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The Patagonian moray cod, Muraenolepis orangiensis, belongs to the family Muraenolepididae and is the sole order of Gadiformes that inhabits the temperate and cold waters of the southern hemisphere. One of the features of the Gadiformes order is that they have a remarkably unique immune gene repertoire that influences innate and adaptive immunity, and they lack major histocompatibility complex (MHC) class II, invariant chains (CD74), and CD4 genes. In this study, a high-quality chromosome-level genome assembly was constructed, resulting in a final assembled genome of 893.75 Mb, with an N50 scaffold length of 30.07 Mb and the longest scaffold being 39.77 Mb. Twenty-five high-quality pseudochromosomes were assembled, and the complete BUSCO rate was 93.4%. A total of 34,553 genes were structurally annotated, and 27,691 genes were functionally annotated. Among the 10 primary genes involved in MHC class II, only two ERAP1 genes and one AIRE gene were identified through the genome study. Although no specific reason for the MHC class II deficiency has been identified, it has been shown that the toll-like receptors (TLRs), which are significant to the innate immune response, are significantly expanded in M. orangiensis. A total of 44 TLRs have been identified, with 32 TLR13 genes distributed evenly on six different pseudochromosomes. This study is the first to reveal the whole genome of a Muraenolepididae family and provides valuable insights into the potential rationale for the MHC class II deficiency in a Gadiformes fish species.
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1 Introduction

The Patagonian moray cod, Muraenolepis orangiensis, belongs to the Muraenolepididae family and lives in the moderate and frigid seas of the southern hemisphere (Balushkin and Prirodina, 2006). While the biological features and taxonomy of this species are not well studied, the family’s morphological characteristics include joined dorsal, anal, and caudal fins, and no teeth (Parkes, 1992). According to FishBase web data, M. orangiensis has a depth distribution of 135–860 m and a size range of 20 cm (https://www.fishbase.se/summary/7127). They live near the ocean’s bottom, at midwater depth, or near the surface. Muraenolepididae, the family of eel cods, comprises one genus, Muraenolepis Günther, 1880, and has five different species: M. marmorata Günther, 1880; M. microps (Lönnberg et al., 1905); M. orangiensis Vaillant, 1888; M. microcephala Norman, 1937; and M. andriashevi Balushkin and Prirodina, 2005. A research identified the mitochondrial 16S and COI sequences of Muraenolepis fishes, confirming that M. microps is a junior synonym of M. marmorata (Fitzcharles et al., 2021). Taxonomically, morphological traits are quite significant. However, it is very difficult to distinguish these species by morphological traits, therefore, genome information of this species will be of great help in distinguishing their characteristics. The Gadiformes family Muraenolepididae inhabits the continental ocean of Antarctica, remote islands (Prince Edward, Bouvet, Crozet, Kerguelen, Macquarie, and Heard) and banks of the Southern Ocean (Ob, Lena, and banks at the Discovery Seamounts), off islands of the Scotia Sea (from the South Shetland to South Georgia and Shag Rocks), off islands of the New Zealand plateau, on seamounts of the Pacific-Antarctic Ridge, and the southern shelves of South Africa and America, including the Agulhas Bank (Lönnberg et al., 1905; Balushkin and Prirodina, 2006). M. orangiensis inhabits the Southwest Atlantic (Strait of Magellan), the Patagonian region of Argentina, and the Southern Ocean, including the Kerguelen, Heard, and Crozet islands (Nakamura et al., 1986). Muraenolepis fish are prevalent near South Georgia, where they are taken in modest quantities in most demersal trawls on the shelf and upper slope, and they have been reported in the diet of Patagonian and Antarctic toothfish. Among the other Muraenolepis species, M. marmorata is certainly numerous on the South Georgia shelf, but its ecological importance is unclear. Despite the lack of knowledge on the Muraenolepis genus, it may be identified as a key fish in the food chain of numerous Antarctic species living in severe environments (Fitzcharles et al., 2021). Muraenolepis species are also known to live in the Ross Sea Marine Protected Area (MPA). The region is the world’s most protected maritime area and one of the primary study sites in the Antarctic environment. The Ross Sea MPA, located in the Southern Ocean off the coast of Antarctica, is distinguished by its unique and pristine environment, making it a key spot for scientific research and discovery. The Ross Sea MPA is known for its diverse biodiversity and acts as a haven for a variety of species, including marine mammals, seabirds, and fish (Brooks et al., 2021). It is known as a significant research region of the Antarctic ecology in this regard.

The increased use of high-throughput sequencing techniques has made genome resources of non-model species readily available, which has been followed by large efforts in comparative immunology (Palti, 2011; Malmstrom et al., 2016). Previous research has identified a few shared denominators of vertebrate immunity however, it has revealed significant gene loss and expansions, altering our knowledge of functional compartments and the organization of the immune system in vertebrates (Jin et al., 2020). This order of Gadiformes teleosts has a specific immune gene repertoire that affects innate and adaptive immunity and lacks the major histocompatibility complex (MHC) class II, invariant chains (CD74), and CD4 genes, according to the recently published genome of Gadus morhua and approximately 30 Gadiformes genomes. Additionally, the Atlantic cod genome has a substantial number of MHC I genes as well as a distinct repertoire of toll-like receptors (TLRs) (Sundaram et al., 2012; Malmstrom et al., 2016). The expanded teleost-specific TLR families in Atlantic cod differ from those found in other teleosts, providing an example of why and how so many duplicated genes have been maintained during vertebrate evolution (Sundaram et al., 2012).

