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cardiac myocytes and oxidative skeletal muscle, along 
with elevated levels of mitochondrial phospholipids—
phosphatidylethanolamine and phosphatidylcholine 
[3]. Additionally, their substantially reduced bone den-
sity may facilitate buoyancy control [6]. Notably, white-
blooded icefishes lack hemoglobin, and some species 
also lack myoglobin [7]. They carry oxygen in their blood 
plasma at approximately 10% of the levels found in their 
red-blooded relatives [8, 9]. These extreme phenotypes 
have led to their classification as the only known verte-
brates without hemoglobin [10]. To compensate, they 
have developed larger hearts, increased blood volume—
two to four times that of red-blooded teleosts—and lower 
hematocrit density [7, 11]. Such characteristics likely 
enhance dissolved oxygen levels and blood flow veloc-
ity, which appears to enable survival in the cold environ-
ments of the Southern Ocean.

Background
Antarctic icefishes, belonging to the Channichthyidae 
family, have evolved to survive in the extremely cold and 
oxygen-rich waters of the Southern Ocean surround-
ing Antarctica, where temperatures range from − 2 to 
4  °C [1–5]. These unique conditions have enabled the 
evolution of distinct physiological characteristics. Ant-
arctic icefish exhibit increased mitochondrial density in 
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Abstract
Background  The white-blooded Antarctic icefishes is a representative organism that survive under the stenothermal 
conditions of the Southern Ocean without the hemoglobin genes. To compensate for inefficient oxygen transport, 
distinct features such as increased heart size, greater blood volume, and reduced hematocrit density enhance the 
amount of dissolved oxygen and the velocity of blood flow.

Results  Here, we investigated these unique characteristics by comparing high-quality genomic data between white-
blooded and red-blooded fishes and identified the loss of FAAP20, which is implicated in anemia. Although the gene 
region containing FAAP20 is conserved in notothenioids as shown through collinear analysis, only remnants of FAAP20 
persist in several icefish species. Additionally, we observed the loss of SOAT1, which plays a pivotal role in cholesterol 
metabolism, providing a clue for further investigations into the unique mitochondrial form of the icefish.

Conclusions  The loss of FAAP20, which is known to reduce erythrocyte counts under stress conditions in mice and 
humans, may provide a clue to understanding the genomic characteristics related to oxygen supply, such as low 
hematocrit, in Antarctic icefishes.
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Recent advancements in high-quality genomic data 
have facilitated studies on the evolution of Antarctic ice-
fish [1, 2, 5, 10, 12–14] and reports continue to be pub-
lished regarding chromosome-level genome sequences of 
notothenioids including Cottoperca gobio from the Bov-
ichidae family and Eleginops maclovinus from the Elegi-
nopidae family [1, 5, 12, 13, 15] which diverged before 
the Drake Passage opened between 49 and 17  million 
years ago [16] and evolved in a non-freezing environment 
unlike other notothenioids. To date, seven chromosome-
scale genome sequences of notothenioids have been 
published, with gene annotations available for all except 
Notothenia rossii [1, 5, 12]. An analysis of 36 notothenioid 
genome assemblies revealed detrimental alterations in 
hemoglobin genes affecting oxygen affinity and multiplic-
ity [2], which likely contributed to the hemoglobin gene 
loss [2]. A genomic study of 46 notothenioid species indi-
cated that icefish retain proerythroblasts, with the evo-
lution of erythrocyte-associated conserved non-coding 
elements rather than coding regions affecting the transi-
tion from normoblast to erythrocyte, resulting in anemia 
in white-blooded icefish [10]. However, further genomic 
studies examining distinct characteristics such as blood 
volume, low hematocrit, and larger heart size are war-
ranted. Therefore, by comparing high-quality genomes 
of red-blooded and white-blooded Antarctic fish, we 
investigated orthologous gene groups to find genetic fac-
tors crucial for these modifications to extreme cold and 
oxygen-rich marine environments and identified gene 
loss associated with anemia to elucidate the mechanisms 
underlying erythrocyte loss in Antarctic icefish.

