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Abstract

Antarctic notothenioids radiated over millions of years in subzero waters, evolving peculiar features, such as antifreeze glycoproteins

and absence of heat shock response. Icefish, family Channichthyidae, also lack oxygen-binding proteins and display extreme modi-

fications, including high mitochondrial densities in aerobic tissues. A genomic expansion accompanying the evolution of these fish

was reported, but paucity of genomic information limits the understanding of notothenioid cold adaptation. We reconstructed and

annotated the first skeletal muscle transcriptome of the icefish Chionodraco hamatus providing a new resource for icefish genomics

(http://compgen.bio.unipd.it/chamatusbase/, last accessed December 12, 2012). We exploited deep sequencing of this energy-

dependent tissue to test the hypothesis of selective duplication of genes involved in mitochondrial function. We developed a bio-

informatic approach to univocally assign C. hamatus transcripts to orthology groups extracted from phylogenetic trees of five model

species. Chionodraco hamatus duplicates were recorded for each orthology group allowing the identification of duplicated genes

specific to the icefish lineage. Significantly more duplicates were found in the icefish when transcriptome data were compared with

whole-genome data of model species. Indeed, duplicated genes were significantly enriched in proteins with mitochondrial localiza-

tion, involved inmitochondrial functionandbiogenesis. Incoldconditionsandwithoutoxygen-carryingproteins,energyproduction is

challenging. The combination of high mitochondrial densities and the maintenance of duplicated genes involved in mitochondrial

biogenesis and aerobic respiration might confer a selective advantage by improving oxygen diffusion and energy supply to aerobic

tissues. Our results provide new insights into the genomic basis of icefish cold adaptation.

Key words: deep sequencing, orthology/paralogy relationships, gene duplication, genome evolution, cold adaptation,

Channichthyidae.

Introduction

Chionodraco hamatus (Notothenioidei, Perciformes) is an

Antarctic teleost belonging to the family Channichthyidae (ice-

fish). All members of the family, with the exception of one

species, are endemic to the Southern Ocean and are some of

the most stenothermal species on Earth. They evolved in the

persistently cold and oxygen-rich Antarctic waters, acquiring

unique adaptations at the morphological, physiological, and

biochemical level. Icefish, similar to other Antarctic notothe-

nioids, lack a swim bladder and produce antifreeze glycopro-

teins (AFGPs), a key innovation preventing blood and body

fluids freezing at the ambient temperature of �1.86 �C

(Cheng and Detrich 2007). Icefish are a unique example of

adult vertebrates lacking hemoglobin and functionally active

erythrocytes, and, as a consequence, the oxygen-carrying cap-

acity of their blood is only 10% that of red-blooded species

(Ruud 1954). Fifteen of the 16 members of the family com-

pletely lack the adult �-globin gene and retain only a small

3’-fragment of the a-globin gene (Near et al. 2006). As Ruud

(1954) suggested, this disadaptive phenotypic trait could

have evolved only in the extreme and stable environmental

conditions of Antarctic waters, where the higher oxygen

solubility at low temperatures may have relaxed selection pres-

sure for oxygen-binding proteins, allowing the successful
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diversification of icefish over the past 7.8–4.8 millions of years

(Near et al. 2012).

Icefish do not express myoglobin in skeletal muscle, and six

members of the family have lost the ability to produce the

protein in cardiac myocytes either, exacerbating their hemo-

globinless condition (Borley and Sidell 2010). Adequate

oxygen delivery to tissues, even in the absence of respiratory

pigments, is ensured in icefish thanks to the evolution of pe-

culiar phenotypic traits such as hypertrophic heart, high car-

diac output, increased blood volume, enlarged vessels lumina,

low blood viscosity and pressure, well-perfused gills, improved

skin and fin vascularization, cutaneous uptake of oxygen, and

reduced metabolic rate (Kock 2005). One of the most remark-

able icefish features is an exceptionally high mitochondrial

density in the heart and skeletal muscle, which improves

oxygen storage and diffusion in cells (O’Brien and Mueller

2010). These unique features make C. hamatus an excellent

model to study cold adaptation. Several of the phenotypic

modifications required in the constantly freezing temperatures

of the Southern Ocean appear to involve stable genomic

modifications (e.g., deletion of the �-globin locus),

which might represent a significant limitation to adaptation

to warmer environments (Patarnello et al. 2011).

Understanding the genomic constraints on the evolutionary

potential of Antarctic species might help to predict how well

they will cope with climate change. Several molecular mech-

anisms ranging from point mutations of preexisting genes to

large genomic rearrangements might underlie such modifica-

tions. Of all possible mechanisms, gene duplication has long

been recognized to play a major role in the evolution of novel

functions, a role recently confirmed by eukaryotic whole-

genome sequence analysis (Ohta 1989; Lynch 2007). Cheng

et al. (Cheng 1996; Cheng et al. 2003) were, to our know-

ledge, the first to link cold adaptation in Antarctic notothe-

nioids to gene duplication, showing that repeated duplication

of the primordial AFGP gene produced the AFGP expanded

family. Duplications of other genes, with a putative role in

adaptation to low temperatures, were subsequently

identified, that is, metallothioneins (Bargelloni et al. 1999),

pepsin enzymes (Carginale et al. 2004), and hepcidins (Xu

et al. 2008). More recently, Chen et al. (2008) used an

array-based comparative genomic hybridization approach to

compare three high Antarctic, evolutionarily derived notothe-

nioid species to two non-Antarctic, phylogenetically basal

notothenioids, showing that 101 protein-coding genes (impli-

cated in various biological functions including extracellular

matrix remodeling, protein folding and degradation, response

to stress conditions, defense from oxidative and apoptotic

processes, Ras/MAPK and TGF-b signal transduction cascades,

RNA transcription, binding and processing, cellular structural

components, and innate immunity) were duplicated in the

Antarctic species. The expression of some duplicated genes

was found to be upregulated in the red-blooded Antarctic

notothenioid Dissostichus mawsoni compared with temperate

water teleosts. A dosage effect was thus hypothesized as the

mechanism involved in the maintenance of duplicated gene

copies. A recent analysis of whole-genome size in 11 red- and

white-blooded notothenioid species confirmed that the evo-

lution of phylogenetically derived notothenioid families, such

as the Channichthyidae, might have been accompanied by a

genome expansion (Detrich and Amemiya 2010), without fur-

ther indication, however, of which genes or gene families are

involved in such expansion.