The complex MHC pathways and their functionalities are well-defined as critical elements of vertebrate adaptive immune systems (Neefjes et al., 2011; Parham, 2015); nevertheless, the origins of MHC copy number variation are less known (Neefjes et al., 2011). This increase in MHC genes offers an immunological tradeoff where an increase in MHC genes improves pathogen detection but simultaneously reduces the number of circulating T cells (Reusch et al., 2001; Milinski, 2006; Klein et al., 2014). As a result of this tradeoff, the immune system can identify a high number of pathogens but is less effective at removing them. As seen by choosing five to ten copies reported in case studies of other fish, it is envisaged that MHC copy number evolution will be steered toward intermediate optima established by the tradeoff through finding and removing the pathogens (Aeschlimann et al., 2003; Kalbe et al., 2009). The optimal number of MHC copies changes depending on the environment due to differences in pathogen burden and associated selection pressures (Eizaguirre et al., 2012; Karvonen and Seehausen, 2012). As a result, MHC genes are thought to have a significant role in speciation, although this involvement has never been evaluated in a macroevolutionary context (Eizaguirre et al., 2009; Karvonen and Seehausen, 2012). Nevertheless, when, and how MHC class II was deficient in connection to MHC I extension, and if it was causally connected to these genetic modifications remains unsolved (Malmstrom et al., 2016).

In this study, we report the first high-quality whole genome and genomic information of the Muraenolepididae family. Furthermore, we aimed to understand the immune system of M. orangiensis, one of the driving forces enabling the species to survive in harsh environments, by confirming MHC class II immunodeficiency (Malmstrom et al., 2016). This study sheds light on the first evolutionary trajectory of some major life-history traits of the Muraenolepididae family, which may provide important clues for ecological and genomic studies addressing Antarctic biota, and it contributes a reference genome for future comparative studies of Antarctic adaptations and the species in Muraenolepididae family.




2 Materials and methods



2.1 Sample collection

The sample was captured from the Ross Sea (77◦050 S, 170◦300 E on CCAMLR Subarea 88.1), Antarctica, and then placed in a -80 ◦C freezer. The specimen was used for total RNA extraction and DNA isolation. The frozen muscle samples were anatomized, and the traditional phenol-chloroform method was used to produce high-quality and pure DNA for long-read sequencing on the PacBio Sequel platform (Pacific Biosciences, USA). The quality and quantity of genomic DNA were confirmed using a Qubit 2.0 Fluorometer (Life Technologies, Carlsbad, CA, USA), and a Fragment Analyzer (Agilent Technologies, Santa Clara, CA, USA), respectively. Following the manufacturer’s guidance, total RNA was extracted from muscle and skin samples using a RNeasy Mini Kit (Qiagen). The quality and quantity of the RNA were confirmed using a Qubit 2.0 Fluorometer (Life Technologies, Carlsbad, CA, USA) and a Fragment Analyzer (Agilent Technologies, Santa Clara, CA, USA).




2.2 Library construction and genome sequencing

The genomic DNA was used to construct the single-molecule real-time (SMRT) bell library and was sequenced using eight SMRT cells (Pacific Biosciences, Sequel™ SMRT Cell 1M v2) with a Sequel Sequencing Kit 2.1 (Pacific Biosciences, USA) and one 600-minute movie was captured for each SMRT cell.

The muscle tissue was used to construct the whole-genome sequencing (WGS) library via the TruSeq Nano DNA library kit (Illumina San Diego, CA, USA). We used 1 µg of DNA, which was sheared into 350–450 bp fragments using a Covaris E220. The end of each DNA fragment was repaired, and an ‘A’ base was added to the 3’ end to make a sticky end. After ligation, an Illumina adapter was ligated to both ends of the DNA fragments, and PCR amplification was performed on each sample. The constructed library was purified, and the final WGS library was sequenced on an Illumina NovaSeq 6000 platform (Illumina San Diego, CA, USA).

The Hi-C chromatin contact map was constructed using muscle tissues from the same individual for the high-quality chromosome-level assembly. The muscle was crosslinked with PBS and formaldehyde, and the chromatin was prepared. 800 ng of the chromatin were utilized to prepare the library after the chromatin sample had been normalized. The chromatin was collected and digested with a restriction enzyme. Using a Covaris system after the crosslink reversal, 200 ng of DNA was sheared. The sheared DNA fragments were end-repaired and ligated with an Illumina adaptor. The ligated DNA was verified using Streptavidin magnetic beads before being amplified via PCR to enrich the fragments. The insert size and the concentration of the constructed libraries were checked. Then they were sequenced using an Illumina NovaSeq 6000 platform (Illumina San Diego, CA, USA) with a 150 bp paired-end strategy.

Total RNA (1 µg) from the muscle and skin tissues was pooled for RNA sequencing. The pooled samples were sequenced using one SMRT cell v3 based on P6-C4 chemistry after the standard full-length cDNA (1–3 kb) library preparation. Three SMRT cells were sequenced on a PacBio Sequel system (Pacific Biosciences, USA). A SMRT Link version 6.0.0 was used for quality checking, filtering, and clustering of the Iso-Seq sequencing data.




2.3 Genome assembly

A Flye assembler v2.9.1 (Kolmogorov et al., 2019) was utilized with the default parameters to create the de novo genome assembly of M. orangiensis. The Illumina data were used for polishing errors and improving the assembled genome by a Pilon v1.24 with the default parameters (Walker et al., 2014). HiRise software was used to conduct the chromosome-level genome assembly of M. orangiensis (Putnam et al., 2016). The assembled genome and the raw reads from the Hi-C libraries were aligned to construct a probability model for the genomic distance between read pairs. The genomic linking information between the contigs was generated, and mis-joins were corrected to create a pseudo-molecule-level scaffold genome. The Hi-C file comprising the contact matrices with duplication removal linking information was created using Juicer v1.6 (Durand et al., 2016b), and the Hi-C raw sequence data were aligned using BWA-MEM (Li, 2013). The contact map plot was drawn and visualized using Juicebox v1.6 (Durand et al., 2016a). Although there was no karyotype data from the Muraenolepididae family, we estimated that the scaffolds larger than 10 Mb were pseudochromosomes. The genome’s completeness was confirmed using Benchmarking Universal Single-Copy Orthologs (BUSCO) v5.4.6 (Manni et al., 2021) with the Actinopterygii odb10 database. The statistics for contig-level genome assembly were estimated by assemblathon_stats.pl (https://github.com/ucdavisbioinformatics/assemblathon2-analysis).




