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Abstract 12 

Background  13 

Gene loss is a major but often underappreciated mode of genome evolution. Genes loss can reflect 14 

relaxed selective constraint, neutral decay, compensation, or adaptive change; once fixed, 15 

however, they alter the inherited gene complement and can shape the evolutionary trajectories 16 

available to descendant lineages. Shared losses near the base of a radiation may therefore become 17 

part of the genomic background on which later specialization occurs. The Antarctic notothenioid 18 

(cryonotothenioid) radiation provides a powerful system for studying gene loss in an extreme polar 19 

environment: it diversified in the thermally stable Southern Ocean, and outgroups outside the clade 20 

allow ancestral gene presence to be inferred. 21 

Results 22 

Using whole-genome alignments and orthology-aware comparative analyses across 11 23 

cryonotothenioids and four non-Antarctic notothenioid outgroups, we systematically identified 24 

gene-inactivating mutations and reconstructed their phylogenetic distribution. After applying 25 

stringent filters to reduce reference bias, mitigate assembly and annotation artifacts, and exclude 26 

loci with detectable transcriptomic support, we identified 30 high-confidence single-copy 27 
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orthologs with loss of coding potential across sampled cryonotothenioids but intact coding 28 

sequences in outgroups. These clade-wide losses affect genes associated with lipid and amino acid 29 

metabolism, water transport, renal glucose reabsorption, skeletal mineralization, circadian 30 

regulation, and tRNA modification pathways. We also identified 12 additional single-copy 31 

orthologs lost across examined icefishes but retained in red-blooded notothenioids and outgroups, 32 

including genes associated with oxygen transport, iron handling, erythroid biology, and vesicular 33 

trafficking. 34 

Conclusions 35 

Our study provides a genome-wide catalog of coding-gene losses shared across sampled 36 

cryonotothenioids, together with additional lineage-specific losses in icefishes. Many of these 37 

losses occur in conserved genes associated with disease-relevant phenotypes in humans or model 38 

vertebrates, suggesting that Antarctic notothenioids offer a natural comparative system for 39 

studying how loss-of-function variants can persist in viable wild populations. These candidate 40 

natural knockouts provide testable hypotheses for how environmental buffering, paralog 41 

compensation, and pathway rewiring may shape vertebrate physiology under chronic cold.  42 
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Gene loss is a common feature of genome evolution that is frequently overlooked in studies of 47 

genome evolution [1-3]. Evolutionary novelty has traditionally been framed in terms of changes 48 

in protein sequence, gene regulation, or gene duplication, all of which can alter gene function or 49 

expression [4, 5]. Conversely, gene loss has often been interpreted primarily as a passive 50 

consequence of functional redundancy or relaxed selective constraint —a “use it or lose it” view.  51 

For example, the loss of intestinal fat digestion genes such as MOGAT2 and FABP6 in fruit bats 52 

is likely a consequence of relaxed selection following specialization on a fat-poor frugivorous diet 53 

[6]. A complementary “less is more” perspective emphasizes that gene loss can also contribute 54 

directly to phenotypic evolution by removing functions that are costly or disadvantageous in a 55 

particular ecological context [7]. For example, the loss of AMPD3 in sperm whales may increase 56 

erythrocyte ATP and facilitate oxygen unloading during deep dives, whereas loss of MMP12 in 57 

fully aquatic mammals may preserve lung elastin and support rapid exhalation at the surface [6]. 58 

Similarly, gene loss has served as a gateway to rapid adaptation and evolutionary innovation in 59 

yeast [8]. Together, these views highlight gene loss as a fundamental component of genome 60 

evolution, with the potential to shape lineage trajectories through multiple, non-mutually exclusive 61 

ways.  62 

From a molecular evolutionary perspective, gene retention and gene loss largely reflect differences 63 

in selective constraint. Genes with essential or broadly required functions are typically maintained 64 

by purifying selection and therefore show high sequence conservation [9, 10]. In contrast, genes 65 

with reduced, redundant, or context-dependent functions can tolerate more sequence and structural 66 

variation, making them more likely to accumulate loss-of-function mutations and eventually 67 

undergo pseudogenization or deletion  [11, 12]. Importantly, the evolutionary consequences of 68 

losing a gene are not limited to that gene alone: because genes function within interconnected 69 
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molecular and cellular networks, the loss of a single component can have system‑level effects and 70 

reshape the constraints and opportunities available to descendant lineages [8]. Thus, gene loss need 71 

not always be interpreted as a direct adaptive response; once fixed, losses become part of the 72 

inherited genomic starting point for subsequent evolution. Accordingly, genome-wide surveys of 73 

gene loss can reveal how disruptions accumulate across interacting pathways, providing a 74 

systems-level complement to gene-by-gene or single-trait studies. 75 

Antarctic notothenioid fish offer a powerful system for investigating gene loss during adaptive 76 

radiation in an extreme but unusually stable environment. The Antarctic clade diverged during the 77 

Early Miocene; recent time-calibrated phylogenies derived from genome-wide sequence data 78 

estimate that their rapid adaptive radiation began much later, at approximately 10.7 million years 79 

ago (MYA) [13] following long-term Southern Ocean cooling and thermal isolation associated 80 

with the Antarctic Circumpolar Current (ACC) [14, 15]. The freezing of the Southern Ocean is 81 

thought to have reduced much of the pre-existing fish fauna, creating ecological opportunity for 82 

notothenioids. Following extensive physiological and ecological specialization, the Antarctic 83 

clade (Cryonotothenioidea) today comprises over 120 species, serves keystone ecological roles, 84 

and dominates the region's fish biomass [16].  85 

The Southern Ocean’s chronic cold and long‑term thermal stability shaped notothenioid genomes 86 

at multiple levels. Cryonotothenioids have substantial variation in genome size, driven by clade-87 

wide bursts of multiple transposable element (TE) families [13]. Furthermore, their evolutionary 88 

trajectory is marked by chromosomal rearrangement, karyotype evolution, and other large‑scale 89 

genomic changes [17, 18]. A hallmark example of adaptation is the evolution of antifreeze 90 

glycoprotein (AFGP) genes, representing a genomic innovation that enabled survival in subzero 91 
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waters and opened the path to notothenioid diversification [19]. In contrast, loss of function such 92 

as the inducible heat shock response (HSR) [20-22], erosion of circadian gene repertoires [23, 24], 93 

and hemoglobins in the icefishes lineage [25-28] reflects specialization to a permissive, oxygen-94 

rich Antarctic environment, where functions essential in other vertebrates became dispensable. 95 

Despite these prominent examples, coding-gene inactivation in Cryonotothenioidea remains 96 

incompletely characterized beyond a handful of well-studied loci and trait-focused analyses [29, 97 