The working hypothesis of this study is that targeted gene

duplications occurred at loci involved in mitochondrial func-

tion and biogenesis. Energy production, in the form of ATP, is

the primary function of skeletal muscle mitochondria. ATP

production may be challenging in a cold environment because

low temperatures typically reduce the kinetic energy of mol-

ecules and reaction rates, modify molecular interactions and

diffusion rates, and affect membrane architecture. During

cold acclimation, many fish enhance oxidative capacity by a

variety of physiological mechanisms (Somero 2004; O’Brien

2011). Maintaining energy production at appropriate levels

for physiological activities is a constant problem for Antarctic

fish, which experience a narrow temperature range reaching

�1.86�C, which is lethal for most ectothermic organisms.

There is evidence that temperature compensatory adaptations

occur at the biochemical level because key enzymes involved

in energy metabolism (cytochrome c oxidase, citrate synthase,

and lactate dehydrogenase) show a (proportionally) higher

enzymatic activity at a common low temperature in

Antarctic notothenioids than in temperate and tropical species

(Crockett and Sidell 1990; Kawall et al. 2002). This may be

obtained by higher enzyme concentrations and/or by

increased enzyme efficiency at low temperatures. The

increased activity of lactate dehydrogenase, for example,

can be explained by a compensatory high catalytic rate

(Fields and Somero 1998). For other enzymes, such as cyto-

chrome c oxidase, increased enzyme concentration compen-

sates the higher activation energies in cold-adapted

notothenioids compared with temperate and tropical fish

(Mark et al. 2012). Notably, an increase in aerobic enzymes

concentration is observed in many fish during cold acclimation

(see e.g., Lucassen et al. 2006; Orczewska et al. 2010).

Compensation of ATP production through aerobic respir-

ation is not the only adaptation in Antarctic fish that centers

on mitochondria. As mentioned earlier, higher cellular densi-

ties of these organelles have been reported to favor oxygen

diffusion, especially in the hemoglobinless icefish. Therefore, a

constantly higher demand for mitochondrial biogenesis might

be present in these unique animals. Stably higher enzyme

concentrations and increased supply for structural compo-

nents of mitochondria might be achieved through different

molecular mechanisms at the genetic level, for instance, mu-

tations affecting transcriptional regulation, mRNA, and/or pro-

tein stability. Alternatively, gene amplification at target loci

might selectively increase expression levels.
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We tested the hypothesis of selective duplication of genes

involved in mitochondrial function and biogenesis in the

Antarctic fish genome through massive parallel sequencing

of the skeletal muscle transcriptome of C. hamatus, which

belongs to the notothenioid family showing the most extreme

physiological modifications in response to cold. Icefish-specific

gene duplications were then identified by comparative tran-

script annotation against five model fish genomes, using a

dedicated bioinformatic pipeline that interrogates an existing

database of orthology groups, Ensembl Compara. Finally, a

functional enrichment analysis was used to evaluate the bio-

logical role of proteins encoded by duplicated loci.

Materials and Methods

Transcriptome Sequencing, Assembly, and Annotation

A normalized cDNA library, constructed from muscle tissue of

four C. hamatus individuals collected at Terranova Bay, was

sequenced by 454 technology (see Supplementary Material

online for details). Raw sequencing data were preprocessed

using LUCY (http://lucy.sourceforge.net/, last accessed

December 12, 2012) to remove poly-A tails escaped to restric-

tion and to trim adaptors and sequences smaller than 60 bases

or with Phred quality lower than 30. Transcriptome assembly

was performed using MIRA 3 (Chevreux et al. 1999). Two runs

of assembly were carried out by MIRA in “EST” and “accur-

ate” usage mode, respectively. Settings adopted were those

defined for the 454 sequencing technology. The second run

was performed on previously obtained contigs plus discarded

reads, which were used as input for MIRA 3. Contigs shorter

than 100 nucleotides (nt) or with average quality lower than

30 were discarded.

A first de novo functional annotation of the C. hamatus

transcriptome was obtained by similarity using Basic Local

Alignment Search Tool (BLAST), Blast2GO, and custom-

made scripts. BLAST (ftp://ftp.ncbi.nlm.nih.gov/blast/db/, last

accessed December 12, 2012) was run in local mode, and

assembled contigs were compared against the National

Center for Biotechnology Information (NCBI) nonredundant

protein database (nr) and to the NCBI nucleotide database

(nt). Alignments with an E value <10�3 were considered sig-

nificant. Blast2GO suite (http://www.blast2go.org/, last

accessed December 12, 2012) was used for functional anno-

tation of transcripts through the mapping of gene ontology

(GO) terms to contigs having BLAST hits, obtained by BLASTX

search against nr. Only ontologies retrieved from hits with an E

value<10�6, an annotation cut off>55, and a GO weight>5

were used for annotation.

Definition of Homology Relationships of C. hamatus
Transcripts

A custom-made bioinformatic pipeline based on Perl and

Python scripts was developed for the definition of homology

relationships of C. hamatus transcripts (fig. 1A). In particular,

all queries to Ensembl database were carried out using the

Ensembl Perl API version 62. Local BLAST queries were accom-

plished by using the BLAST+ program, version 2.2.22, made

available by NCBI.

Similarity Mapping of Contigs to Ensembl Compara Trees

Contigs were used as query for local BLASTX search against

Ensembl (version 62) proteins from five fully sequenced fish

species: Danio rerio, zebrafish; Gasterosteus aculeatus, stickle-

back; Takifugu rubripes, Japanese pufferfish; Oryzias latipes,

medaka; and Tetraodon nigroviridis, green spotted pufferfish

(fig. 1B). BLAST hits were filtered by E value and subject cover-

age; in particular, only hits with an E value of 10�3 or less and

covering at least 50% of the subject sequence were retained.

Moreover, for each contig, a maximum of 20 BLAST hits were

considered for further analysis.