2.4 Repeat analysis and annotation

RepeatModeler2 (Flynn et al., 2020) was used to build the de novo repeat library with the default parameters in RepeatScout and RECON software. The consensus sequences and categorization information for each repeat were predicted using the Tandem Repeats Finder (Benson, 1999). All the repeats gathered by RepeatModeler were confirmed using the UniProt/SwissProt database (Dimmer et al., 2012). The raw LTR data from LTRharvest (Ellinghaus et al., 2008) and LTR_FINDER (Xu and Wang, 2007) were combined to construct the LTR library using LTR_retriever (Ou and Jiang, 2017). The highly accurate identification of long terminal repeat retrotransposons (LTR-RTs) was made using the LTR library. The repeating elements were identified using a de novo repeat library and RepeatMasker v4.1.4. The repetition landscape was estimated for each alignment using the Kimura distance.

The gene prediction of M. orangiensis was conducted using EvidenceModeler (EVM) v2.0 (Haas et al., 2008). First, the repeat masked genome was used for ab initio gene prediction using Augustus v3.5.0 (Stanke et al., 2006) and GeneMark-ES v4.68 (Lomsadze et al., 2005). Then, the hints for protein and ab initio prediction were extracted along with extensive protein sequences from the Actinopterygii clade of bony fishes in the UniProt/SwissProt protein database (UniProt, 2019) using ProtHint v2.6.0 (Bruna et al., 2020). The ProtHints output file was used to conduct the gene prediction for protein. Next, using the PASA pipeline v2.5.2 (Haas et al., 2008) with the Iso-Seq data, evidence for the transcriptome was generated for more accurate gene predictions of M. orangiensis. The results from the ab initio, transcriptome, and protein with their weights of contribution were integrated by EVM for the final gene predictions. Finally, to update the gene predictions into changing exons and adding un-translated regions (UTRs), we reused the PASA pipeline with the Iso-Seq data. Genome Annotation Generator v2.0.1 (Geib et al., 2018) was used to add the start and stop codon information and generate the gff3 file.

The predicted genes were annotated using NCBI BLAST v2.9.0 (Altschul et al., 1990) with a maximum e-value of 1e-5 by aligning the sequences to the NCBI non-redundant protein (nr) databases (Marchler-Bauer et al., 2011). InterProScan v92.0 (Paysan-Lafosse et al., 2022) was used with the default parameters and the protein sequences to identify the protein domains. Trinotate v3.2.2 (Bryant et al., 2017) was used for broad annotation of the transcriptome sequences, TransDeocder v5.5.0 was used to decode the amino acid sequences, SignalP v6.0 (Teufel et al., 2022) was used for the protein signal peptides, and Pfam (Sonnhammer et al., 1997) was used for the protein family predictions. The protein signatures were aligned against the Kyoto Encyclopedia of Genes and Genomes (KEGG) database to fetch KEGG-relevant functional annotations (Kanehisa and Goto, 2000). Gene Ontology (GO) terms were assigned to the genes for the gene function predictions and classifications using Blast2GO v6.0 (Conesa et al., 2005).




2.5 Comparative analysis

Nucmer in the MUMmer software package v4.02b (Marcais et al., 2018) with the following parameter -c 1100 -g 10000 and add –mum for unique match avoid repeat region was used to compare the genome sequences at the chromosome level. The long sequences corresponding to pseudochromosomes were selected and compared, excluding the unarranged scaffolds and contigs sequences. Circos (Krzywinski et al., 2009) was used for the comparative genomics, and a custom script was employed to convert the coordinate information from Nucmer into a Circos-compatible format. G. morhua was used as a reference genome, and the results of the chromosome comparison between the two genomes were diagrammed using Circos.

M. orangiensis and 20 well-assembled and annotated teleost genomes were utilized to identify the gene families and build a phylogenetic tree. The longest coding sequences (CDS) for each species were extracted from the annotated gff3 file using AGAT v1.0 (Dainat, 2021). To fetch the longest isoform, the agat_sp_keep_longest_isoform.pl script was used, and to extract the data to a fasta file, the agat_sp_extract_sequences.pl script was used. The CDS were converted to amino acid sequences using the “transeq” function in EMBOSS v6.6.0 (Rice et al., 2000). The protein sequences were used to classify the orthologous gene cluster using the OrthoMCL pipeline (Li et al., 2003) and applied the Markov Clustering Algorithm with default options in all the steps.

A phylogenetic tree was built using single-copy orthologous gene clusters. They were aligned using a Probabilistic Alignment Kit (Löytynoja and Goldman, 2005) with the codon alignment option. For the ensuing steps Gblocks (Castresana, 2000) were utilized to filter out the erratically aligned and gapped regions. Molecular Evolutionary Genetics Analysis (MEGA) v11.0 (Tamura et al., 2021) was used to construct the phylogenetic tree of 21 teleost species. The maximum-likelihood tree method was applied using RAxML (Stamatakis, 2014) under 1,000 bootstrap replications of the Jones-Taylor-Thornton (JTT) model. The divergence times calibration was conducted using Timetree (Hedges et al., 2006), and four teleosts were used (the minimum and maximum divergence times for Acanthochromis polyacanthus and Amphiprion percula were 27.0 and 29.3 million years ago (Mya); the smallest and largest divergence periods for G. morhua and Danio rerio were 180.0 and 264.0 Mya.