Results
Chromosome-level genome assembly and annotation of 
Champsocephalus gunnari
We sequenced the genome of Champsocephalus gun-
nari as a chromosome-level genome assembly by inte-
grating nanopore reads, Illumina short-reads, and Hi-C 
methods, achieving a BUSCO (Benchmarking Universal 
Single-Copy Orthologs) [17] genome completeness of 
97.9% (Additional file 1: Table S1). Using the BRAKER3 
tool [18] with RNA-seq and protein evidences from nine 
teleost fish, including five notothenioids, we predicted 
45,002 protein-coding genes and the completeness of the 
gene annotation was determined to be 95.9% against the 
Actinopterygii database obd10 using BUSCO (Additional 
file 1: Table S2). The proportion of BUSCO duplicates 
and fragmented BUSCOs were 1.1% and 1%, respectively. 
Recently, a chromosome-level assembly for this species 
was independently reported [5]; however, we used the 
results of the present study for a representative species.

Gene annotation of Notothenia rossii
To compare gene sets of white-blooded and red-blooded 
fishes and explore distinct characteristics to life without 
hemoglobin, comprehensive gene annotation was essen-
tial for all seven fishes. The gene annotation for N. rossii 
was unavailable; therefore, we annotated the genome of 
N. rossii using RNA-seq data (ERX4524565-ERX4524570: 
gonad, muscle, and brain) from the Sequence Read 
Archive (SRA) and utilized the BRAKER3 tool, incor-
porating the same protein evidence used in the annota-
tion process of C. gunnari. Consequently, we obtained 
high-quality gene annotations with gene set complete-
ness exceeding 90% (Additional file 1: Table S3), with a 
predicted gene count of 44,502. The complete BUSCO 
score was 91.9% [19] for N. rossii, while the proportion of 
duplicated and fragmented BUSCOs were 1.1% and 1.6%, 
respectively.

Before further analyses, we confirmed the BUSCO 
completeness for the gene set, and verified that the com-
plete BUSCOs of the predicted coding genes for all 10 
fishes exceeded 90% against Actinopterygii database 
obd10 (Additional file 1: Table S4).

Conserved synteny between temperate and Antarctic 
icefish genomes
We conducted genomic synteny and protein-based col-
linearity analyses among seven fish species. The genomic 
synteny analysis was performed using SyMAP [20] 
between C. gunnari and four other Antarctic fish species 
with chromosome-scale assemblies (Additional file 1: Fig. 
S1-4). Twenty-four orthologous chromosomes showed 
one-to-one correspondence, indicating conservation in 
large-scale genome organization between C. gunnari in 
the present study and the genomes of three other Antarc-
tic icefishes (Additional file 1: Fig. S1-3). Each chromo-
some of N. rossii exhibited one-to-two correspondence, 
also showing conservation in large-scale genome organi-
zation with the C. gunnari genome (Additional file 1: Fig. 
S4). When compared with C. gunnari from a previous 
study [5], although a higher degree of conserved synteny 
along whole chromosomes was observed (Additional file 
1: Fig. S1), several chromosomal rearrangements, includ-
ing inversions, were also identified. Additionally, when 
compared with the C. esox genome, two large chromo-
somal inversions specific to C. esox in chromosome 21 
were identified as well (Additional file 1: Fig. S2) [5]. 
Protein-based collinearity analysis, performed using 
OrthoVenn3 [21], further confirmed the highly con-
served gene order on chromosomes among the seven fish 
species with genomic synteny (Fig. 1a).

Orthologous gene cluster analysis
We investigated orthologous gene groups using 
OrthoVenn3 with OrthoMCL algorithm analyzing 
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high-quality gene sets from four white-blooded ice-
fishes, three red-blooded Antarctic fishes, and three red-
blooded temperate fishes, including Danio rerio, C. gobio, 
and E. maclovinus. The genome sequences of T. bernac-
chii [1] and G. acuticeps [1] were assembled with long 
reads but not at the chromosome scale. Except for zebraf-
ish (D. rerio), which serves as our non-notothenioid 
teleost outgroup, all species were notothenioids. A total 
of 29,436 orthologous gene groups were identified, with 
11,461 gene groups shared among ten species (Additional 
file 1: Fig. S5). In total, 86.4% of protein coding genes in 
C. gunnari and 92.1% of those in N. rossii were clustered 
into orthologous gene groups.