BLASTX results were then used to associate C. hamatus

contigs to Ensembl Compara gene trees. For each contig,

and for each species, the Ensembl protein best hit was asso-

ciated to the encoding transcript, to the gene, and conse-

quently to a Compara gene tree, if any. Only nodes of the

tree belonging to the five considered fish species were taken

into account. If the best hit could not be associated to a

Compara gene tree, the successive BLAST hit was used.

This procedure was carried out in parallel for each of the

five fish species. The five different contig-Compara gene

tree maps were merged to obtain the mapping between con-

tigs and Compara gene tree: A contig was considered asso-

ciated to a Compara gene tree only if all BLAST best hits from

different species (at least 2) pointed to the same Compara

gene tree.

Identification of Transcripts Coming from Lineage-Specific
Duplications

Compara trees may comprise wide groups of homologous

genes, including orthologs and paralogs. To identify

lineage-specific duplicates, custom subtree structures were

pruned. A subtree was defined as the portion of a Compara

tree including only orthologous and co-orthologous genes of

the five fish model species (fig. 2).

Sets of C. hamatus contigs mapping to the same subtree

were further analyzed to discriminate between alternative

transcripts of the same gene and transcripts from duplicated

genes. Sequences within each set were pairwise compared

using BLAST, to identify significant alignments (E value<

10�3). Pairs of contigs sharing a significant alignment of at

least 80 nt (corresponding to the first quartile of exon length

distribution in G. aculeatus, according to UCSC Genome

Browser exon information data, i.e., 75% of exons are

longer than 80 nt), with a similarity of at least 70% were

considered for discrimination among alternative transcripts

and duplicated loci. Contigs with a sequence similarity
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higher than 98% were classified as alternative transcripts of

the same gene, considering that less than 2% sequence di-

vergence might be due to allele variation and/or sequencing

errors within the same locus. Alignment mismatches occurring

in homopolimeric stretches longer than 3 nt were not con-

sidered for the calculation of sequence similarity between

contigs, thus eliminating the confounding effect originating

from the well-known error bias in 454 sequencing technology.

To identify C. hamatus lineage-specific duplicates, all subtrees

were selected in which the number of C. hamatus duplicates

exceeded those of the closest species G. aculeatus (Matschiner

et al. 2011).

FIG. 1.—Computational pipeline work flow and reference Ensembl Compara fish species tree. (A) Flow chart showing main steps of the computational

pipeline devised to assign Chionodraco hamatus transcripts to subtrees, that is, unique sets of orthologous or co-orthologous genes in the teleost lineage, and

to identify duplicated genes. (B) Schematic phylogeny of the five model species considered as reference plus C. hamatus (following Ensembl Compara species

tree, based on NCBI taxonomy, and Matschiner et al. (2011) for C. hamatus branch position).
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Functional Enrichment Analysis of C. hamatus Putatively
Duplicated Genes

Functional enrichment analysis of C. hamatus lineage-specific

duplicates was performed using DAVID v6.7 (http://david.

abcc.ncifcrf.gov/, last accessed December 12, 2012). The

only fish species that is represented in the DAVID knowledge-

base is zebrafish, therefore D. rerio Entrez gene IDs corres-

ponding to subtrees were used as sequence identifiers to carry

out the analysis. Gene functional enrichment was determined

between a “Gene List,” which included the zebrafish gene IDs

corresponding to the subtrees to which mapped the putatively

duplicated genes in the icefish genome, and a “Background,”

which contained the zebrafish gene IDs corresponding to all

the considered subtrees. D. rerio gene IDs corresponding to

each subtree were counted only once regardless the number

of C. hamatus putative gene copies. Thresholds for Gene

FIG. 2.—An example of Compara gene tree topology resulting in three subtree structures. Blue and red nodes correspond to speciation and duplication

nodes, respectively. The subtree (encircled by a blue line) is defined as the portion of a Compara gene tree including orthologous and co-orthologous genes in

the teleost lineage.
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count and EASE score, which provides the significance of

gene-term enrichment with a modified Fisher’s exact test,

were set equal to 2 and 0.05, respectively.

MitoCarta-Based Identification of Duplicated Genes
Encoding Mitochondrial Proteins

A list of genes encoding proteins with mitochondrial localiza-

tion was downloaded from MitoCarta (Pagliarini et al. 2008),

an inventory of mouse genes encoding proteins with strong

support for mitochondrial localization. As MitoCarta uses only

gene symbols, Ensembl BioMart (http://www.ensembl.org/

biomart/martview, last accessed December 12, 2012) was

used to obtain Ensembl gene IDs for mouse mitochondrial

proteins. A custom pipeline was developed to obtain, from

Ensembl Compara, the list of fish orthologous Ensembl gene

IDs for every mitochondrial mouse gene and to tag C. hamatus

transcripts, and hence C. hamatus genes, as mitochondrial.

The pipeline uses results from BLAST against Ensembl fish

proteins to associate Ensembl gene IDs to C. hamatus tran-

scripts and employs this information to tag C. hamatus tran-

scripts and consequently genes as mitochondrial by using the

mitochondrial fish genes obtained in the previous step. Finally,

a hypergeometric distribution was used to test the enrichment

for mitochondrial genes in the set of C. hamatus duplicated

genes when compared with the set of all reconstructed C.

hamatus genes. All computations were performed with the

R statistical software.

The C. hamatus Skeletal Muscle Transcriptome Database

A database, freely available online at http://compgen.bio.

unipd.it/chamatusbase/ (last accessed December 12, 2012),

was implemented using SQLite and Django web framework.

The database is filled with different layers of information re-

garding the C. hamatus transcriptome sequences and analysis

results. For each contig, different data and bioinformatic ana-

lysis results are provided. All data in the database can be

searched by keywords, GO terms, or by sequence using a

BLAST web interface. Moreover, a query system for massive

data retrieval is available.