30]. 98 

In this study we performed whole-genome alignments and orthology-aware comparative analyses 99 

to systematically identify gene-inactivating mutations across 11 Antarctic and four non-Antarctic 100 

notothenioid species. Leveraging these non-Antarctic taxa as phylogenetic anchors enables robust 101 

inference of Antarctic clade–specific inactivation events. By reconstructing the phylogenetic 102 

distribution of disruptions and applying stringent filters to minimize reference bias and 103 

assembly/annotation artifacts, we identify gene losses shared across Cryonotothenioidea as well 104 

as additional losses restricted to the highly derived icefish lineage. Together, this genome-wide 105 

analysis establishes Antarctic notothenioids as a comparative system for studying gene loss under 106 

constant cold and for prioritizing candidates for future functional testing. 107 

MATERIALS AND METHODS  108 

Genome and transcriptome resources 109 

To systematically identify genome-wide gene inactivation across Antarctic notothenioids, we 110 

retrieved whole-genome assemblies for 11 sampled members of the cryonotothenioid clade 111 

(Dissostichus eleginoides, Dissostichus mawsoni, Lepidonotothen nudifrons, Trematomus 112 
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bernacchii, Pogonophryne albipinna, Harpagifer antarcticus, Gymnodraco acuticeps, 113 

Champsocephalus esox, Champsocephalus gunnari, Chaenocephalus aceratus, and 114 

Pseudochaenichthys georgianus) and four taxa outside the cryonotothenioid clade (Cottoperca 115 

gobio [NCBI assembly name; synonym of Cottoperca trigloides]  [31, 32], Bovichtus diacanthus, 116 

Bovichtus variegatus, and Eleginops maclovinus) from the NCBI GenBank and RefSeq databases 117 

(Table S1). Here, we use “cryonotothenioid clade” in a phylogenetic sense to refer to the Antarctic 118 

notothenioid radiation, rather than as a strict statement of present-day geographic distribution for 119 

every sampled species. These assemblies were strategically selected to represent all five Antarctic 120 

families together with available non-Antarctic notothenioid outgroups, providing a phylogenetic 121 

framework for reconstructing the ancestral gene complement at the base of Cryonotothenioidea. 122 

This design allowed us to identify genes retained outside the cryonotothenioid clade but lost across 123 

sampled cryonotothenioids, while also distinguishing additional losses restricted to the derived 124 

icefish lineage. Assembly quality was evaluated using BUSCO (v5.4.2) [33], and all selected 125 

genomes recovered more than 93% of conserved single-copy orthologs, supporting their suitability 126 

for comparative, synteny-based analyses.  127 

To support transcript-level validation of candidate gene losses, we used publicly available RNA-128 

seq datasets representing Antarctic notothenioids and a closely related non-Antarctic species from 129 

the NCBI Sequence Read Archive (SRA) (Table S2). Collectively, these datasets span multiple 130 

tissues (liver, heart, brain, gill, spleen, and muscle), developmental stages (embryonic, juvenile, 131 

and adult), and both sexes, thereby broadening the range of expression contexts available for 132 

evaluating whether putatively inactivated genes retain detectable transcription. 133 

RNA-seq processing and transcriptomic assembly 134 
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For datasets requiring processing from raw reads, sequencing reads were downloaded using SRA 135 

Toolkit (v3.0.0) (https://github.com/ncbi/sra-tools).  These included raw reads from the Antarctic 136 

icefishes Champsocephalus gunnari and Champsocephalus esox (PRJNA859929), as well as the 137 

non-Antarctic species Eleginops maclovinus (SRX2523921). Reads were subjected to adapter 138 

removal and quality trimming using Trimmomatic (v0.39) [34], with the parameters 139 

ILLUMINACLIP:TruSeq3-PE.fa:2:30:10 LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 140 

MINLEN:36. The retained high-quality reads were assembled de novo into transcript contigs using 141 

Trinity (v2.15.1) [35]. In parallel, high-quality reads were aligned to their respective reference 142 

genomes using the splice-aware aligner STAR [36] to assess exon-level coverage and splice-143 

junction support across candidate loci. 144 

The resulting transcript assemblies and RNA-seq alignments were used as an independent 145 

validation layer for TOGA-inferred gene losses. Absence of transcriptomic support was interpreted 146 

conservatively as supportive, but not definitive, evidence of gene non-functionality, because 147 

expression may depend on tissue, developmental stage, sex, or environmental condition. 148 

Species Phylogeny Reconstruction 149 

To provide the phylogenetic framework used to interpret losses shared across Cryonotothenioidea 150 

versus additional losses restricted to icefishes, we inferred species relationships from the predicted 151 

proteomes of all 15 taxa. Protein sequences were clustered into orthogroups with OrthoFinder [37] 152 

and OrthoFinder was run in MSA mode (-M msa -A muscle -T iqtree). Multiple sequence 153 

alignment was performed using MUSCLE [38], and gene trees were inferred with IQ-TREE  [39]; 154 

the species tree was estimated using the STAG method implemented in OrthoFinder [40], based 155 
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on 12,374 orthologous groups. The resulting tree topology was congruent with recent 156 

phylogenomic studies of notothenioid fishes [14, 41]. 157 

Whole-genome alignment and orthology inference 158 

To identify lost genes across cryonotothenioids while minimizing false inferences due to 159 

annotation or assembly errors, we used a whole-genome alignment based comparative genomics 160 

framework that integrates sequence similarity and conserved synteny. We define “outgroups” here 161 

as non‑Antarctic notothenioids outside Cryonotothenioidea that are used to infer ancestral gene 162 

presence and to polarize cryonotothenioid clade–specific loss events. We analyzed genome 163 

assemblies from 11 cryonotothenioid species together with four non‑cryonotothenioid species as 164 

outgroups (Table S1). Two of these outgroup taxa, Cottoperca gobio (GCA_900634415.1) and 165 

Eleginops maclovinus (GCF_036324505.1), also served as reference genomes for TOGA 166 

projection; the remaining non‑Antarctic taxa (e.g., Bovichtus spp.) were included as independent 167 

comparisons to reduce reference bias and to guard against lineage‑specific loss in any single 168 

non‑Antarctic lineage. Each query assembly was aligned independently to each reference genome 169 

using the make_lastz_chains pipeline [42, 43] (https://github.com/hillerlab/make_lastz_chains), 170 

which produces high-quality pairwise alignment chains suitable for orthology inference from 171 

genome alignments. 172 

Orthologous loci and gene-inactivating mutations were inferred using TOGA (Tool to infer 173 

Orthologs from Genome Alignments) [44] (https://github.com/hillerlab/TOGA). TOGA uses the 174 

reference gene annotation together with the reference–query alignment chains to locate the 175 

orthologous region in each query genome and to project reference transcript models onto that 176 

locus. TOGA then evaluates gene integrity across annotated transcript isoforms, focusing on the 177 
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middle 80% of the coding sequence (CDS). Based on the projected gene structure and the presence 178 

of predicted gene-inactivating mutations, TOGA assigns each gene to predefined status classes, 179 

including intact (I), partially intact (PI), lost (L), or uncertain loss (UL). TOGA designates genes 180 

as lost (L) when multiple inactivating mutations (e.g., frameshift insertions or deletions, premature 181 

stop codons, exon deletions, or splice-site disruptions) were detected within the middle 80% CDS 182 

region. Genes with a single inactivating mutation in this region were classified by TOGA as 183 

uncertain losses (UL), reflecting a lower confidence call that could also arise from local assembly 184 

or projection artifacts. 185 

TOGA also reports categories that reflect incomplete sequence recovery rather than clear gene 186 

loss. A locus is classified as partially intact (PI) when part of the CDS is missing but no inactivating 187 

mutation is detected within the internal 80% of the aligned CDS. It is classified as missing (M) 188 

when a large fraction of the predicted CDS is absent or masked (typically due to assembly gaps), 189 

and as partially missing (PM) when much of the projected locus extends beyond scaffold 190 

boundaries. For downstream analyses, we treated PI calls as not lost unless additional evidence 191 

supported inactivation. 192 

Mitigating reference bias and defining high-confidence gene losses 193 

To minimize false-positive loss calls, we applied additional stringency filters (Figure 1).  194 