The previously identified orthologous gene clusters were utilized in conjunction with the five well-assembled and annotated Antarctic fish species to identify unique orthologs that live in frigid environments. Among the orthologous gene clusters, the specific gene families included in M. orangiensis were selected, and the functional categories were identified using a Blast2GO enrichment test with a Fisher’s exact test cutoff of a p-value of less than or equal to 0.05. CAFÉ v5.0 (Mendes et al., 2020) was used to perform the statistical tests for gene family expansion and contraction to identify how the gene families have altered during the evolution of M. orangiensis. The default parameters were used and identified the likelihood of the gene family expansion and contraction with a p-value of less than or equal to 0.05. The expanded and contracted genes of M. orangiensis were sorted, and the GO categories were identified using a Blast2GO enrichment test with a Fisher’s exact test cutoff of a p-value of less than or equal to 0.05.




2.6 Identification of immune deficiency in MHC class II and the expansion of TLRs

M. orangiensis was classified as belonging to the Gadiformes order after comparing and analyzing the phylogenetic tree through the complete mitochondrial genome (Choi et al., 2020). Among the currently known teleosts in the Gadiformes order, it has been identified that there is a deficiency in MHC class II (Malmstrom et al., 2016). First, the presence of key genes in the cross-presentation pathway for the recognition of MHC class I, MHC class II, and pathogen-derived antigens was confirmed in the genome. Next, based on the analysis of the phylogenetic tree, the gene syntenies and chromosome locations of CD4 and CD74 genes, which are important MHC class II genes, were identified in Takifugu rubripes, G. morhua, and M. orangiensis. Although MHC class II is deficient in G. morhua, it has been specifically confirmed that the TLRs are repeatedly expanded (Sundaram et al., 2012). Based on the reference, the type and repetition of the TLRs in the genome were classified, and the location of the pseudochromosomes was identified. The TLRs in T. rubripes, G. morhua, D. mawsoni, and M. orangiensis were used for constructing the phylogenetic tree using MEGA-X based on the maximum-likelihood tree method with 1,000 bootstrap replicates. The TLR 8 gene from Homo sapiens was selected as an outgroup.





3 Results



3.1 Genome sequencing and assembly

The read number and data size for the PacBio Sequel data were 398.66 Mb and 94.89 Gb. The Hi-C library had 676.79 Mb and 102.19 Gb for the number of reads and sequences. The number of reads and sequences of the Iso-Seq data were 0.18 and 38.66 Mb, respectively (Supplementary Table 1).

This initial genome assembly was 890.95 Mb in length with a contig N50 of 0.73 Mb and the longest scaffold of 4.72 Mb, and the final chromosomal-level M. orangiensis genome assembly, which represented the first reference genome of family Muraenolepididae, has 893.75 Mb in length with a N50 scaffold length of 30.07 Mb and the longest scaffold of 39.77 Mb (Table 1). Twenty-five high-quality pseudochromosomes were assembled and were listed in order from the longest to the shortest length. The longest pseudochromosome length was 39.77 Mb, and the shortest pseudochromosome length was 11.90 Mb (Supplementary Table 2). The total length of the 25 pseudochromosomes was 83.5% of the total length of all genomic sequences, and the unassigned length was 147.62 Mb. The Hi-C interaction heat map was drawn and visualized using Juicebox (Figure 1A). BUSCO core genes were found as full BUSCO profiles in 3,398 (93.4%) of the 3,640 total BUSCO groups searched. Of these, 3,316 (91.1%) were single-copy, and 82 (2.3%) were duplicated BUSCOs. The fragmented and missing BUSCOs were 49 (1.3%) and 193 (5.3%), respectively (Table 2).


Table 1 | M. orangiensis genome assembly statistics.






Figure 1 | Hi-C analysis, repeat analysis, and functional annotation of M. orangiensis. (A) Hi-C interaction heat map for the M. orangiensis genome. The density of cross-linking information across the genomic segments is shown by the intensity of the red dots. Higher intensity was generated in the same scaffold, and the black bolded names represent the size of the scaffold. (B) Kimura distance-based copy divergence of M. orangiensis. The graph shows kimura substitution level (X-axis, K-value from 0 to 50) on the bottom and genome coverage (Y-axis) for each type of TE (DNA transposons, SINE, LINE, and LTR retrotransposons) in the genome. (C) Distribution of the top-20 GO terms in level 3. The X-axis represents the biological process (BP), molecular function (MF), and cellular component (CC) in different colors based on the number of sequences (Y-axis) in the genome.




Table 2 | Completeness of the M. orangiensis genome assembly estimated using BUSCO.






3.2 Gene prediction and annotation

The repetitive element sequences (REs) in the M. orangiensis genome were identified as tandem repeats and transposable elements (TEs). M. orangiensis have a variety of transposable elements subfamilies in the genome, and in total, the genome contained 51.28% transposable elements (Figure 1B, Supplementary Table 3). Among the REs, 14.93% were long terminal repeats (LTRs), 9.98% were DNA transposons, 8.50% were long interspersed elements (LINEs), and 0.72% were short interspersed elements (SINEs). Among the LTR elements, “gypsy” was the highest after “unknown” at 4.92%, and among the DNA transposons, “CMC-EnSpm” was the highest at 3.30%. Among the LINEs, “Rex-Babar” was the highest at 4.03%, while in the SINEs, “MIR” was the highest at 0.30%. The total interspersed repeats had 1,613,229 counts 39.7% were masked in the M. orangiensis genome, and 10.04% were masked for simple repeats (Supplementary Table 3). The Kimura distance was used to examine the TEs divergence distribution. The rates of the transitions and transversions were estimated on the alignment and converted to the Kimura distance to assess the age and transposition history of the Tes (Chalopin et al., 2015) with Kimura divergence values of 3 or below (Figure 1B).