Results

Chionodraco hamatus Skeletal Muscle Transcriptome 1.0

A total of 382,386 raw reads were obtained, with an average

sequence length of 297 nt. After removal of short reads and

trimming of low-quality sequence regions, the remaining

341,171 reads (SRA052291) were assembled into contigs

with two runs of assembly (supplementary table S1,

Supplementary Material online). After length- and

quality-based filtering, a final set of 23,968 contigs (with

mean length, average quality, and read coverage, respectively,

595 nt, 48, and 13) represents the C. hamatus muscle

transcriptome (supplementary table S2 and fig. S1A–C,

Supplementary Material online).

For 9,556 transcripts (40%), BLAST identified significant

similarity with known proteins. In total, 109,307 nr hits

were found, with an average of 11.4 hits per contig (94%

of best hits E value <10�6 and 89% E value <10�9). In par-

allel, 7,155 contigs (30%) had significant hits among known

nucleotide sequences (94% of best hits E value <10�6

and 88% E value <10�9). Comprehensively, 48% of the

C. hamatus transcriptome (11,509 contigs) resulted to be simi-

lar to known protein or DNA sequences.

In total, 7,293 contigs were associated to one or more of

5,805 unique GO terms, for a total of 61,170 term occur-

rences (5.9 ± 1.8 terms per contig). Supplementary figure S1D,

Supplementary Material online, reports the slim-based term

classification of GO terms.

Identification of Lineage-Specific Duplicated Genes in
C. hamatus

Using the bioinformatics pipeline depicted in figure 1A,

assembled contigs were first univocally assigned to one

Ensembl Compara gene tree. To this end, results of contigs

BLAST against five fish species Ensembl proteins were used

(table 1). Each tree corresponds to a homology group. Then,

the structure of each gene tree was split to obtain one or more

new entities, called subtrees, defined as a portion of a gene

tree including orthologous or co-orthologous genes of five fish

model species (D. rerio, G. aculeatus, T. rubripes, O. latipes

and Tet. nigroviridis) (fig. 2). A total of 2,401 C. hamatus

contigs were assigned to 1,712 subtrees, that is, unique sets

of orthologous or co-orthologous genes in the teleost lineage.

For 1,232 subtrees, a single icefish contig was found, whereas

480 subtrees were associated with two or more C. hamatus

transcripts for a total of 1,169 transcripts.

Subsequently, a highly stringent filtering process to exclude

potential alternative transcripts/alleles from the same locus

was applied (fig. 1A), yielding 353 transcripts, which could

be considered the product of distinct genetic loci and were

associated with 127 subtrees. In 124 subtrees, the number of

C. hamatus gene copies exceeded that observed in the closest

species, G. aculeatus, suggesting that for each orthology

group, one or more gene duplication events occurred after

the separation between the stickleback and icefish lineages.

The number of gene copies ranged from 2 to 8 (2.26 on

average), for a total of 276 putatively duplicated genes (sup-

plementary table S3, Supplementary Material online). For each

subtree, the proportion of C. hamatus duplicated genes was

compared with the proportion of duplicated genes in each of

the five considered fish genomes. Because duplicated genes

of each species were counted in each subtree, only

lineage-specific duplications were considered. Using a test of

equal proportion, C. hamatus showed a significantly higher

proportion (P value with Bonferroni correction for multiple
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testing<0.05) of duplicated genes in all comparisons with the

other species, except against D. rerio (fig. 3A). The evidence

obtained for a significantly higher occurrence of gene dupli-

cations in C. hamatus is likely underestimated, because gene

copy number was inferred based on transcriptome data from

a single tissue and compared with whole-genome information

for fish model species. In fact, limiting the comparison to

zebrafish genes expressed in the skeletal muscle (expression

data are available for D. rerio only and provided by ZFIN)

produced a significant difference in the proportion of dupli-

cated loci (fig. 3B).

Functional Enrichment Analysis of Duplicated Loci

Out of 124 subtrees/orthology groups that showed at least

one icefish-specific gene duplication, 6 subtrees could not be

associated to any zebrafish gene ID (five of these subtrees did

not include any D. rerio gene) and one additional subtree was

not associated with any functional information in DAVID.

Using zebrafish functional annotations for each subtree, a

total of 11 terms resulted to be significantly over-represented

(P value <0.05), which include 2 KEGG pathways, 1 SP-PIR

keyword, 1 biological process (BP) GO term, 6 molecular func-

tion (MF) GO terms, and 1 cellular component (CC) GO term

(table 2). Overall, most enriched terms are related to two key

cellular processes, namely protein translation and oxidative

phosphorylation.

A total of 1,098 mouse genes encoding proteins with

strong support for mitochondrial localization were down-

loaded from MitoCarta. When converting gene symbols

given by MitoCarta to Ensembl gene IDs, a total of 1,057

FIG. 3.—Comparison of duplicated gene frequencies in different fish species. (A) Bar plots represent, for each species, the fraction of analyzed subtrees

with at least one gene represented, including two or more duplicated genes. The proportion of Chionodraco hamatus duplicated genes, inferred in this study

from the analysis of the muscle transcriptome, is pairwise compared with the proportion of duplicated genes of the five fish species for which the whole

genome is available. Test of equal proportions: ***P value <0.001, **P value <0.01, and *P value <0.05, after Bonferroni correction for multiple tests.

(B) Comparison of the proportion of duplicated genes expressed in muscle in C. hamatus and D. rerio.

Table 1

Results of Chionodraco hamatus Contigs BLASTX Comparison against Ensembl Proteins of the Five Model Teleosts

Species Contigs with Significant Hits

(E value <10�3)