First, candidate cryonotothenioid clade–wide losses were required to be classified as lost (L) in at 195 

least nine of the eleven species in the cryonotothenioid clade, while allowing up to two species to 196 

be classified as uncertain loss (UL), partially intact (PI), or missing (M). This allowance accounts 197 

for variation in assembly continuity, because several genomes are scaffold-level rather than 198 
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chromosome-level assemblies. Candidate clade-wide losses were also required to retain intact 199 

coding potential in non-cryonotothenioid outgroups. For icefish-lineage-specific losses, we 200 

applied analogous criteria, requiring candidate genes to be classified as lost in at least three of the 201 

four examined icefish species while remaining intact in red-blooded cryonotothenioids and non-202 

cryonotothenioid outgroups.   203 

Second, we removed borderline candidates in which loss status was supported only by a small 204 

number of predicted inactivating mutations, such as an isolated frameshift, premature stop codon, 205 

or limited splice-site changes. Such patterns may reflect sequencing error, local misassembly, or 206 

annotation/projection artifacts rather than true loss of coding potential. 207 

Third, we used transcriptomic evidence to remove candidates with evidence of continued 208 

transcription in Antarctic species. To validate inferred losses at the transcript level, all candidate 209 

genes were queried against eight available Antarctic transcriptomes spanning four notothenioid 210 

families (Table S2) using BLASTN [45]. Candidates were excluded if they produced 211 

transcriptomic matches meeting ≥70% sequence identity, ≥75% query coverage, and E-value ≤1e-212 

10. Candidates lacking such matches were retained as putative non-functional candidates.  213 

Finally, because TOGA-based gene status inference can depend on the choice of reference 214 

genome, we performed the full analysis independently using Cottoperca gobio and Eleginops 215 

maclovinus as references. TOGA predictions generated from each reference were compared across 216 

all species, and only candidates satisfying the relevant loss criteria in both reference-based 217 

analyses were retained as high-confidence losses. Detailed per-gene status calls and filtering 218 

outcomes are provided in Tables S4–S7. 219 
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Together, this multi-layered filtering strategy was used to define high-confidence cryonotothenioid 220 

clade-wide and icefish-lineage-specific gene losses supported by phylogenetic consistency, 221 

sufficient coding-sequence disruption, absence of detectable transcriptomic support, and 222 

concordant inference across both reference genomes. 223 

 224 

Figure 1. Workflow for inferring high-confidence gene losses in cryonotothenioids. A) Input genome sampling 225 
included 11 cryonotothenioids and four outgroups outside the cryonotothenioid clade. Cottoperca gobio and Eleginops 226 
maclovinus were used both as outgroups and as independent reference genomes for downstream analyses, indicated 227 
by #. B) Each query genome was aligned independently to each reference genome using the make_lastz_chains 228 
workflow to generate pairwise whole-genome alignment chains. C) TOGA was used for orthology inference and gene-229 
status prediction from the reference–query genome alignments. Gene-status classes include intact (I), partially intact 230 
(PI), missing or partially missing (M/PM), uncertain loss (UL), and lost (L). D) Candidate losses were filtered through 231 
four sequential steps. First, phylogenetic consistency was required: candidate cryonotothenioid clade-wide losses were 232 
required to be classified as lost in at least 9 of 11 cryonotothenioids, while candidate icefish-lineage-specific losses 233 
were required to be classified as lost in at least 3 of 4 examined icefishes and retained in red-blooded cryonotothenioids 234 
and outgroups. Second, weak candidates supported only by isolated single-event mutations were excluded. Third, 235 
candidates with transcriptomic matches in eight Antarctic transcriptomes were removed using BLASTN thresholds of 236 
≥70% sequence identity, ≥75% query coverage, and E-value ≤1e−10. Finally, candidates were required to show 237 
concordant loss calls across both reference-based analyses and were filtered for 1:1 orthology. Venn diagrams 238 
summarize the overlap between the two reference-based analyses, with the central intersections representing the final 239 
candidate sets selected for functional annotation. 240 
 241 

Functional annotation and phenotypic inference 242 
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Candidate genes were retained only if they were consistently identified as lost across both 243 

reference genomes and exhibited no hits in any of the available the transcriptome data. For these 244 

validated genes, we utilized g:Orth module from g:Profiler web server [46] 245 

(http://biit.cs.ut.ee/gprofiler/orth) to determine their 1:1 orthology status in Danio rerio  and Homo 246 

sapiens. To determine the biological roles of the 30 inactivated single-copy orthologs, we 247 

performed a manual curation using functional databases and primary literature. Specifically, we 248 

used the Zebrafish Information Network (https://zfin.org) and primary literature to identify 249 

previously determined biological functions and or documented knockout phenotypes in Danio 250 

rerio and other model vertebrates. This comparative database approach was used to generate 251 

hypotheses about the potential physiological and phenotypic consequences associated with the loss 252 

of these candidate genes in Antarctic notothenioid. 253 

Results 254 

Systematic detection of gene losses in Antarctic notothenioids  255 

We analyzed 11 cryonotothenioid genomes and four non-Antarctic relatives using an orthology-256 

aware, synteny-guided comparative framework (TOGA pipeline) [44] to characterize genome-257 

wide patterns of gene loss across the clade. Protein-coding genes were annotated using two non-258 

Antarctic reference genomes—Cottoperca gobio (GCA_900634415.1; 21,662 genes) and 259 

Eleginops maclovinus (GCF_036324505.1; 22,649 genes)—which represent outgroups outside 260 

cryonotothenioids. These outgroups were used to infer the ancestral gene complement at the base 261 

of the Antarctic radiation and to polarize Antarctic clade–specific gene losses. We used a multi-262 

step filtering strategy to infer gene losses shared across Cryonotothenioidea, as well as additional 263 
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lineage-specific losses within Antarctic icefishes, the white blooded notothenioids 264 

(Channichthyidae). 265 

Each gene in each species was characterized as intact (I), partially intact (PI), lost (L), uncertain 266 

loss (UL), or missing (M). Across the Antarctic radiation, the largest gene-status category was 267 

intact, with ≥67% classified as intact using Cottoperca gobio as the reference and >75% using 268 