We focused on orthologous groups (OGs) that were 
present in red-blooded but absent in white-blooded fishes 
to determine the gene losses impacting their unique 
physiological traits, such as enlarged hearts, increased 
blood volume, and atypical mitochondrial functions. We 

observed only 8 OGs that were absent specifically in the 
four icefishes, and present in the genomes of all the red-
blooded species studied (Fig.  1b). We identified several 
genes and their associated functions. Hemoglobin genes 
(OG22284, OG15293, and OG21593), whose absence is 
well-documented in Antarctic icefishes [2], are essential 
for oxygen transport; olfactomedin-like genes (OLFML) 
(OG18703 and OG20937) contribute to early develop-
ment, nervous system organization, and hematopoiesis 
[22–24]; the myelin basic protein-like isoform (MBP) 
(OG21583) supports the sheathing of myelin, enhancing 
neural signal transmission [25, 26]; sterol O-acyltrans-
ferase 1 (SOAT1) (OG20936) plays a role in cholesterol 
metabolism with implications for Alzheimer’s disease 
[27, 28] (Additional file 1: Supplementary Note) ; and 
Fanconi anemia core complex-associated protein 20 
(FAAP20) (OG21578) is linked directly to Fanconi ane-
mia (Fig. 1c) [4, 29–32] (Additional file 1: Table S5).

Fig. 1  Protein-based collinearity analysis and OGs in Antarctic notothenioids. (a) Collinearity analysis of seven chromosome-scale genomes from Ant-
arctic and sub-Antarctic fish. Each chromosome is numbered with Roman numerals, except for those of Eleginops maclovinus and Champsocephalus esox, 
which are numbered with Arabic numerals. For Notothenia rossii, 12 chromosomes, organized by their NCBI accession numbers, are presented for com-
parison. (b) A total of 11,461 orthologous groups were identified across all fish, while 8 orthologous groups were found exclusively in red-blooded fish 
and not in white-blooded icefishes. (c) Phylogenetic tree (left) depicting the evolutionary relationships among nine notothenioid species, highlighting 
the divergence between Antarctic and sub-Antarctic lineages. Branches are color-coded by lineage: Antarctic icefish (blue), red-blooded notothenioids 
(red), and their related species (green). The ultrametric tree includes divergence times and marks each species with closed circle for specific evolutionary 
traits, highlighting the presence of antifreeze glycoprotein (AFGP), and the number of orthologous groups for each lineage. For the 8 genes not found 
in white-blooded icefish, the presence or absence of the genes was indicated by closed circles and open circles. All species presented are part of the 
Antarctic notothenioid clade, except for C. gobio and E. maclovinus which are members of two out of the three non-Antarctic notothenioid families
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Fig. 2 (See legend on next page.)
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Loss of FAAP20 in Antarctic white-blooded icefish
The absence of FAAP20 represents the first documented 
gene loss associated with anemia in Antarctic icefishes. 
The Fanconi anemia core complex in fish comprises 
11 genes (Fig.  2a) [30, 31]. We confirmed the absence 
of FAAP20, while the presence of components such as 
FANCA, FANCB, FANCC, FANCE, FANCF, FANCG, 
FANCL, FANCM, BRIP1, FAAP100, and FAAP24 was 
observed in the OGs across 10 fish species (Fig.  2b). 
Additionally, components, such as FANCI, FAN1, and 
FANCD2, necessary for the FANCI/FANCD2 (ID) com-
plex, and BRIP1, involved in the downstream effector 
complex, were present across the 10 species (Fig. 2b).

We identified regions of FAAP20 locus within the 
genome sequence (Fig.  2c). In all assayed genomes, 
the FAAP20 locus lies in a conserved synteny block 
between the SKI and FLNA genes. As revealed by 
the collinear analysis (Fig.  2d), this locus is located in 
orthologous chromosomes in all species, named chro-
mosome 7 in E. maclovinus, C. gunnari, and C. esox, 
chromosome OX449114.1 in N. rossii, and chromosome 
NC_047509.1 in P. georgianus. The genome T. bernacchii 
is only assembled at a scaffold-level; however, we could 
identify a syntenic and complete FAAP20 locus on scaf-
fold NW_022987731.1. In the G. acuticeps genome, also 
assembled at a scaffold level, the FAAP20 locus was iden-
tified in two separate scaffolds (NW_022991958.1 and 
NW_022992339.1). FAAP20 was located 5’ upstream 
of SKI, similar to the location in the other notothe-
nioid genomes (Fig.  2c). Although the specific mecha-
nism of gene loss remains uncertain, exons 1 and 2 of 
FAAP20 were lost in all four Antarctic icefishes, while 
the fourth exon was present only in P. georgianus and C. 
esox. The third exon of FAAP20 remained in the locus of 
four Antarctic icefishes (Fig.  2e). FAAP20 might be lost 
in the icefish ancestor following their divergence from 
dragonfishes.