Contigs with Significant Hits

Covering At Least 50% of the

Subject Sequence

Total Number of Protein Hits

Danio rerio 9,203 5,084 165,094

Gasterosteus aculeatus 9,411 4,776 113,220

Takifugu rubripes 8,958 4,485 148,743

Oryzias latipes 9,070 4,740 106,126

Tetraodon nigroviridis 8,764 4,627 98,293
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(96%) genes were obtained. A custom pipeline was de-

veloped to obtain, from Ensembl Compara, the list of 5,826

fish orthologs to mitochondrial mouse genes. The set of 5,826

fish mitochondrial orthologs was composed by 1,378 D. rerio

genes, 1,115 G. aculeatus genes, 1,114 T. rubripes genes,

1,061 O. latipes genes, and 1,158 Tet. nigroviridis

genes. Subsequently, a mini pipeline was developed to tag

C. hamatus contigs as mitochondrial. Using results of BLAST

against Ensembl fish proteins, C. hamatus contigs were asso-

ciated to an Ensembl gene ID and tagged as mitochondrial if

the corresponding Ensembl gene ID was present among the

5,826 fish mitochondrial genes. As a result, 34 of 124 putative

duplicated genes and 274 of 1,588 nonduplicated genes were

tagged with mitochondrial localization (table 3 reports the set

of 34 C. hamatus putative duplicated genes encoding proteins

with mitochondrial localization). A hypergeometric distribu-

tion was then used to test the enrichment for mitochondrial

genes in the set of 124 putative duplicated C. hamatus genes

when compared with the set of all reconstructed C. hamatus

genes. A P value of 0.0235 indicates a significant enrichment

of mitochondrial genes in the group of duplicated C. hamatus

genes.

Discussion

This study describes the C. hamatus skeletal muscle transcrip-

tome. Deep sequencing information, by means of a dedicated

bioinformatic pipeline, disclosed putative duplicated genes

specific to the C. hamatus lineage. This unique investigation

licensed exploration of the genetic and genomic adaptations

to extreme cold conditions. A global functional enrichment

analysis of putative duplicated genes and the localization

and biological role of single-encoded proteins supported our

hypothesis that duplicated genes were involved in mitochon-

drial function and biogenesis.

Gene and genome duplications are thought to have played

a major role in genome evolution and in the generation of the

enormous phenotypic variability that exists among living spe-

cies. In the teleost lineage, duplicated genes were shown to

have significantly impacted the evolution of key traits, includ-

ing immune response (Van der Aa et al. 2009), development

(Zou et al. 2009), sensory systems (Rennison et al. 2012),

adaptation to different biological environments (Nomiyama

et al. 2008), endocrine system (Arterbery et al. 2011), and

body plans (Guo et al. 2010). DNA sequences generated by

duplication increase genome redundancy, a distinctive trait of

eukaryotic genomes, which offers the raw genetic material for

the evolution of genetic novelties. Four major outcomes of

gene duplication have been proposed: 1) both duplicates

may be preserved in a genome with one copy evolving

new functional properties and the other copy retaining

the original function (“neofunctionalization”) (Ohno 1970);

2) the two copies may be maintained for a selective advan-

tage in increasing the synthesis of the ancestral gene prod-

uct (“dosage effect”) (Ohno 1970); 3) one copy may

accumulate degenerative mutations and be silenced

(“nonfunctionalization”) (Ohno 1972); and 4) both copies

may be partially impaired by deleterious mutations, so that

the ancestral function is divided between duplicated loci

(“subfunctionalization”) (Force et al. 1999).

Duplication events may involve either the whole genome

(whole-genome duplication [WGD]) or single genes or gen-

omic regions (segmental duplication). WGDs occurred in

many lineages during evolution (Van de Peer et al. 2009).

Two WGD events appear to have occurred early in the verte-

brate evolution, whereas the third round of WGD involved

the teleost lineage soon after its divergence from tetrapods

(Dehal and Boore 2005; Meyer and Van de Peer 2005). A

vast literature exists regarding WGD events and their evolu-

tionary implications in vertebrates. Much less attention has

been paid to recent gene duplicates and their evolutionary

Table 2

Functional Enrichment Analysis of 124 Chionodraco hamatus Putatively Duplicated Genes Using DAVID Web Tool

Category Term Gene Count P FE

GOTERM_MF GO:0003735 structural constituent of ribosome 16 0.0003 2,6

GOTERM_MF GO:0005198 structural molecule activity 17 0.0006 2,4

SP_PIR_KEYWORDS Ribosomal protein 15 0.0008 2,6

GOTERM_BP GO:0006412 translation 17 0.0017 2,2

KEGG_PATHWAY dre03010 ribosome 12 0.0076 2,3

KEGG_PATHWAY dre00190 oxidative phosphorylation 12 0.0250 2,0

GOTERM_CC GO:0005840 ribosome 17 0.0280 1,6

GOTERM_MF GO:0016675 oxidoreductase activity, acting on heme group of donors 4 0.0440 4,7

GOTERM_MF GO:0015002 heme-copper terminal oxidase activity 4 0.0440 4,7

GOTERM_MF GO:0016676 oxidoreductase activity, acting on heme group of donors, oxygen as acceptor 4 0.0440 4,7

GOTERM_MF GO:0004129 cytochrome-c oxidase activity 4 0.0440 4,7

NOTE.—Reported are GO terms, KEGG pathways, and SP-PIR keywords significantly over-represented (P value <0.05) in the set of duplicates. For each enriched term, the
number of genes involved in the term (Gene count), enrichment P value, and fold enrichment (FE) are indicated.
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consequences, which may reveal specific adaptation processes

in individual species or lineages, as in C. hamatus. A genome-

wide analysis of four mammalian genomes (human, macaque,

mouse, and rat), focusing on recent gene duplicates, revealed

that 10% of all lineage-specific duplicated pairs evolved

under positive selection, which is a higher percentage than

a comparable set of single-copy genes (Han et al. 2009),

suggesting that analysis of recent duplicates may reveal

significant footprints of adaptive change. Human-specific

duplicates identified in the study were involved in the

development of neural and cognitive functions (Han et al.

2009).