A total of 34,553 genes in M. orangiensis were annotated, and the total length was 291.39 Mb. A total of 228,039 CDS and 229,440 exons were structurally annotated, and the lengths were 42.15 and 45.27 Mb, respectively (Supplementary Table 4). Consequently, 34,854 protein genes were functionally annotated using the NCBI BLAST. Of the 34,854 protein genes, 27,691 (79.45%) were annotated in the GO database, whereas 7,345 (21.07%) were annotated in the KEGG database (Supplementary Table 4, Supplementary Figure 1A). The Uniprot/Swiss-prot findings were recognized as 10,392 (29.81%), whereas Pfam and SignalP results were identified as 10,434 (29.94%) and 28,406 (81.5%), respectively (Supplementary Table 4). The distribution of the top 20 GO terms in level 3 was identified. Among the biological process (BP) GO terms, organic substance metabolic process (GO:0071704) was the highest, followed by primary metabolic process (GO:0044238), and in molecular functions (MF), transferase activity (GO:0016740) was the highest, followed by hydrolase activity (GO:0016787). Organelle (GO:0043226) was the most common cellular component (CC) GO term, followed by intracellular anatomical structure (GO:0005622; Supplementary Table 5, Figure 1C). The enzyme codes for the genes were evaluated based on the GO annotation results, and 2,733 genes were matched with the transferases enzyme, which was the highest, followed by 2,461 genes matched with the hydrolases enzyme (Supplementary Figure 1B). The top species for the blast hits were G. morhua and Myripristis murdjan (Supplementary Figure 2).

Utilizing 34,853 protein genes, the top 10 domains, families, sites, and repeats were analyzed using InterProScan. Among the top 10 domains, reverse transcriptase domain (IPR000477) was the highest, followed by NACHT nucleoside triphosphatase (IPR007111). The P-loop containing nucleoside triphosphate hydrolase (IPR027417) has the largest distribution in the top 10 family distribution, followed by immunoglobulin-like fold (IPR013783). In the top 10 repeats and site distribution, WD40 repeat (IPR001680) and protein kinase, ATP binding site (IPR017441) were the highest (Supplementary Figure 3).




3.3 Gene family identification, genome evolution, and comparison of orthologous gene clusters in Antarctic fish

No known chromosomal-level assembly genomes exist for any Muraenolepididae family species; the homology between chromosomes was identified and studied using G. morhua in the adjacent Gadiformes order. The 23 chromosomes of G. morhua and the 25 pseudochromosomes of M. orangiensis were compared for the similarity of each chromosome to confirm the chromosomal stability of the Hi-C assembly. It was found that the portion of M. orangiensis corresponding to scaffold 197 did not exactly match the chromosomes of G. morhua and partially matched other chromosomes. The scaffolds 196 and 76 were matched in the form of splitting and dispersing on the G. morhua chromosomes (Figure 2A). Except for scaffolds 76, 196, and 197, most of the scaffolds showed high homology between the two species.




Figure 2 | Genome analysis of M. orangiensis. (A) The collinear relationships between M. orangiensis pseudochromosomes and G. morhua chromosomes. (B) The orthologous gene families among M. orangiensis and other teleosts. (C) The phylogenetic analysis of M. orangiensis within the teleost lineage. The black numbers represent divergence times between the 21 species. A gene gain-and-loss analysis was performed, and the number of gained genes (+) are depicted in red, whereas the number of deleted genes (-) is given in blue. (D) The Venn diagram depicts the orthologous gene groups shared by M. orangiensis and four other Antarctic teleosts.



There were 4,519 multiple-copy orthologs, 2,653 unique orthologs, 17,607 other orthologs, and 8,598 unclustered genes in the M. orangiensis genome. The unique orthologs and unclustered genes outperformed the other fish species (Figure 2B, Supplementary Table 6). The phylogenetic tree was built using 1,173 single-copy orthologs. The divergence time calibration was estimated using four fish species based on the phylogenetic tree, and the M. orangiensis divergence time was calculated to be 84.9 Mya. While no other Muraenolepididae species’ whole genomes have been sequenced, the phylogenetic tree revealed that M. orangiensis was connected to G. morhua in the Gadiformes order (Figure 2C).

M. orangiensis and four other Antarctic fish were compared for orthologous gene clusters (Supplementary Table 6). There were 10,846 orthologous gene clusters identified to be common among the five Antarctic fish species, with M. orangiensis species alone detecting 624 orthologous gene clusters (Figure 2D). An enrichment test was conducted to identify the GO terms for the unique gene clusters identified in M. orangiensis, and as a result, five, including defense response to other organisms (GO:0098542), were identified as the highest in BP GO categories. Binding (GO:0005488) had the highest number of gene counts, with 353 in the MF GO category, followed by ion binding (GO:0043167; Supplementary Table 7).




3.4 Gene family expansion and contraction

Along the M. orangiensis lineage, 489 gene families that were significantly expanded and 741 gene families that were significantly contracted were identified. In comparison with the other Antarctic fish species included in the phylogenetic tree, M. orangiensis had less expanded gene families and more contracted gene families. At levels 5 and 6, the GO terms of the expanded and contracted gene families were analyzed using a gene enrichment analysis.

The highest BP in level 5 that related to the expanded gene families was organelle organization (GO:0006996) with 79 genes, followed by organonitrogen compound biosynthetic process (GO:1901566) and cellular macromolecule biosynthetic process (GO:0034645) both with 40 genes. The highest MF was DNA binding (GO:0003677) with 138 genes. For the CC, intracellular membrane-bounded organelle (GO:0043231) was the highest, with 355 genes. The highest BP and CC in level 6 were cytoskeleton organization (GO:0007010) with 66 genes and nucleus (GO:0005634) with 222 genes, respectively (Supplementary Table 8). Among the contracted gene families, the highest BPs in level 5 were macromolecule modification (GO:0043412) and protein modification process (GO:0036211) with 32 genes, for the MF and CC, DNA binding (GO:0003677) and intracellular membrane-bounded organelle (GO:0043231) were the highest, respectively. The highest BP, MF, and CC in level 6 were RNA metabolic process (GO:0016070), pyrophosphatase activity (GO:0016462), and nucleus (GO:0005634), respectively (Supplementary Table 9). The GO terms for the gene families that were quickly expanding and contracting covered a broad range of biological phenomena.