Eleginops maclovinus as the reference. D. mawsoni was an exception, with fewer than 40% of 269 

genes assigned intact coding status; this pattern was driven largely by an elevated uncertain-loss 270 

category and was not interpreted as evidence of extensive true gene loss. Smaller fractions of genes 271 

across the clade were classified as lost (5–7%), missing (2–5%), and uncertain loss (20–25%), with 272 

broadly similar distributions across species and reference annotations (Figure 2B). Among all 273 

gene status categories, L. nudifrons showed the highest number of missing (M) genes, consistent 274 

with a larger fraction of loci falling in assembly gaps or poorly resolved regions (Figure 2B).   275 

Using the high-confidence filtering strategy described in Methods, we identified 30 genes inferred 276 

to have lost coding potential across the Antarctic clade while retaining intact coding potential in 277 

all non-Antarctic outgroups (Figure 2A; Figure S5, Table S4-S5). These candidates were 278 

supported by concordant loss calls from both reference-based analyses, broad phylogenetic 279 

consistency across Antarctic species, absence of strong transcriptomic support, and extensive 280 

coding disruption. Within the Antarctic radiation, we also identified 12 single-copy orthologs 281 

consistently predicted as lost across all examined icefishes but retained in red-blooded 282 

notothenioids and non-Antarctic outgroups. These lineage-specific gene losses are characterized 283 

by multi-exon deletions and/or multiple frameshift mutations, suggesting inactivation at the 284 

ancestral node of the icefish family (Figure 2A; Figure S6, Table S6-S7). 285 
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 286 

Figure 2. Genome-wide annotation and classification of gene status across Antarctic notothenioids. A). A 287 
phylogeny of notothenioids, including four non-Antarctic outgroup species and representatives of the five 288 
cryonotothenioid families. The topology was reconstructed from single-copy orthologs inferred by OrthoFinder, and 289 
divergence times were added using TimeTree. Highlighted outgroups indicate the two reference genomes used for 290 
TOGA projection. The bar plot shows the number of genes classified as lost in each species using each reference 291 
genome. Red crosses mark candidate loss inferred on the branch leading to the sampled cryonotothenioids and on the 292 
icefish lineage; numbers beside the crosses indicate the corresponding loss counts from the two reference-based 293 
analyses. B). Status of 21,662 protein-coding genes from Cottoperca gobio and 22,649 protein-coding genes from 294 
Eleginops maclovinus inferred by TOGA across the sampled cryonotothenioid assemblies. For each species, genes 295 
were classified as intact (I; clearly intact), partially intact (PI; some fraction of CDS is missing, but the gene is likely 296 
intact), lost (L; containing multiple gene-inactivating mutations such as premature stop codons, frameshifts, splice-297 
site disruptions, or exon deletions), uncertain loss (UL; single inactivating mutation, indicating lower-confidence loss 298 
calls), and missing (M; substantial CDS missing or masked, often reflecting assembly gaps). The x-axis shows TOGA 299 
gene-status categories, and the y-axis shows the percentage of reference genes assigned to each category. Points 300 
indicate species-level values; labels identify notable outliers. Color corresponds to reference species. Five 301 
cryonotothenioid families: Nototheniidae (blue), Artedidraconidae (orange), Harpagiferidae (pink), Bathydraconidae 302 
(grey) and Channichthyidae (green).  The * symbol indicates sampled members of the cryonotothenioid clade with 303 
secondarily temperate or sub-Antarctic distributions. 304 
 305 
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Functional annotation of ancestral and lineage specific gene losses and candidate gene 306 

selection 307 

To explore the potential biological context of ancestral gene losses, we annotated the final set of 308 

30 ancestral losses using Gene Ontology databases (ShinyGo 0.80) and manual curation. Although 309 

no standard Gene Ontology (GO) categories were significantly enriched after multiple-testing 310 

correction (FDR < 0.05), many of the lost genes have known functions in vertebrate physiological 311 

systems relevant to Antarctic notothenioid biology, including lipid metabolism, proline 312 

catabolism, renal glucose handling, skeletal mineralization, circadian regulation, and tRNA 313 

modification. Several of these genes are also associated with human disease phenotypes, including 314 

metabolic dysfunction, hyperprolinemia, renal glycosuria, skeletal disorders, and circadian rhythm 315 

disorders (Table 1). Icefish-specific losses included genes associated with oxygen transport, 316 

erythropoiesis, vesicular trafficking, and thrombocyte function, with corresponding human disease 317 

associations including thalassemia, congenital dyserythropoietic anemia, and Bernard-Soulier 318 

syndrome (Table 1, Table S3). We used these functionally characterized ancestral and icefish-319 

specific losses to select representative candidate “natural knockouts” for detailed analysis below. 320 

Genomic disruption of hepatic lipases (ces3 and ces2a) involved in triacylglycerol regulation  321 

A notable feature of Antarctic notothenioid lipid biology is the wide range of total lipid content 322 

across species and ecological niches—ranging from massive accumulations in pelagic species like 323 

Aethotaxis mitopteryx (61.4% of dry mass) to significantly lower stores in benthic lineages like 324 

Dolloidraco longedorsalis (14.5%). While total lipid mass varies significantly among 325 

notothenioids which strongly correlates with their distinct ecological niches, triacylglycerols 326 

(TAGs) consistently emerge as the dominant lipid class across the clade [47-49].  327 
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The ces3 gene encodes a triacylglycerol hydrolase (TGH) and the ces2 gene encode hepatic 328 

carboxylesterases; both are involved in neutral lipid hydrolysis and lipid homeostasis [50-52]. We 329 

identified the inactivation of both ces3 and ces2a in cryonotothenioids, while both genes remain 330 

fully intact in all four non-Antarctic outgroups. For ces3, a shared premature stop codon in exon 8 331 

suggests an ancestral inactivating mutation, followed by additional lineage-specific frameshift 332 

mutations (Figures 3A, 3B). Similarly, the 11-exon ces2a contains multiple frameshift mutations 333 

and premature stop codons; a shared 4‑nucleotide insertion (‘CTGT’) in exon 6 supports an 334 

ancestral gene-inactivating mutation predating diversification of the Antarctic clade (Figure 3C).  335 

Given the conserved roles of these genes in neutral lipid hydrolysis, loss of ces3 and ces2a may 336 

have shifted the ancestral lipid-metabolism background of Antarctic notothenioids by reducing 337 

one route of TAG turnover. This ancestral loss alone does not explain the full range of lipid 338 

phenotypes across the clade. Instead, we hypothesize that reduced CES-mediated TAG hydrolysis 339 

created a permissive metabolic context that later lineages could exploit to different degrees, 340 

particularly in neutrally buoyant or midwater taxa where lipid deposition contributes substantially 341 

to reduced body density (Figure 3D). This interpretation is consistent with known variation in 342 

notothenioid lipid biology, but it remains a testable hypothesis pending direct lipid-turnover 343 

measurements across species with contrasting ecologies. 344 
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 345 