Discussion
The loss of hemoglobin and myoglobin genes, along with 
the emergence of the AFGP gene, are well-known genetic 
traits specific to Antarctic icefish [1, 7, 11, 33]. How-
ever, the genes associated with unique phenotypes such 

as increased blood volume, low hematocrit, larger heart 
size, and increased mitochondrial density remain largely 
unexplored [8, 9]. In the present study, we identified that 
Antarctic icefishes have lost genes related to Fanconi 
anemia, which are known in humans and mice [30, 32].

Fanconi anemia is a rare genetic disorder that affects 
red blood cells, platelets, and leukocytes, often result-
ing in inherited bone marrow failure and pancytope-
nia [30]. Unlike typical genetic disorders that impact 
blood cell differentiation, Fanconi anemia results from 
a compromised response to DNA damage, specifically 
to interstrand crosslinks within the FA/BRCA pathway. 
This pathway comprises the FA core, the ID, and the 
downstream effector complexes [30] (Fig.  2a). FAAP20, 
an integral component of the FA core complex, directly 
stabilizes FANCA and is essential for DNA repair and 
genome maintenance. Deletion of Faap20 in mice results 
in a mild FA-like phenotype with defects in the repro-
ductive and hematopoietic systems [32]. Notably, hema-
topoietic stem and progenitor cells (HSPCs) from these 
mice showed defects in long-term multilineage reconsti-
tution in lethally irradiated recipient mice. Additionally, 
these mice are prone to mitomycin C (MMC)-induced 
pancytopenia, a condition primarily associated with 
interstrand cross-link formation, where MMC mainly 
alkylates the N-2 position of guanine [34]. Acute MMC 
stress also leads to substantial progenitor loss, espe-
cially of the megakaryocyte-erythroid progenitors and 
the common myeloid progenitor in Faap20−/− mice [32], 
resulting in severe pancytopenia with a considerably 
reduced erythroid lineage when compared with that in 
the myeloid/lymphoid lineage (Fig. 3) [32].

Zebrafish, a key model organism, possesses a complete 
complement of FA family members found in humans [31, 
35]. Although the loss of FAAP20 has not been studied in 
fish [36], studies on rad51−/−, a component of the effector 
complex in zebrafish, have shown reduced HSPC prolif-
eration when compared with that in their wild-type coun-
terparts, suggesting that zebrafish can serve as a model 
for Fanconi anemia in fish. In our study of orthologous 
proteins, Antarctic icefish exhibited a complete comple-
ment of FA core complex genes associated with Fanconi 
anemia, except for FAAP20. We also identified FAN1, 

(See figure on previous page.)
Fig. 2  Analysis of FAAP20 loss in Antarctic icefish. (a) Fanconi anemia (FA) repair pathway depicting the FA core complex, including FANCA, B, C, D, E, F, 
G, L, M, and accessory components (FAAP20, FAAP24, FAAP100). The ID complex comprises FANCI, FANCD2, and FAN1, whereas BRIP1 functions in the 
effector complex. The FA core complex, through FANCM, recognizes interstrand crosslink (ICL) lesions and monoubiquitinates the ID complex (FANCI and 
FANCD2), which subsequently recruits the effector complex to break the crosslink. (b) Fifteen orthologous groups linked to Fanconi anemia. (c) Gene re-
gions between the SKI and FLNA loci on the orthologous chromosomes or contigs of the eight fish species. Each horizontal line depicts the chromosome 
span, arranged from the 5′ to 3′ orientation. Colored arrows depict various genes, with each color representing a different gene within the locus. FAAP20 
region is split into two contigs in G. acuticeps: NW_022991958.1 and NW_022992339.1. (d) Gene region containing FAAP20 identified in a syntenic block 
based on the orthologous protein group. The FAAP20 region is located on the orthologous chromosomes in five Antarctic fish (N. rossii, C. gunnari, C. esox, 
C. aceratus, and P. georgianus) and on OX449114.1 in N. rossii. Collinearity is visualized to focus on the chromosome length proportion within each species, 
with the gray region depicting the syntenic block containing the FAAP20 locus. (e) FAAP20 spanning approximately 10–12 kb on the chromosome, with 
the FAAP20 protein (ranging from 251–255 amino acids in length) translated from 4 or 5 exons
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FANCI, FANCD (ID complex), and BRCA1 (effector 
complex). The phenotype associated with FAAP20 loss 
in Antarctic icefish may mirror that observed in Faap20 
knockout (Faap20−/−) mice, which exhibit pancytope-
nia in erythroid progenitors (Fig.  3). Consequently, the 
loss of FAAP20 in Antarctic icefish might be one of the 
factors responsible for their failure to differentiate from 
HSPCs into erythrocytes, a process supported by evo-
lutionary changes in erythrocyte-associated conserved 
non-coding elements (CNEs) [10].