3.5 Immune deficiency of MHC class II genes and gene expansion of TLRs

Although the functionality of the adaptive immune system was assumed to remain preserved since the origin of jawed vertebrates, substantial changes in the immune gene repertoire have lately been identified in teleosts (Malmstrom et al., 2016). The Atlantic cod has undergone one of the most drastic alterations, resulting in the full loss of the MHC class II pathway, which is important for detecting bacterial infections in vertebrates. Furthermore, this loss is accompanied by a significantly expanded repertoire of MHC I genes, which ordinarily produce molecules for defense against viral pathogens (Malmstrom et al., 2016). M. orangiensis, which likewise belongs to the Gadiformes order, was studied in terms of MHC class II-related immune systems.

The immune gene repertoires of the M. orangiensis genome were identified based on the findings of the annotation data and BLAST searches to identify the cause and scope of the MHC class II pathway gene loss seen in the Gadiformes order. The presence of 26 genes known to play important roles in MHC class I, MHC class II, and cross-presentation pathways was specifically looked for and compared with three other teleosts (Neefjes et al., 2011; Roche and Furuta, 2015). Initially, all the critical genes for MHC class I were found, with 23 genes identified, including 10 MHC I genes, which were the most identified in the M. orangiensis genome. In the three other teleost species, the MHC class I genes were analyzed, and it was confirmed that 73 MHC I genes were significantly duplicated in G. morhua. Seven antigen peptide transporter 2 (TAP2) genes were the second most identified MHC class I genes in M. orangiensis. Cross-presentation refers to the processing of foreign antigens into the MHC class I pathway (Heath and Carbone, 2001). A total of 11 important genes in cross-presentation were found, with two proteins identified: protein transport protein Sec61 subunit alpha (Sec61A), protein transport protein Sec61 subunit gamma (Sec61G), and cathepsin S precursor (CTSS). In addition, the signal sequence receptor subunit gamma (SSRG) gene is the sole gene missing from the cross-presentation key genes set. Lastly, except for two genes for endoplasmic reticulum aminopeptidase 1 (ERAP1) and one gene for autoimmune regulator (AIRE), no major MHC class II genes have been found in M. orangiensis. In contrast, in D. mawsoni and T. rubripes, CD4, CD74, and MHC class II, which are important key genes for MHC class II immunity, have all been identified. Given the loss of the CD4 and CD74 genes in M. orangiensis and G. morhua, which are critical for MHC class II immunization, these findings challenge the fundamental ideas regarding the evolution of the adaptive immune system and its components in vertebrates (Table 3).


Table 3 | The presence and absence of important genes in the MHC I, MHC II, and cross-presentation pathways for pathogen-derived antigen recognition in four different teleosts.



According to a previous study, the CD4 gene on chromosome 11 was fragmented, and the CD74 gene was lacking in the genome of G. morhua. We looked for a segment in M. orangiensis using the T. rubripes reference genome, which is known to have well-preserved CD4 and CD74 genes (Star et al., 2011). We identified well-preserved genes at both ends of the CD4 region, but the CD4 gene had been deleted. A conserved gene synteny of gene order was observed on pseudochromosome 10 surrounding the CD4 genes (Figure 3A, Supplementary Table 10). The same method was used to identify the CD74 gene, which was not identified in the M. orangiensis genome, even among the well-preserved genes at both ends of the CD74 gene on pseudochromosome 10 (Figure 3B, Supplementary Table 10). As a result, CD4 and CD74, the key genes of MHC class II, were not identified anywhere in the M. orangiensis genome.




Figure 3 | Gene synteny between CD4 and invariant chain (CD74) region among three teleosts. (A) The region around the CD4 genes (red arrows) and shows conserved gene synteny of the gene order and transcriptional direction of the other genes in different colors. The chromosome location of the CD4 genes is specified below the species name. G. morhua CD4 fragment is shown with a short red arrow of 79 out of about 463 amino acids in the T. rubripes CD4 gene. (B) The region around the invariant chain (CD74, red arrow) shows conserved gene synteny of the gene order and transcriptional direction of the other genes in different colors. The chromosome location of the CD74 gene is specified below the species name. The abbreviations of the genes are represented in Supplementary Table 10.



The results of the CD4 and CD74 gene deletions in G. morhua have been reported previously, and one peculiarity was that TLRs were repeatedly expanded in the genome (Star et al., 2011). Accordingly, we identified TLRs in the M. orangiensis genome and compared them with three other teleosts. Notably, the TLR13 genes were highly expanded. A total of 44 TLRs were identified, with TLR13 having the highest gene counts, which were evenly distributed across six distinct pseudochromosomes, followed by seven TLR8 genes, which were identified on pseudochromosome 17 with the TLR7 gene (Supplementary Table 11). Thirty-seven TLR13 genes were identified in G. morhua; however, only seven and five TLR13 genes were identified in D. mawsoni and T. rubripes, respectively. The TLR7 and TLR8 genes were not identified in the D. mawsoni and T. rubripes genomes. Finally, two TLR2 genes and one TLR3 gene were identified on pseudochromosomes 5, 10, and 24 (Figure 4A). Five different types of TLRs were used to construct a phylogenetic tree across three different fish species (G. morhua, D. mawsoni, and T. rubripes), with the TLR8 (AAF78036.1) gene from H. sapiens serving as an outgroup. Most of the TLRs were well-conserved, while TLR13 genes were significantly expanded in M. orangiensis, as they were in G. morhua (Figure 4B). There is no detailed study of this result in M. orangiensis, but compared with G. morhua, the absence of MHC class II, the immune system is assumed to have developed comprehensive mechanisms in both adaptive and innate immunity (Star et al., 2011).