Table 3

Thirty-Four Chionodraco hamatus Putative Duplicated Genes Encoding Proteins with Mitochondrial Localization

Gene Symbol Gene Description Number of C. hamatus

Duplicated Gene Copies

acn9 ACN9 homolog (Saccharomyces cerevisiae) (Source: ZFIN; Acc: ZDB-GENE-041010-94) 2

atp5s ATP synthase, H+ transporting, mitochondrial F0 complex, subunits (Source: ZFIN;

Acc: ZDB-GENE-040426-959)

2

bola1 bolA homolog 1 (Escherichia coli) (Source: HGNC Symbol; Acc:24263) 2

C13H6orf57 Chromosome 6 open reading frame 57 (Source: HGNC Symbol; Acc:20957) 2

C4H1orf31 chromosome 1 open reading frame 31 (Source: HGNC Symbol; Acc:18025) 2

coa5 Cytochrome C oxidase assembly factor 5 (Source: HGNC Symbol; Acc:33848) 3

cox17 COX17 cytochrome c oxidase assembly homolog (S. cerevisiae) (Source: ZFIN;

Acc: ZDB-GENE-040912-91)

8

cox4i1 Cytochrome c oxidase subunit IV isoform 1 (Source: ZFIN; Acc: ZDB-GENE-030131-5175) 2

cox6a2 Cytochrome c oxidase subunit VIa polypeptide 2 (Source: HGNC Symbol; Acc:2279) 3

cox7a2 Cytochrome c oxidase, subunit VIIa 2 (Source: ZFIN; Acc: ZDB-GENE-050522-153) 2

etfa Electron-transfer-flavoprotein, alpha polypeptide (Source: ZFIN; Acc: ZDB-GENE-030131-4449) 2

fdx1 Ferredoxin 1 (Source: ZFIN; Acc: ZDB-GENE-071015-2) 2

glrx2 Glutaredoxin 2 (Source: ZFIN; Acc: ZDB-GENE-040718-101) 2

mrpl-13 Mitochondrial ribosomal protein L13 (Source: ZFIN; Acc: ZDB-GENE-050522-167) 2

mrpl-17 Mitochondrial ribosomal protein L17 (Source: ZFIN; Acc: ZDB-GENE-040912-133) 2

mrpl-2 Mitochondrial ribosomal protein L2 (Source: HGNC Symbol; Acc:14056) 2

mrpl-48 Mitochondrial ribosomal protein L48 (Source: ZFIN; Acc: ZDB-GENE-041008-125) 2

mrpl-52 Mitochondrial ribosomal protein L52 (Source: HGNC Symbol; Acc:16655) 2

mrpl-55 Mitochondrial ribosomal protein L55 (Source: HGNC Symbol; Acc:16686) 2

mterfd1 MTERF domain containing 1 (Source: ZFIN; Acc: ZDB-GENE-040718-359) 2

ndufa11 zgc:66391 (Source: ZFIN; Acc: ZDB-GENE-040426-1631) 2

ndufa5 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 5, 13 kDa (Source: HGNC Symbol;

Acc: 7688)

2

ndufa6 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 6 (Source: ZFIN;

Acc: ZDB-GENE-040426-1124)

2

ndufb5 NADH dehydrogenase (ubiquinone) 1 beta subcomplex 5 (Source: ZFIN;

Acc: ZDB-GENE-011010-1)

2

ndufb8 NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 8 (Source: ZFIN;

Acc: ZDB-GENE-040426-1858)

2

ndufs7 NADH dehydrogenase (ubiquinone) Fe-S protein 7, (NADH-coenzyme Q reductase)

(Source: ZFIN; Acc: ZDB-GENE-041111-261)

2

oxa1l Oxidase (cytochrome c) assembly 1-like (Source: ZFIN; Acc: ZDB-GENE-071004-49) 2

romo1 Reactive oxygen species modulator 1 (Source: HGNC Symbol; Acc:16185) 3

sdhc Succinate dehydrogenase complex, subunit C, integral membrane protein

(Source: ZFIN; Acc: ZDB-GENE-040801-26)

2

timm9 Translocase of inner mitochondrial membrane 9 homolog (Source: ZFIN;

Acc: ZDB-GENE-021206-14)

2

tmem14c Transmembrane protein 14C (Source: ZFIN; Acc: ZDB-GENE-060825-156) 3

uqcrb Ubiquinol-cytochrome c reductase binding protein (Source: ZFIN;

Acc: ZDB-GENE-050522-542)

2

uqcrc2a ubiquinol-cytochrome c reductase core protein IIa (Source: ZFIN; Acc: ZDB-GENE-040718-405) 2

zgc:56493 zgc:56493 (Source: ZFIN; Acc: ZDB-GENE-030131-8581) 5

NOTE.—The number of C. hamatus putative duplicated gene copies is reported for each gene, identified by a gene symbol, and a gene description (provided by Ensembl
BioMart using Danio rerio Ensembl gene ID of the related subtree).
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The prediction of orthology and paralogy relationships be-

tween genes is a central issue in comparative genomics.

Typically, orthologs are defined as homologous sequences,

which diverge as a consequence of a speciation event,

whereas paralogs are homologous sequences originating

from a duplication node. Various methods have been pro-

posed for the inference of reliable orthology/paralogy relation-

ships at the genome-wide level. Some methods rely on

pairwise sequence comparison between genomes, whereas

an increasing number of web tools are based on phylogenetic

approaches, following the evolutionary basis of the original

orthology/paralogy definition (Altenhoff and Dessimoz

2012). In Ensembl Compara, gene phylogenies are computed

using the TreeBest method, which reconciles calculated gene

tree topologies with known species trees to determine

whether a node corresponds to a duplication or a speciation

event (Vilella et al. 2009). Ensembl Compara is a wide-ranging

collection of gene trees, spanning 91% of genes across ver-

tebrates and including five well-annotated fish species:

D. rerio, G. aculeatus, T. rubripes, O. latipes, and Tet.

nigroviridis.

The final aim of this study was to distinguish be-

tween duplicated genes originating from WGD events and

C. hamatus lineage-specific duplications, which may offer

new insights into the genetic/genomic mechanisms of cold

adaptation in icefish. We used a targeted computational pipe-

line relying on Ensembl Compara phylogenetic resources and

exploiting deep sequencing information of the C. hamatus

muscle transcriptome. Using a quite stringent similarity-based

approach (all BLAST best hits from different species pointing

the same Compara gene tree), a subset of 2,401 C. hamatus

transcripts was univocally assigned to custom subtree struc-

tures, which are portions of an Ensembl Compara gene tree

including unique sets of orthologous or co-orthologous genes

in the teleost lineage. By definition, duplicated genes resulted

from WGD events should end up in different subtrees, with

the latter including only duplicated genes arisen independ-

ently in each of the model species lineages. This is true also

for C. hamatus mapped transcripts, because duplicated genes

were identified and counted inside each subtree.