Faap20-null mice do not spontaneously develop pan-
cytopenia without MMC. In Antarctic icefish, inducers 
that heighten Faap20-null symptoms appear to be pres-
ent. Icefish have a reduced capacity to detoxify reactive 
oxygen species (ROS) compared with that of red-blooded 
species [37, 38], and their mitochondria potentially pro-
duce higher levels of ROS than those of red-blooded 
notothenioids, whereas polyunsaturated fatty acid 
(PUFA) levels are higher in Antarctic fish than in temper-
ate fish [39]. Therefore, low antioxidant levels combined 
with high PUFA levels may render icefish particularly 
susceptible to oxidative stress. DNA interstrand cross-
links that occur under oxidative conditions [34] could be 
predicted to form in a manner similarly to those induced 

by MMC, and the effects of FAAP20 loss without MMC 
might also occur in Antarctic icefish. Recent reports have 
highlighted the pivotal role of FAAP20 in homologous 
recombination at DNA double-strand breaks not associ-
ated with interstrand crosslinks [4]. Thus, the FA occur-
rence may readily result from oxidative and replication 
stress in the absence of FAAP20 [40].

Conclusions
In conclusion, our findings offer insights into potential 
genomic features in Antarctic icefish, suggesting gene 
losses that may contribute to their specialized physi-
ological traits. The observed loss of FAAP20 raises the 
possibility of its role in anemia observed in Antarctic ice-
fishes, hinting at a genetic alteration that could facilitate 
improved blood flow in these hemoglobin-free organisms 
and potentially enhance oxygen transport in extreme 
environments. While the causal nature of the FAAP20 
loss in icefish remains unknown, our findings set the 
stage for future studies exploring the biological and clini-
cal implications of these gene loses through experimental 
validation.

Fig. 3  Hypothesis regarding the effect of FAAP20 loss on erythropoiesis. (a) The development of the hematopoietic lineage in a typical fish model (upper 
panel). In fish, red blood cells are nucleated. The presence of FAAP20 results in the normal differentiation of erythrocyte from hematopoietic stem cells 
(HPSCs) in Antarctic fish. (b) Contrastingly, the diagram (lower panel) illustrates the hypothesis regarding the effect of FAAP20 loss on the predicted devel-
opment of the hematopoietic lineage in Antarctic icefish. The absence of FAAP20 may reduce the common myeloid progenitor and GMP in the erythroid 
progenitors, similar to that in the FAAP−/−mouse model. Additionally, the evolution of the erythrocyte-associated conserved non-coding elements affects 
the differentiation of the HPSC into erythrocytes, resulting in the breakdown of the erythropoietic process and anemia in Antarctic icefish. FAAP20 loss in 
Antarctic fish might be a factor contributing to pancytopenia in the erythroid progenitors
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Materials and methods
Sample collection and sequencing
The mackerel icefish, Champsocephalus gunnari, was 
obtained from Jeong Il Corporation (Seoul, KOREA), a 
krill fishery. Wild C. gunnari was caught as a by-catch 
species in Subareas 48.1 and 48.2 of the CCAMLR (Con-
vention on the Conservation of Antarctic Marine Living 
Resources) Convention area from November 2020 to 
February 2021. Samples were frozen in a freezer (− 20 °C) 
immediately after collection and were transported to the 
Korea Polar Research Institute within 6 months. One 
individual was selected for this study. A DNeasy Tissue 
Kit (Qiagen, Valencia, CA, USA) was used to extract the 
total DNA. The DNA quality was assessed using a Nano-
Drop Spectrophotometer (Thermo Fisher, USA), and 
quantified using a Qubit Fluorometer (Invitrogen, USA). 
Phyzen Co. Ltd. (Seongnam, Korea) performed all library 
construction and sequencing procedures using Oxford 
Nanopore technology (Additional file 1: Table S9). The 
paired-end library (2 × 150  bp) was constructed and 
sequenced on the Illumina HiSeq 2000 platform (Illu-
mina Inc., San Diego, CA, USA) for genome polishing 
and genome size prediction (Additional file 1: Table S9).