Figure 4 | Number of TLRs in four different teleosts and the phylogenetic tree displaying 44 TLRs in the M. orangiensis genome. (A) Number and total gene counts of TLRs in four different teleosts are indicated and the locations of the TLRs in the M. orangiensis pseudochromosomes are represented. (-) means that the genes are not represented (B) The phylogenetic tree was built utilizing the JTT method and 1,000 bootstrap replications, as shown by the numbers on the nodes. The TLRs in M. orangiensis were compared with three different teleosts with the outgroup of the TLR8 gene from Homo sapiens indicated in blue. The species are abbreviated with (A, B) using Mo; M. orangiensis, Gm; G. morhua, Dm; D. mawsoni, and Tr; T. rubripes. The genes of M. orangiensis are indicated in red.







4 Discussion

Fish are the oldest and largest vertebrate group. Their lengthy evolutionary history, which comprises numerous rounds of whole genome duplication and re-diploidization processes that boosted their genetic complexity, has resulted in them having more complicated karyotypes and a variety of genome sizes than other vertebrate taxonomic groups (Volff, 2005). Importantly, the prevalence of TEs and the considerable variety in the genetic and phenotypic features parallel this taxonomic diversity. The majority of REs in fish genomes are TEs, which represent between 5 and 56% of all REs (Shao et al., 2019). M. orangiensis is included in the Muraenolepididae family, with categorized TEs accounting for 51.28% of the total genomic proportion of REs. The LTR class was the most prevalent among the REs, accounting for 14.93%, followed by the DNA class at 9.98% (Supplementary Table 3). However, according to a previous study, fish genomes are mostly composed of DNA transposons and LINEs, with SINEs being the least prevalent (Shao et al., 2019). Further correlational research studies have indicated that retrotransposons (Class I) have a larger impact on genome size than DNA transposons (Class II). LTRs have been shown to be strongly linked with genome size across the various types of retrotransposons studied. Even though multiple DNA transposons, LTRs, LINEs, and SINEs were shown to be positively associated with genome size since the majority of TEs are present in teleosts genomes at low levels, it is unclear if they influence the size of the genome. While further research is needed to fully understand the role of TEs, teleosts exhibit a broad pattern where the TE contents increase with the size of the genome (Shao et al., 2019). This study is the first to complete whole genome sequencing to the chromosomal level from a Muraenolepididae family member using this genome assembly. When the whole genomes of other species in this family are sequenced, the source of the specific elevation in LTRs will be precisely elucidated.

A comparison of M. orangiensis orthologs with other Antarctic fish species, and a GO enrichment analysis of the unique orthologs from M. orangiensis, revealed “response to stimulus” in the BP and “binding” in the MF (Supplementary Table 7). There is no clear basis for identification in this GO term, but it can be assumed that these parts have been enriched due to the habitat of M. orangiensis. M. orangiensis inhabits the Southwest Atlantic, the Patagonian region of Argentina, and the Southern Ocean (Nakamura et al., 1986). The hydromineral disturbances in this area are distinct from other areas, with external factors such as water pH, ambient temperature, and ionic calcium levels having a substantial influence on the severity of stress (Wendelaar Bonga, 1997). Moreover, polar adaptation is characterized by the ability to control stimuli like thermal stress, and this trait has been linked to a variety of polar teleost properties (Hotaling et al., 2022). Further studies are needed to determine how selection has affected the development of genes related to ion binding and stimulus response.

Generally, vertebrates have a well-preserved genetic basis for immunity (Netea et al., 2019). The genome of the Atlantic cod, on the other hand, demonstrated that this order of Gadiformes fish has a fundamentally diverse immune gene repertoire that influences both innate and adaptive immunity and lacks MHC class II, CD74, and CD4 genes (Star et al., 2011; Malmstrom et al., 2016). MHC class I and II are critical components of the adaptive immune system in jawed vertebrates, including teleosts (Litman et al., 2010), and have been recognized as universal characteristics of the adaptive immune system since their appearance over 500 million years ago. Several studies have demonstrated that there are teleost lineages where the complete (or parts of the) MHC class II pathway is effectively eliminated (Star et al., 2011; Haase et al., 2013; Malmstrom et al., 2016; Swann et al., 2020). G. morhua has been discovered to have gene loss of CD4 and CD74, which are significant MHC class II-related genes. MHC class II is critical for the traditional adaptive immune response to bacterial and parasite infections in other vertebrates via the activation of CD4 T cells, and defects in the function of MHC class II are assumed to result in severe immunodeficiency and death (Star et al., 2011). This study identified M. orangiensis as belonging to the Gadiformes order and identified 10 MHC I genes and the loss of MHC class II genes, which is similar to various fish belonging to the Gadiformes order.

The teleost immune system’s evolutionary background is unknown; however, there are two possible scenarios that may explain the lack of MHC class II. The first scenarios hold that teleosts’ immune defenses are not dependent on the MHC class II system and that the loss was caused mostly by genetic drift as a substitute for biological or environmental variables. The next scenarios proposes that MHC class II activity was lost by directional selection sometime in the evolutionary past. An important presumption of the directional selection scenarios, in contrast to the first, is that a few biological or environmental forces have influenced this procedure. We looked at two potential selection theories that may have contributed to the loss of MHC class II in the setting of a directional selection scenario, either independently or together. First, despite the fact that MHC class II activity has certain adaptive benefits, the “metabolic cost hypothesis” contends that these benefits are not always enough to offset the metabolic costs associated with expressing the procedure. Second, the “functional shift hypothesis” proposes that in some circumstances, functioning immune system components other than MHC class II, whether innate or adaptive, give an alternate evolutionary immunological strategy that is more adaptable than the MHC class II system’s capabilities. The MHC class II system may have become obsolete and more susceptible to genetic drift as a result of this strategy, which may have produced higher adaptation to certain environmental constraints than MHC class II. It is likely that the mechanical deconstruction of the MHC class II system was necessary to maintain selection pressure on it while allowing for the ongoing development of different strategies (Star and Jentoft, 2012).