We found 124 subtrees with C. hamatus lineage-specific

duplications, with the number of duplicates per gene ranging

from 2 to 8. Moreover, C. hamatus displayed a significantly

higher proportion of lineage-specific duplicates than the other

model fish species, excepting D. rerio, which, however, is

known to have a highly duplicated genome. This difference

is striking considering that it was obtained comparing whole-

genome data from model species (all transcripts, no matter of

expression characteristics), with C. hamatus duplicated genes

expressed in one tissue (skeletal muscle). Limiting the compari-

son to muscle expressed genes in D. rerio, C. hamatus dis-

played a significantly higher proportion of duplicated genes.

It is worth noting that we are not comparing the level of re-

tention of duplicated genes resulted from WGD events but the

amount of duplicated genes arisen thereafter and independ-

ently in each lineage.

We reasoned that identified duplicated genes could be

simply genes free to duplicate with minimal negative out-

comes. In this case, we would expect that the same genes

might be duplicated in other fish. From a qualitative point of

view, the overlap between the set of C. hamatus duplicated

genes and that of zebrafish is narrow (out of 124 subtrees

with C. hamatus lineage-specific duplications, only 6 also in-

clude zebrafish duplicates) showing that these two sets are

different in composition. Moreover, in none of these six sub-

trees, we observed more than one zebrafish gene copy ex-

pressed in muscle. Thus, although zebrafish duplicated genes

evolved as tissue-specific isoforms, C. hamatus duplicates

might play a role in muscle.

Functional enrichment analyses, based on GO terms, path-

ways and MitoCarta information, showed that C. hamatus

duplicated loci are enriched in mitochondrial function and re-

spiratory activities. In fact, “oxidative phosphorylation” was

one of the most represented KEGG pathways identified by

functional enrichment analysis of duplicates. Moreover, en-

richment analysis for mitochondrial proteins using MitoCarta

information confirmed that at least 34 out of 124 duplicated

genes encode proteins with mitochondrial localization, lead-

ing to a significant enrichment of mitochondrial function in

duplicated genes. Additionally, gene-by-gene manual annota-

tion based on relevant literature showed that many proteins

encoded by duplicated loci are involved in mitochondrial bio-

genesis and function. Thus, these results not only support a

trend for genome expansion accompanying the evolution of

phylogenetically derived notothenioid families reported by

Chen et al. (2008) and Detrich and Amemiya (2010) but

also confirm the working hypothesis of targeted gene dupli-

cations at loci involved in mitochondrial function and biogen-

esis. This observation might explain, at least in part, the high

mitochondrial density documented in Antarctic notothenioids.

These fish possess an increased mitochondrial abundance

compared with Perciformes from warmer climates (Johnston

et al. 1998), with an extreme value recorded for the active and

pelagic Pleuragramma antarcticum (Johnston et al. 1988).

There are three lines of evidence showing that a high mito-

chondrial density is advantageous at low temperatures: 1) it

facilitates ATP production thanks to higher concentrations of

enzymes involved in aerobic metabolism; 2) it enhances intra-

cellular oxygen diffusion through the mitochondrial lipid

membrane as oxygen solubility in phospholipids is approxi-

mately four times higher than in water; and 3) it reduces

the mean diffusion distance for oxygen transfer from capil-

laries to mitochondria (O’Brien 2011). The lack of myoglobin

expression in skeletal muscle is displayed by both white- and

red-blooded notothenioids (Sidell et al. 1997; Moylan and

Sidell 2000). All icefish completely lack hemoglobin (Ruud

1954), and six species do not express myoglobin in cardiac

myocytes (Borley and Sidell 2010). Thus, oxygen supply and
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ATP generation are extremely challenging in white-blooded

icefish. As reviewed by O’Brien and Mueller (2010), mitochon-

drial density in icefish muscle reaches values that largely

exceed those reported for red-blooded notothenioids, both

in skeletal muscle and in the myocardium, with a particular

increase in nonexpressing myoglobin icefish. Icefish mitochon-

dria were indeed found to be structurally different from that

of red-blooded notothenioids, displaying a particularly high

lipid-to-protein ratio (O’Brien and Mueller 2010), suggesting

a major role of lipids in facilitating oxygen storage and diffu-

sion in cells in the absence of oxygen-carrying proteins (Sidell

1998).

Together, the progressive expansion of the mitochondrial

compartment in Antarctic notothenioids, the enrichment ana-

lyses performed at the gene category level, and a close exam-

ination of recent literature regarding single protein functions

indicate a role of duplicated genes in mitochondrial function

and biogenesis. Among identified mitochondrial proteins,

12 are structural subunits of the electron transport chain com-

plexes localized in the mitochondrial inner membrane. In add-

ition, multiple gene copies (from 3 to 8) were detected for

COX17 cytochrome c oxidase assembly homolog (cox17),

COX19 cytochrome c oxidase assembly homolog (cox19),

and cytochrome c oxidase assembly factor 5 (coa5), which

are involved in the assembly of complex IV (Horng et al.

2004; Rigby et al. 2007; Huigsloot et al. 2011). MTERF

domain containing 1 (Mterfd1) is an important regulator of

mitochondrial transcription and is required for the normal as-

sembly of mitochondrial respiratory complexes (Park et al.

2007). The duplicated electron-transfer-flavoprotein alpha

polypeptide (efta) gene codes for one of the two subunits of

an electron-transferring flavoprotein, a mitochondrial matrix

enzyme located at a key metabolic branch point, which shut-

tles electrons from various primary dehydrogenases to the

main respiratory chain (Toogood et al. 2007). Translocase of

inner mitochondrial membrane 9 homolog (timm9) encodes a

subunit of the Tim9-Tim10 complex (or Tim9-Tim10-Tim12

complex), a mitochondrial intermembrane chaperone that

mediates the translocation of nuclear-encoded hydrophobic

precursor proteins into the intermembrane space and is thus

essential for the import of inner membrane proteins (Schmidt

et al. 2010). Moreover, oxidase (cytochrome c) assembly 1-like

(oxa1l) codes for an integral protein of the mitochondrial inner

membrane and represents the key component of the machin-

ery that mediates insertion of both nuclear and mitochondrial

translation products into the inner membrane (Hell et al. 1998;

Ott and Herrmann 2010). In mammals, Oxa1l cross-links to six

mitochondrial ribosomal proteins (MRPs) (Mrpl-13, Mrpl-20,

Mrpl-28, Mrpl-48, Mrpl-49 and Mrpl-51) (Haque et al. 2010);

notably, mrpl-13 and mrpl-48 genes were duplicated in our

analysis.

