustrates the protein length distribution for the A. medius genome. The complete-
ness of the predicted protein-coding genes was assessed using BUSCO, with the Actinopterygii odb9 database®**’,
and the protein-coding genes datasets showed a 94.98% completeness score (Fig. 6B).

Protein coding gene annotation and analysis. Gene functions were predicted by aligning sequences
to several major protein databases, including the National Center for Biotechnology Information (NCBI)
Non-Redundant (NR), TrEMBL, InterPro®®, and Swiss-Prot®*, using BLASTP (ncbi-blast v2.6.0+)% with an
E-value threshold of 1E~°. Additionally, functional annotation was performed using the Kyoto Encyclopedia
of Genes and Genomes (KEGG) database®. Protein domain identification was carried out using PfamScan®’
and InterProScan (v5.35-74.0)%¢, with reference to the InterPro protein database®®. Motifs and domains within
gene models were identified through the PFAM database®”. Gene Ontology (GO) terms®® were assigned to each
gene using Blast2GO®'. In total, approximately 45,380 (about 97.38%) of the predicted protein-coding genes in
A. medius were successfully annotated with known gene functions, conserved domains, and GO terms. Table 6
provides a summary of the annotation statistics across the seven major databases.

In the GO annotation, the molecular function category showed the highest rate of annotations for binding
(57.75%), followed by catalytic activity (28.28%). In the cellular component category, membrane parts had the
most annotations (42.82%), followed by cell parts (21.12%). For the biological process category, metabolic pro-
cesses (31.10%) and cellular processes (20.59%) were the top two with the highest annotation rates (Fig. 7). In
the KEGG annotation, within the organismal systems category, the endocrine system had the highest number
of annotated genes (4,368), followed by the immune system (3,291) and nervous system (3,075). Carbohydrate
metabolism, lipid metabolism, and amino acid metabolism also showed a significant number of annotated genes,
with 1,510, 1,300, and 980 genes, respectively. In the genetic information processing category, folding, sorting,
and degradation were associated with 959 genes, while translation had 870 annotated genes. For environmental
information processing, 10,047 genes were annotated under signal transduction, and 1,912 under signaling
molecules and interaction. In the cellular processes category, cellular communities-eukaryotes, and transport
and catabolism had 2,238 and 1,593 annotated genes, respectively. Figures 8 and 9 illustrate the protein-coding
gene annotations from the KEGG and KOG databases.

Data Records

All data from A. medius whole-genome project have been submitted to the NCBI SRA database under BioProject
accession number PRJNA1176308 (https://www.ncbi.nlm.nih.gov/bioproject/PRINA1176308/). Specifically, the
genome PacBio sequencing data was deposited at GeneBank (accession SRR31143456)%%. The genome Hi-C
sequencing data was deposited at GeneBank (accession SRR31715051)%. The RNA PacBio sequencing data
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was deposited at GeneBank (accession SRR31715464)%. And The RNA BGI sequencing data was deposited at
GeneBank (accession SRR31715465)%. This Whole Genome Shotgun project has been deposited at GenBank
under the accession JBJXUX000000000°. Moreover, the assembly of A. medius has been deposited at GenBank
under the accession GCA_046127435.1 (https://www.ncbi.nlm.nih.gov/datasets/genome/GCA_046127435.1/).
Concurrently, the final assembly and annotation files of this study are publicly available in FigShare (https://doi.
0rg/10.6084/m9.figshare.27368472)%".

Technical Validation

To ensure the accuracy of sequencing data, we performed a series of quality control checks on the samples before
proceeding with library construction. First, we assessed the purity of the genomic DNA using a Nanodrop
spectrophotometer (NanoDrop Technologies, DE, USA), measuring the 0D260/280 and OD260/230 ratios and
ensuring that the nucleic acid absorption peaks were normal. Next, the concentration of the genomic DNA was
accurately measured using a Qubit fluorometer (Life Technologies, CA, USA), and the Qubit concentration was
compared with the Nanodrop concentration to evaluate the sample’s purity. Finally, the integrity of the genomic
DNA was verified through electrophoresis. Only after meeting all quality standards were the samples used for
library preparation. The completeness of the assembled genome was evaluated using BUSCO (v3.1) analysis with
the OrthoDB database. The results showed that 97.05% of the BUSCO genes (Actinopterygii odb9) were success-
fully identified, indicating a high level of completeness in the assembled genome (Fig. 2).

Code availability

No custom scripts or codes were used in the management and verification of the data sets in this study. All
software and pipelines used for data processing were executed according to the manuals and protocols of the
bioinformatics software cited above. The specific parameters were described if the default parameters were not
applied for data analysis.
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