The directional selection hypotheses presume that specific biological or environmental variables might be linked to the distribution. Many families of the order Gadiformes (i.e., Macrouridae, Bathygadidae, and Muraenolepdidae) have species found in the deep sea that live in bathypelagic or bathymetric ocean regions (Roa-Varon and Orti, 2009). Consequently, Gadiformes might have descended from teleost ancestors that dwell in deep water and have a distinct microbial community compared with the mesopelagic or epipelagic regions. The microbial communities of the deep-sea habitats have a higher proportion of archaea and a decreased microbial abundance (Orcutt et al., 2011). Temperature and microbial community composition are both thought to be major factors in the development of the vertebrate immune system (Bowden, 2008; Magnadottir, 2010; Messier-Solek et al., 2010). Temperature has a profound impact on metabolic rates in poikilothermic organisms, and cold conditions alter the immune system, weakening adaptive parameters while strengthening innate parameters (Bly and Clem, 1992; Magnadottir, 2010). As a result of the frigid circumstances and distinctive microbial population, an immune system with comparatively larger and smaller innated and adaptive components might have been favored, culminating in the system’s deficit in MHC class II (Star and Jentoft, 2012).

Aside from the deficiency of MHC class II genes, we identified a unique composition of highly conserved TLR families (Figure 4), which are crucial for both pathogen detection and the innate immune response. The majority of genes that encode TLRs in teleosts are found in well-preserved phylogenetic clusters that share practical features with their mammalian orthologues; however, a few are unique (Palti, 2011). The expansion of the TLRs in fish is especially noteworthy. TLRs with large copy numbers have been identified in distantly related lineages to G. morhua, such as sea urchins and chordates, which contain 222 and 77 TLRs, respectively, and they were studied in connection to these species’ lack of a particular adaptive immune system (Rast et al., 2006; Huang et al., 2008). The TLR gene expansion and isoform acquisition in G. morhua have been linked to the extremely varied pathogen loads and community composition of paleoclimatic Arctic environments (Solbakken et al., 2016). Indeed, it is believed that the enormous quantity and diversity of bacteria and viruses prevalent in aquatic habitats affected the evolution of innate immunity in teleosts (Groff, 2001). The role of TLR in immunity in teleosts is mainly unknown, although protein homology suggests they detect comparable pathogens to TLR in mammals; however, some can recognize both bacterial and viral pathogens (Palti, 2011; Liu et al., 2020). The TLR model addresses the conundrum that most vertebrates have a highly conserved TLR repertoire while being exposed to radically varied microbial loads, communities, and surface or molecular features of their pathogens (Sousa et al., 2022). The functions of the TLRs are unidentified; however, the majority of TLRs in G. morhua implies a basic trade-off between innate and adaptive immune abilities, where a more robust innate system could result in less reliance on the adaptive system (Trede et al., 2004). As one Antarctic species, M. orangiensis, this TLR expansion provides cold adaptation outcomes for MHC class II deficiency.

In this study, 44 TLRs were identified to have increased copy numbers and to be dispersed over six distinct pseudochromosomes, with TLR13 (32 copies) being the most abundant (Figure 4A). TLR13 has only been discovered in two fish species: miiuy croaker (Wang et al., 2016) and orange-spotted grouper (Liang et al., 2018). Furthermore, TLR13 has only been identified in mice and has been demonstrated to target the highly preserved bacterial 23S ribosomal RNA 5′-CGGAAAGACC-3′ (Li and Chen, 2012; Oldenburg et al., 2012). In conjunction with the study that recognized the 23 rRNA targeting of TLR13 in mammals, TLR13 in fish was upregulated following Vibrio anguillarum and poly I:C stimulation (Wang et al., 2016) or 19-mer Staphylococcus aureus 23S rRNA-derived oligoribonucleotide (ORN Sa19) stimulation (Liang et al., 2018), indicating that TLR13 in fish may be involved in recognizing a variety of PAMPs from viruses and bacteria. Moreover, lipopolysaccharide stimulation increased the TLR13 genes in sturgeons (Tang et al., 2020), indicating that TLR13 in fish can defend against bacteria and is implicated in the immunological defense against viruses.

The precise reason for the immunological deficiency of MHC class II genes and the massive expansion of TLRs is still unknown, but this is an important study that supports the biological characteristics immunological deficiency of MHC class II in Gadiformes and is the first study to perform a genome assembly at the chromosomal level on a member of the Muraenolepidae family.




5 Conclusion

In this study, a high-quality chromosome-level genome assembly was constructed using PacBio and Hi-C-based chromatin contact maps. Important genes in the cross-presentation pathways, MHC class I, and MHC class II were identified in the M. orangiensis genome. However, the important genes associated with MHC class II were missing in the genome. Although no specific reason for the MHC class II deficiency has been identified, it is worth noting that TLR genes, critical in the innate immune response, have been greatly expanded in M. orangiensis. There have been no accurate studies of MHC class II deficiency in Gadiformes fish species. The first whole genome from the Muraenolepididae family was reported in this study, providing another rationale for MHC class II deficiency in the Gadiformes order, and it will also contribute to various population genetics, accurate molecular biological classification of other species in the family, and basic research on deep-water specifications in Antarctic waters. This genome will also be an invaluable resource for immune system functional studies, but a thorough genetic analysis is required to pinpoint the distinctive traits of M. orangiensis and to provide more insightful data on the divergence and evolution of Antarctic teleosts.
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