Figure 3. Loss of hepatic carboxylesterases and altered triacylglycerol turnover. 346 
A) ces3 gene model comparison across outgroups and cryonotothenioids. Teal boxes indicate retained coding exons, 347 
red boxes indicate deleted exons, and grey boxes indicate missing or assembly-gap regions. A premature stop codon 348 
in exon 8 is shared across sampled cryonotothenioids, followed by additional lineage-specific frameshifts, splice-site 349 
changes, or exon deletions. B) Multiple sequence alignment of ces3 exon 8 highlighting the shared premature stop 350 
codon (TAG) in sampled cryonotothenioids. The dashed red line indicates exon deletion in C. aceratus. C) ces2a gene 351 
model comparison showing a shared 4-nucleotide insertion in exon 6 across cryonotothenioids, together with 352 
additional coding-sequence disruptions. D) Conceptual model illustrating how loss of CES-mediated TAG hydrolysis 353 
may alter hepatic lipid turnover and provide a permissive metabolic context for TAG-rich lipid storage in lineages 354 
where lipid deposition contributes to reduced body density. 355 
 356 

 Ocular water handling and the inactivation of the atypical aquaporin-11 (aqp11) 357 

Physiological studies of Antarctic notothenioids have shown that several secreted fluids, including 358 

urine, endolymph, and aqueous and vitreous humors, contain little or no antifreeze glycoprotein 359 

and have freezing points near −1.0 °C. Because Antarctic seawater is colder, approximately −1.9 360 

°C, these fluids are undercooled in vivo and may depend on barriers to ice entry or other 361 

mechanisms that prevent nucleation [53]. In vertebrates AQP11 (Aquaporin-11) gene encodes an 362 

atypical intracellular aquaporin expressed in Müller glial cells, where it regulates osmotic water 363 

permeability and maintains retinal fluid homeostasis [54-56]. Our comparative genomic analysis 364 
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revealed inactivating mutations in the aqp11 gene across all examined cryonotothenioids. In most 365 

cryonotothenioids, aqp11 inactivation was driven by large scale exon deletions, ranging from the 366 

complete loss of exon 1 (e.g., L. nudifrons, T. bernacchii) to the complete deletion of the entire 367 

gene in more derived lineages. By contrast, the two Dissostichus species retained much of the 368 

coding sequence but exhibited multiple frameshift mutations across the first two exons, suggesting 369 

lineage-specific sequence decay after ancestral disruption (Figure 4A).   370 

Although the mechanisms underlying maintenance of these undercooled secreted fluids remain 371 

unresolved, the loss of aqp11 raises the possibility that ocular or retinal water handling has been 372 

remodeled in cryonotothenioids (Figure 4B). This possibility could be tested by comparing 373 

AQP11 protein expression and localization in retinal tissues from Antarctic and non-Antarctic 374 

notothenioids, together with localized assays of Müller cell water permeability or water transport 375 

at the Müller cell–vitreous interface. These experiments would test whether aqp11 loss is 376 

associated with altered retinal water handling, while complementary measurements of ocular fluid 377 

osmolality and freezing behavior would be needed to assess consequences for undercooled ocular 378 

fluids. 379 

 380 

.CC-BY 4.0 International licenseavailable under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 10, 2026. ; https://doi.org/10.64898/2026.06.06.730616doi: bioRxiv preprint 

https://doi.org/10.64898/2026.06.06.730616
http://creativecommons.org/licenses/by/4.0/


 19 

Figure 4. Loss of aqp11 coding potential and proposed remodeling of ocular/retinal water handling in 381 
cryonotothenioids. A) aqp11 gene model comparisons across outgroups and cryonotothenioids. Gene-model colors 382 
follow Figure 3. Most cryonotothenioids show exon loss or whole-gene deletion, whereas Dissostichus species retain 383 
part of the coding sequence but carry frameshifting mutations. B) Conceptual model of AQP11-associated water 384 
handling at the Müller cell–vitreous interface. In the reference state, AQP11 is shown as part of local Müller glial 385 
water transport; after aqp11 coding loss, local water flux or retinal osmotic balance may be altered. Question marks 386 
indicate hypothetical physiological consequences. Arrows indicate water movement, and ion labels indicate associated 387 
solute-transport pathways shown for context. 388 

Loss of prodhb and regulation of mitochondrial proline metabolism  389 

In vertebrates, PRODH enzymes catalyze the first step of mitochondrial proline catabolism by 390 

oxidizing proline to pyrroline-5-carboxylate (P5C), transferring electrons to ubiquinone and 391 

thereby linking proline metabolism to mitochondrial redox state and ATP production [57]. Our 392 

comparative genomic analysis identified clade-specific disruption of the prodhb (proline 393 

dehydrogenase/oxidase 1b) across cryonotothenioids, anchored by a shared deletion of exon 8 and 394 

additional lineage-specific frameshifts, whereas this gene remains intact in all four non-Antarctic 395 

outgroups (Figure 5A).   396 

 397 
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Figure 5. Loss of prodhb and proposed consequences for mitochondrial proline metabolism in 398 
cryonotothenioids. A) prodhb gene model comparisons showing a shared exon 8 deletion in cryonotothenioids, 399 
together with additional frameshift and exon-loss events in individual lineages; non-cryonotothenioid outgroups retain 400 
intact coding potential. Gene-model colors follow Figure 3. B) Conceptual model of PRODHb in mitochondrial 401 
proline oxidation. Loss of prodhb is predicted to reduce proline-to-pyrroline-5-carboxylate (P5C) conversion and may 402 
alter proline availability, mitochondrial redox balance, and osmotic or cryoprotective stress responses under cold 403 
conditions. Question marks indicate proposed effects that require experimental validation.  404 

Because proline can function as a compatible osmolyte and cryoprotectant [58, 59], loss of prodhb 405 

may alter intracellular proline availability under chronic cold and osmotic stress. Reduced 406 

mitochondrial proline oxidation could also affect redox balance by changing electron flow through 407 

this pathway [57]. In addition, changes in proline–P5C metabolism may influence downstream 408 

amino-acid and stress-response pathways, although links to polyamine metabolism, membrane 409 

fluidity, and homeoviscous adaptation remain to be tested directly in notothenioids [60-62]. 410 

Together, prodhb disruption raises three non-mutually exclusive possibilities: altered osmotic 411 

buffering through proline retention, modified redox balance through reduced mitochondrial 412 

proline oxidation, and secondary effects on membrane-associated stress responses (Figure 5B). 413 

Loss of slc5a2 and reduced reliance on glomerular glucose reabsorption  414 

Aglomerular kidneys are widespread among Antarctic notothenioids inhabiting subzero seawater, 415 

a renal specialization that reduces or eliminates glomerular filtration and may help limit urinary 416 

loss of small peptides and antifreeze glycoproteins [63]. In typical vertebrate kidneys, the SLC5A2 417 

gene, which encodes sodium-glucose cotransporter 2 (SGLT2), mediates most (~90%) glucose 418 

reabsorption from the glomerular filtrate in the proximal tubule [64, 65]. Our comparative genomic 419 

analysis revealed extensive disruption of slc5a2 across the Antarctic clade, including a large 420 

deletion spanning exons 4 through 12, whereas all 15 exons remain intact in non-Antarctic 421 

outgroups (Figure 6A).  422 
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Because slc5a2 acts on glucose recovered from glomerular filtrate, its loss may reflect reduced 423 

selective pressure to maintain proximal-tubule glucose reabsorption in lineages with reduced or 424 

absent filtration. We also identified loss of coding potential in abrab (actin binding Rho activating 425 

protein b), also known as abra, a candidate renal-development-associated gene implicated in 426 

zebrafish pronephros development [66]. Collectively, these results suggest that losses affecting 427 

renal filtration or glucose reabsorption pathways may have accompanied renal specialization in 428 