Twelve tissues comprising the brain, egg, esopha-
gus, eye, fin, heart, kidney, muscle, skin, spinal, spleen, 
and stomach were dissected and subsequently stored 
in RNAlater (Ambion, Inc., Austin, TX, USA) solution 
for RNA extraction. The total RNA was extracted from 
each tissue using the RNeasy Mini Kit (Qiagen) accord-
ing to the manufacturer’s instructions. For construct-
ing the library, total RNA was used and sequencing was 
performed on the Illumina HiSeq 2000 platform (Addi-
tional file 1: Table S9). The paired-end reads (2 × 151 bp) 
obtained for total RNAs were trimmed using FASTX-
Toolkit (v.0.0.11) [41] with the parameters “-t 30,” “-l 
80,” and “-Q 33” and subsequently used for further 
annotation.

Chromatin conformation capture data was generated 
by Phase Genomics (Seattle, WA, USA) using the Prox-
imo Hi-C 2.0 Kit, which is a commercially available ver-
sion of the Hi-C protocol. The muscle tissue was frozen 
in liquid nitrogen, ground, crosslinked using a formal-
dehyde solution, and sent to Phase Genomics for library 
preparation following the manufacturer’s protocol. Hi-C 
library sequencing was performed on an Illumina HiSeq 
4000.

Genome assembly and Hi-C scaffolding
The Oxford Nanopore long reads obtained from DNA 
sequencing were assembled using NextDenovo (v.2.4.0) 
(task = all; input type = raw; read type = ont; read_cut-
off = 1k, seed_cutoff = 1k) [42] and polished using Next-
Polish (v.1.3.1) with default options [43], using trimmed 
Illumina short reads generated from the muscle 

tissue. Read trimming was performed using Trimmo-
matic (v.0.38) [44], with the following command line 
parameters: “ILLUMINACLIP: adaptor.file:2:30:10 
LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 
MINLEN:36”. Haploid assemblies were scaffolded using 
Hi-C after processing with Purge Haplotigs [45] [17]. For 
Hi-C scaffolding, BWA-MEM (v.0.7.17-r1198-dirty) [46] 
was used to align the reads to the draft assembly. Phase 
Genomics Proximo Hi-C genome scaffolding platform 
was used to create chromosome-scale scaffolds from the 
polished assembly. We evaluated the completeness of the 
assembled genome using BUSCO (v.5.1.3) against Acti-
nopterygii_odb10 database [17].

Gene annotation of C. gunnari
The BRAKER3 [18] annotation pipeline (v.3.0.8) 
was used to predict the protein-coding genes 
in the assembled genome. Protein sequence 
of Danio rerio (GCA_000002035.4), Takifugu 
rubripes (GCA_901000725.2), Xiphopho-
rus maculatus (GCA_002775205.2), Ory-
zias latipes (GCA_002234675.1), Eleginops 
maclovinus (GCA_036324505.1), Trematomus ber-
nacchii (GCA_902827165.1), Gymnodraco acu-
ticeps (GCA_902827175.1), Pseudochaenichthys 
georgianus (GCA_902827115.1), and Cottoperca gobio 
(GCA_900634415.1) were used as protein hints, and the 
RNA evidence included trimmed paired-end reads for 
total RNA of 10 tissues. The reference sequence included 
masked genome sequences using RepeatMasker with 
the option ‘-species Actinopterygii’ against the Rep-
Base library (RepBaseRepeatMaskerEdition-20181026) 
(v.4.0.7) [47]. BRAKER3 was performed in protein and 
transcript modes with the default option. We verified the 
protein-coding gene annotation using BUSCO in pro-
tein mode against the Actinopterygii_odb10 database. 
Functional annotation of the protein-coding genes was 
performed using EggNOG mapper (v.2.1.12) [48] against 
the EggNOG database (v.5.0) [49] and BLASTp (v.2.0.8) 
against the nr database.