Antarctic notothenioids (Figure 6B).  429 

 430 

Figure 6. Loss of slc5a2 and reduced reliance on glomerular glucose reabsorption in cryonotothenioids. A) The 431 
slc5a2 gene model comparisons across outgroups and cryonotothenioids. Gene-model colors follow Figure 3. 432 
Cryonotothenioids show extensive coding-sequence loss, including a large deletion spanning exons 4–12, whereas 433 
non-cryonotothenioid outgroups retain the full exon structure. B) Conceptual model linking slc5a2 loss to reduced 434 
dependence on filtrate-based glucose reabsorption. In glomerular kidneys, SLC5A2/SGLT2 mediates glucose 435 
reabsorption from the glomerular filtrate in the proximal tubule. In fishes without glomerular filtration, the filtered 436 
glucose load is reduced, which may relax selective pressure on slc5a2-mediated glucose recovery. 437 
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Loss of bglap and skeletal mineralization 438 

Antarctic notothenioids exhibit reduced skeletal mass and mineralization relative to many 439 

temperate fishes, a trait associated with reduced body density and buoyancy in lineages that lack 440 

a swim bladder [67-70]. In vertebrates, BGLAP encodes osteocalcin, a late marker of osteoblast 441 

differentiation and an important component of bone formation [71]. Knockdown of BGLAP in 442 

human cell lines reduces overall mineralization, and bglap expression is downregulated in 443 

zebrafish models of skeletal disorders [72, 73]. Consistent with this low-density skeletal 444 

phenotype, our comparative genomic analysis revealed the degradation of bglap across the 445 

examined Antarctic species. In seven of eleven Antarctic species, bglap is completely deleted from 446 

the genome assemblies, whereas in Dissostichus mawsoni we identified a 17-bp frameshifting 447 

insertion predicted to cause premature termination (Figure 7A). 448 

 449 
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Figure 7. Loss of bglap coding potential and a proposed link to skeletal mineralization in cryonotothenioids.  450 
A). bglap gene model comparisons across non-cryonotothenioid outgroups and cryonotothenioids. Gene-model colors 451 
follow Figure 3. Non-cryonotothenioid outgroups retain an intact four-exon structure, whereas several 452 
cryonotothenioids show complete or near-complete loss of bglap coding sequence. In Dissostichus mawsoni, a 17-bp 453 
frameshifting insertion is predicted to disrupt the coding sequence. B). Conceptual model showing the role of 454 
BGLAP/osteocalcin during late osteoblast maturation and bone mineralization. Loss of bglap coding potential may 455 
alter osteoblast maturation or reduce skeletal mineralization in cryonotothenioids. 456 

Reduced skeletal density in cryonotothenioids has been linked to heterochronic and pedomorphic 457 

skeletal features, including reduced ossification and retention of cartilage or juvenile skeletal 458 

features into adulthood [74]. In this context, loss of bglap may have contributed to altered 459 

osteoblast maturation or reduced skeletal mineralization in Antarctic notothenioids (Figure 7B). 460 

Notably, the paralog bglapl (bone gamma-carboxyglutamic acid protein-like or osteocalcin-2) 461 

remains intact across the Antarctic clade, raising the possibility that osteocalcin-related functions 462 

are partially retained or compensated. The extent to which bglapl buffers the loss of bglap during 463 

bone remodeling remains an open question. 464 

Coordinated disruption of multiple tRNA modification genes involved in wybutosine 465 

biosynthesis pathway 466 

In most eukaryotes, the wybutosine (yW) biosynthesis pathway modifies phenylalanine tRNA 467 

(tRNAPhe) at position 37, stabilizing codon–anticodon interactions and helping maintain reading-468 

frame fidelity during translation [75]. This multi-step pathway involves TRM5 and the TYW 469 

complex (TYW1-TYW5) (Figure 8B). Our comparative genomic analysis revealed the clade-wide 470 

pseudogenization of four sequential genes in this cascade—tyw2, tyw3, tyw4, and tyw5—across all 471 

examined cryonotothenioids. While all these loci remain fully intact across all four non-Antarctic 472 

outgroups, the Antarctic clade exhibits extensive coding-sequence decay with a shared deletion of 473 

exons 4 through 6 in tyw2 (Figure 8A), and additional frameshifts or exon deletions in downstream 474 

pathway genes (Figure 8B, Figures S1–S3).  475 
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The coordinated disruption of multiple sequential enzymes suggests that canonical yW 476 

biosynthesis has been strongly reduced or lost in the Antarctic clade. Experimental work in 477 

eukaryotic systems has shown that yW modification and its biosynthetic intermediates influence 478 

ribosomal frameshifting [75], raising the possibility that loss/reduce of yW biosynthesis could alter 479 

translational fidelity in cryonotothenioids. Antarctic fishes show unusual features of protein 480 

metabolism, including differences in protein synthesis, protein retention, and RNA-to-protein 481 

ratios relative to temperate fishes [76]. Whether these broader protein-metabolism traits interact 482 

with yW-pathway loss remains unknown; direct assays of tRNA modification status, ribosomal 483 

frameshifting, and translation fidelity under cold conditions will be required to test the functional 484 

consequences of this pathway-level loss. 485 

 486 

Figure 8. Coordinated loss of wybutosine biosynthesis genes in cryonotothenioids. A) tyw2 gene model 487 
comparisons across non-cryonotothenioid outgroups and cryonotothenioids. Gene-model colors follow Figure 3. 488 
Cryonotothenioids show a shared deletion spanning multiple internal exons of tyw2, together with additional lineage-489 
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specific coding-sequence changes, whereas outgroups retain the intact exon structure. B) Simplified wybutosine (yW) 490 
biosynthesis pathway showing sequential modification of G37-tRNAPhe to hydroxywybutosine. Genes shown in red 491 
with red crosses indicate yW-pathway genes inferred to have lost coding potential in cryonotothenioids, including 492 
tyw2, tyw3, tyw4, and tyw5. Black gene labels indicate upstream pathway components not inferred as lost in this 493 
analysis.    494 

Loss of core clock genes and remodeling of circadian regulation 495 

Circadian rhythms coordinate daily oscillations in physiology and behavior through endogenous 496 

molecular clocks entrained by environmental cues [77]. In Antarctic notothenioids, we identified 497 

complete exon deletion of five circadian-related genes. Four of these genes belong to the core 498 

cryptochrome and period families (cry1b, cry2, per2a, and per3). We also identified loss of fbxl3l 499 