Gene annotation of N. rossii
Protein-coding genes of N. rossii (GCA_949606895.1) 
were predicted using the BRAKER3 annotation pipeline 
using SRA (ERX4524565-ERX4524570: brain, gonads, 
muscle, and brain) as RNA-Seq evidence. Genome 
sequence (GCA_949606895.1) was downloaded from 
NCBI and masked using RepeatMasker with the option 
‘-species Actinopterygii’ against the RepBase library 
(RepBaseRepeatMaskerEdition-20181026) (v.4.0.7). The 
same protein evidence used for the annotation of C. 
gunnari was applied to the BRAKER3 annotation pipe-
line. The predicted protein-coding genes were anno-
tated using EggNOG mapper (v.2.1.12) [48] against the 
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EggNOG database (v.5.0) [49] and using BLASTp (v.2.0.8) 
against the nr database.

Ortholog, phylogenetic, and gene family analyses
OrthoVenn3 [21]was used to identify orthologous genes 
across the C. gunnari assembled genome and nine fish 
genomes Eleginops maclovinus (GCA_036324505.1), 
Trematomus bernacchii (GCA_902827165.1), 
Danio rerio (GCA_000002035.4), Gymno-
draco acuticeps (GCA_902827175.1), Pseudoch-
aenichthys georgianus (GCA_902827115.1), and 
Cottoperca gobio (GCA_900634415.1), Notothe-
nia rossii (GCA_949606895.1) and Chaenocephalus 
aceratus (GCA_023974075.1), Chaenocephalus esox 
(GCA_036324585.1), which were used for protein 
homology analysis for gene prediction. All are chromo-
some-scale genome sequences except for Trematomus 
bernacchii and Gymnodraco acuticeps. Protein sequences 
from the 10 fish genomes were clustered with an E-value 
of 1e-5 and an inflation value of 1.5 with the OrthoFinder 
algorithm [50]. TimeTree [51] in OrthoVenn3 was used to 
infer the divergence time between species.

Syntenic alignment and collinearity analysis
SyMAP (v.4.0) was used to analyze the syntenic blocks 
among the fish genomes [20], and a dot plot and cir-
cle map were generated. The conserved and variable 
genomic structures were detected using collinearity anal-
ysis in OrthoVenn3. The input of OrthoVenn3 included 
a GFF file downloaded from NCBI and generated from 
BRAKER3 [21].

Validation of gene loss in assembly and sequencing reads
To confirm the loss of thegenes encoding FAAP20, 
SOAT1, OLFM, OLFM4, and MBP-like isoform, we 
searched for the gene sequences in both the assembly 
and sequencing reads. For the assembly search, we used a 
TBLASTN search in SequenceServer (v.2.0.0) [52]. First, 
we established a database using the genome sequences of 
four white-blooded icefishes and performed a TBLASTN 
[53] search for gene sequences from red-blooded Antarc-
tic fish corresponding to genes lost in white-blooded ice-
fishes. We used the protein sequences of G. acuticeps for 
FAAP20 (XP_034056600.1), SOAT1(XP_034094487.1), 
OLFM4 (XP_034051626.1 and XP_034051602.1), and 
MBP-like isoform (XP_034091857.1). Additionally, we 
searched for the gene sequences in the sequencing reads 
of C. gunnari. We established a database using Nanopore 
and Illumina reads and performed a TBLASTN search 
for gene sequences from red-blooded Antarctic fish 
corresponding to genes lost in white-blooded icefishes 
again. We confirmed the complete loss of the SOAT1, 
OLFM, OLFM4, and MBP-like isoform genes, excluding 

FAAP20. In the TBLASTN search of FAAP20, the loss of 
exons 1, 2, and 4 was identified.
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