(F-box and leucine-rich repeat protein 3-like), a circadian-associated F-box gene whose 500 

mammalian homolog regulates clock timing by promoting CRY protein ubiquitination and 501 

turnover [78], representing an additional circadian-regulatory loss in this study. Previous work 502 

reported apparent per2a and per3 pseudogenization in the non-Antarctic outgroup C. gobio [23, 503 

24], and our analysis also recovered a multi-exon deletion disrupting per2a and per3 in this 504 

species. Because our dataset reveals that both per2a and per3 remain intact in other two 505 

Bovichtidae species, the C. gobio loss and the clade-wide loss observed across Antarctic 506 

notothenioids are best interpreted as independent events.  507 

Recent comparative genomic studies have reported erosion of circadian gene repertoires in polar 508 

and high-latitude fishes, particularly among cry and per paralogs [23, 24, 79]. The losses identified 509 

here extend this pattern across Antarctic notothenioids and suggest remodeling of canonical clock 510 

pathways under extreme seasonal photoperiods. Because at least one cry and one per paralog 511 

remain intact across the clade [24], these data do not imply complete loss of circadian regulation. 512 

Instead, they point to a modified circadian system whose functional consequences remain 513 

unresolved. Future behavioral, expression, and physiological assays under polar light regimes will 514 
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be needed to determine whether remaining rhythms are primarily light-entrained or are also 515 

influenced by non-photic cues such as tidal cycles or seasonal feeding patterns. 516 

Loss of neuropeptide gene cart2 and appetite-regulatory networks 517 

In teleost fishes, appetite regulation and energy homeostasis are controlled by interacting central 518 

neuroendocrine pathways. Within this network, cart2 (cocaine- and amphetamine-regulated 519 

transcript 2) encodes a conserved anorexigenic neuropeptide involved in feeding suppression and  520 

energy-balance regulation [80, 81]. Our comparative genomic analysis revealed truncation of cart2 521 

across Antarctic notothenioids. In most Antarctic species, cart2 loss involved deletion of all three 522 

exons, whereas in Dissostichus one exon remains detectable (Figure S4). 523 

Given the anorexigenic role of CART peptides, loss of cart2 may remove one satiety-related signal 524 

and reshape appetite-regulatory networks in Antarctic notothenioids. The net physiological effect 525 

is likely to depend on compensation by other cart paralogs and interactions with additional 526 

anorexigenic and orexigenic pathways, including pomc, npy, and orexin-related signaling [81]. 527 

Targeted feeding assays and expression analyses will be needed to determine how cart2 loss 528 

affects appetite regulation in this clade. 529 

Recovery of known hemoglobin gene loss and identification of vps4a coding-sequence loss in 530 

Antarctic icefishes 531 

A hallmark of Antarctic icefishes is the loss of mature circulating erythrocytes and functional 532 

hemoglobin, a phenotype associated with well-characterized erosion of globin loci in 533 

Channichthyidae [25-28, 82, 83]. Our pipeline recovered this expected icefish-specific signal: all 534 

examined icefishes lacked several hemoglobin genes, including five α-globin genes (hba1, hba2, 535 
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hbae1.2, hbae4, and hbae5) and two β-globin genes (hbbe2 and hbbe3), whereas these loci were 536 

retained in red-blooded notothenioids and non-Antarctic outgroups. Recovery of this well-537 

established gene-loss case supports the ability of our pipeline to detect known lineage-specific 538 

losses and provides context for interpreting additional, less-characterized icefish-specific 539 

candidates. 540 

Beyond globin loci, we identified loss of coding potential in vps4a across all examined icefishes. 541 

Red-blooded notothenioids and all four non-Antarctic outgroups retain an intact vps4a coding 542 

sequence, whereas icefishes show extensive coding-region disruption, including multi-exon 543 

deletions and frameshift mutations predicted to abolish the open reading frame (Figure 9A). Vps4a 544 

encodes an AAA-ATPase involved in disassembly of the ESCRT (Endosomal Sorting Complex 545 

Required for Transport) machinery, a process essential for membrane remodeling,  vesicular 546 

sorting, cytokinesis, and erythropoiesis [84].   547 

 548 

Figure 9. Icefish-specific loss of vps4a coding potential and proposed effects on ESCRT-dependent cellular 549 
processes. A) vps4a gene model comparisons across outgroups, red-blooded cryonotothenioids, and icefishes. Gene-550 
model colors follow Figure 3. Red-blooded cryonotothenioids and non-cryonotothenioid outgroups retain intact vps4a 551 
coding sequence, whereas icefishes show extensive coding-region disruption, including exon deletions and 552 
frameshifting mutations. B) Conceptual model of VPS4A function in ESCRT-mediated membrane scission during 553 
cell division. In the reference state, VPS4A promotes ESCRT-III disassembly during cytokinesis and membrane 554 
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remodeling. In icefishes, vps4a coding-sequence loss may alter ESCRT-dependent processes, including cytokinesis, 555 
vesicle trafficking, and late erythroid cell maturation.  556 

Recent studies demonstrate that despite lacking circulating erythrocytes, icefish retain early 557 

erythroid progenitors in hematopoietic tissue, indicating that erythropoiesis fails at a later 558 

developmental stage [82].  In this context, loss of vps4a coding potential raises the possibility that 559 

ESCRT-dependent membrane remodeling or cytokinesis pathways were altered during icefish 560 

erythroid evolution. This interpretation is compatible with reduced constraint on erythroid-561 

associated functions after loss of hemoglobin-based oxygen transport and mature erythrocytes 562 

(Figure 9B), but alternative explanations, including compensation by other ESCRT components 563 

in non-erythroid tissues, remain possible. Comparative analyses of ESCRT-related trafficking, 564 

cytokinesis, and erythroid cell development will be needed to clarify the functional consequences 565 

of vps4a loss in icefishes. 566 

Discussion 567 

We systematically identified gene losses shared across the Antarctic notothenioid clade and 568 

additional losses restricted to the derived icefish lineage. Many of the shared gene losses most 569 

parsimoniously trace to the common ancestor of the Cryonotothenioidea and affect diverse 570 

biological systems, including lipid and amino acid metabolism, water transport, renal glucose 571 

reabsorption, bone mineralization, wybutosine/tRNA modification, circadian regulation, and 572 

appetite control. These losses provide candidate genomic links to several well-known Antarctic 573 

notothenioid traits, including lineage-variable lipid storage, freezing avoidance, reduced or absent 574 

glomerular filtration, reduced skeletal mineralization, and altered circadian regulation. In icefishes, 575 

we recovered the well-established loss of hemoglobin genes and identified additional lineage-576 

specific losses, including vps4a and other hematological or vesicular-trafficking candidates. 577 
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Together, these results suggest that gene loss is not an isolated feature of Antarctic notothenioid 578 

evolution, but a recurrent component of genome remodeling under chronic cold. 579 

Many genes lost in Antarctic notothenioids are associated with disease phenotypes in humans and 580 

model vertebrates, making them a compelling system for studying naturally occurring gene loss. 581 

In laboratory systems, engineered loss-of-function mutations often produce severe or early 582 

developmental phenotypes. In contrast, the losses described here have persisted in viable wild 583 

populations over evolutionary time. This contrast provides an opportunity to ask how ecological 584 

setting and genomic background alter the consequences of gene loss. In this sense, Antarctic 585 

notothenioids can be viewed as evolutionary mutant models: natural systems in which gene losses 586 

resembling engineered knockouts are embedded within ecological and genomic contexts that 587 

permit organismal viability. 588 

Representative examples span metabolic, renal, skeletal, circadian, and hematological systems. 589 

Loss of prodhb intersects with proline-catabolism disorders such as hyperprolinemia [85], slc5a2 590 

loss relates to renal glucose transport and familial renal glucosuria [86, 87],  and bglap loss 591 

connects to skeletal mineralization phenotypes summarized in Table 1 [73]. Likewise, losses of 592 

per/cry clock components intersect with circadian disorders, including sleep-phase disorders and 593 

seasonal mood phenotypes [88, 89], whereas icefish-specific vps4a loss points to ESCRT-594 

dependent pathways associated with congenital dyserythropoietic anemia, neurodevelopmental 595 

disease, and zebrafish sensorimotor defects [90, 91]. These examples extend the significance of 596 

Antarctic notothenioid gene loss beyond cold adaptation alone by highlighting naturally fixed 597 

coding-gene losses in pathways that are disease-associated in other vertebrates. 598 
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A central question raised by these results is why losses that are deleterious or pleiotropic in other 599 

vertebrates are apparently tolerated in Antarctic notothenioids. Many of the affected genes act in 600 

multiple tissues or developmental contexts, so their disruption in humans or model organisms can 601 

produce broad downstream effects rather than a single isolated phenotype. In Antarctic 602 

notothenioids, comparable negative effects may be absent, environmentally buffered, compensated 603 

by paralogs, or present only as subtle traits that have not yet been measured. For example, the cold, 604 

oxygen-rich Southern Ocean buffers the loss of hemoglobin-based oxygen transport in icefishes 605 

[25, 92], while intact paralogs or alternative pathways may buffer losses affecting bone 606 

mineralization, appetite regulation, circadian timing, translation, or vesicular trafficking. These 607 

patterns motivate closer physiological examination of notothenioids, not only to identify hidden 608 

consequences of gene loss, but also to understand how natural systems mitigate the negative 609 

pleiotropic effects that similar losses produce in other vertebrate contexts.  610 

More broadly, these findings support a systems-level view of gene loss in Antarctic notothenioids. 611 

Individual losses may have arisen through relaxed constraint, neutral decay, compensation, or 612 

adaptive change, or combinations of these processes. Once fixed, shared losses become part of the 613 

inherited genomic background on which later evolution occurs. In Antarctic notothenioids, long-614 

term thermal stability, high oxygen availability, and the absence or reduction of selective pressures 615 

present in other environments may have permitted the persistence of losses that would be costly in 616 

other vertebrate contexts. This genome-wide catalog therefore provides a framework for testing 617 

how gene loss reshapes physiological systems under constant cold. 618 

Conclusion 619 
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Our analyses move gene loss in Antarctic notothenioids beyond isolated examples and into a 620 

testable comparative framework. By combining conservative gene-loss calls with phylogenetic 621 

context, we nominate a set of naturally occurring coding-gene losses whose persistence in viable 622 

wild populations raises important questions about environmental buffering, compensation, and 623 

pathway rewiring. The functional links proposed here are based largely on orthology and evidence 624 

from model vertebrates; their physiological consequences in notothenioids remain to be tested 625 

directly. Future work should combine comparative expression analyses, targeted physiological 626 

measurements, and functional assays to determine which losses are neutral, tolerated, 627 

compensatory, or adaptive. Such studies will clarify how gene loss reshapes vertebrate physiology 628 

under chronic cold and may reveal natural mechanisms that buffer disease-associated pathways in 629 

wild populations. 630 
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Table 1. Summary of gene function and the associated disease in human 914 

        Gene      Gene function  Disease association 
tyw2, tyw3, tyw4, tyw5 Enable tRNA methyltransferase activity Cancer; acquired Taxol resistance 
ces3, ces2a Participate in fatty acyl and cholesterol 

ester metabolism 
Metabolic Dysfunction-Associated Fatty Liver 
Disease (MAFLD)  

per2a, per3, cry2 core components of the circadian clock, Familial Advanced Sleep Phase Syndrome (FASPS); 
Advanced sleep phase syndrome; seasonal affective 
disorder (SAD); and bipolar disorder 

cart2 Involved in positive regulation of cell 
communication and signal transduction 

alcohol dependence; alcohol use disorder; and 
obesity 

prodhb Involved in L-proline catabolic process to 
L-glutamate 

amino acid metabolic disorder; hyperprolinemia type 
1; and schizophrenia 4 

zgc:172145 Enable ferric iron binding activity and 
ferrous iron binding activity 

Hyperferritinemia-cataract syndrome; 
neurodegeneration with brain iron accumulation 3; 
and neurodegenerative disease 

wnt7aa Involved in several processes, including 
canonical Wnt signaling pathway; neuron 
differentiation; and positive regulation of 
JNK cascade 

Fuhrmann syndrome and Schinzel type phocomelia 

gpd1l Involved in glycerol-3-phosphate catabolic 
process 

Brugada syndrome 2 

slc5a2 Enable D-glucose:sodium symporter 
activity 

Familial renal glucosuria and renal glycosuria 

chd7 Enables ATP-dependent chromatin 
remodeler activity 

CHARGE syndrome and hypogonadotropic 
hypogonadism 5 with or without anosmia 

cdk19 Enable protein serine/threonine kinase 
activity 

Developmental and epileptic encephalopathy 87 

tac3b Involved in positive regulation of blood 
pressure 

hypogonadotropic hypogonadism 10 with or without 
anosmia 

eif4a2 Enable translation initiation factor activity neurodevelopmental disorder with hypotonia and 
speech delay 

bglap Structural constituent of bone osteoarthritis; osteoporosis; rheumatoid arthritis; and 
vitamin K deficiency bleeding 

ptpn22 Enable protein tyrosine phosphatase 
activity 

Addison's disease; Meniere's disease; autoimmune 
disease (multiple); graft-versus-host disease; and 
pulmonary tuberculosis. 

Icefish family losses 
hba1, hba2 Enable heme binding activity; iron ion 

binding activity; and oxygen binding 
activity; part of hemoglobin complex 

Heinz body anemia; alpha thalassemia; familial 
erythrocytosis 7; and hemoglobin H disease 

hbe1 Enable heme binding activity; iron ion 
binding activity; and oxygen binding 
activity; part of hemoglobin complex 

Sickle cell anemia 

vps4a  Enable ATP hydrolysis activity Congenital Dyserythropoietic Anemia (CDA) 

srsf1a Enable mRNA binding activity; regulation 
of alternative mRNA splicing 

Neurodevelopmental disorder with dysmorphic 
facies and behavioral abnormalities 

gp9 Acts upstream of or within regulation of 
blood coagulation and thrombocyte 
differentiation 

Bernard-Soulier syndrome also known as giant 
platelet disease 
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