Mitochondrial ribosomes seem to have diverged substan-

tially during eukaryotic evolution because protein composition

is highly variable between different species, both in the

number and in the type of contained MRPs (Smits et al.

2007). Newly acquired MRPs, which were shown to have

originated by several gene duplication events (Smits et al.

2007), may have contributed to the introduction of novel

and/or more specialized functions. Mrpl-13 and mrpl-48,

which originated by duplication of mrps-10 in the metazoan

lineage, and four additional genes encoding MRPs were found

to be duplicated in our analysis. All of them are components of

the large ribosomal subunit involved in peptide bonds forma-

tion and thus more prone to cooperate with co- and/or post-

translational interacting factors. As Gruschke and Ott (2010)

suggested, modifications at this level may result in novel ways

to organize the biogenesis of mitochondrially encoded pro-

teins, that is, the major components of the mitochondrial re-

spiratory complexes.

Another interesting duplication is reactive oxygen species

modulator 1 (romo1), encoding the first mitochondrial inner

membrane protein known to be involved in the regulation of

mitochondrial fission in mammalian cells (Zhao et al. 2009).

Enhanced expression of romo1 was shown to inhibit nuclear

DNA synthesis and mitosis and, in particular, to induce mito-

chondrial fragmentation, resulting in numerous sphere-

shaped organelles with no noticeable internal structural alter-

ations (Zhao et al. 2009). The duplication of romo1 may be

associated with the need to coordinate cell cycle with mito-

chondrial proliferation. Increasing mitochondrial abundance

without a concomitant increase in cell division would be a

valuable strategy to obtain higher mitochondrial densities in

cells.

An additional putative duplicated gene, possibly involved in

the regulation of mitochondrial morphology, encodes the ATP

synthase, H+ transporting, mitochondrial F0 complex, and sub-

unit s (Atp5s). Atp5s is an essential subunit of the ATP syn-

thase complex that couples proton translocation through the

F0 subunit with ATP synthesis at F1 subunit (Belogrudov and

Hatefi 2002). The protein is also responsible for preventing

passive proton diffusion through F0 and for regulating

proton electrochemical gradient across the inner membrane

(Belogrudov 2008, 2010). Atp5s may enhance ATP production

under proton-limited conditions and improve the efficiency of

oxidative phosphorylation in animal mitochondria (Belogrudov

2009). Icefish mitochondria display an increased coupling of

proton transport and ATP synthesis compared with

red-blooded notothenioids, which, in turn, show a higher

coupling than temperate teleosts (Mueller et al. 2011).

Belogrudov (2010) showed that overexpression of atp5s af-

fects mitochondria morphology in cultured animal cells, with

thicker and more packaged cristae of the inner membrane,

likely as a consequence of enhanced protein–protein inter-

actions. This structural modification is supposed to increase

the rate of exchange of ATP synthasome substrates across

the inner membrane and/or the rate of substrate conduction

along the respiratory chain. This might explain the 2-folds

higher respiratory control ratio found in atp5s-overexpressing
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cells, suggesting increased coupling between respiration and

ATP production (Belogrudov 2010).

The duplication of dynactin 6 (dctn6) also supports the hy-

pothesis of increased mitochondrial biogenesis coupled with

enhanced lipid synthesis in the icefish lineage. Dynactin is a

major component of the activator complex that stimulates

dynein-mediated vesicle transport, a highly ATP-dependent

and key cellular biological process. Upregulation of this

gene, which is not present in MitoCarta, is associated with

the dramatic proliferation of mitochondria in skeletal muscle

of mice following the genetic inactivation of the mitochondrial

adenine nucleotide translocator-1, which exports mitochon-

drial ATP to the cytosol (Murdock et al. 1999). Mouse Dctn6 is

understood to play a role in mitochondrial lipid synthesis due

to protein sequence similarity to an enzyme involved in bac-

terial lipid A biosynthesis (Murdock et al. 1999). The mito-

chondrial fatty acid synthetic pathway is present in many

eukaryotic organisms and has been shown to be of particular

importance for normal mitochondrial morphology and func-

tion (Hiltunen et al. 2010). Duplication of dctn6 may be rele-

vant for cold adaptation because it is probably a

multifunctional protein involved in vesicle transport regulation,

vasopressin-regulated water reabsorption, and in mitochon-

drial biogenesis, via lipid biosynthesis. However, it should be

emphasized here that very little is known about how the bio-

synthesis of mitochondrial phospholipids is integrated into the

process of mitochondrial biogenesis (O’Brien and Mueller

2010).

Oxygen solubility increases at lower temperatures, thus

Antarctic fish are constantly exposed to high oxygen tensions,

which enhance reactive oxygen species (ROS) production and

levels of oxidative stress. Chen et al. (2008) have documented

a potential evolutionary response in Antarctic notothenioids

using an array-based comparative genomic hybridization tech-

nique. Nine genes involved in stress response, anti-ROS, and

antiapoptotic processes were found to be duplicated in three

Antarctic notothenioids when comparing the hybridization in-

tensity of their DNA with that of two non-Antarctic and phylo-

genetically basal notothenioids (Chen et al. 2008). These nine

genes were not detected as duplicated in our analysis, possibly

because of their missed transcription in skeletal muscle, tran-

scriptome incompleteness, the conservative approach fol-

lowed by our pipeline, or because duplicated gene copies

were not divergent enough to be detected by sequence ana-

lysis. However, several genes associated with anti-ROS activ-

ities or upregulated in the presence of high ROS levels were

found to be duplicated. Among them, BCL2/adenovirus E1B

interacting protein 3 (bnip3) is activated in ventricular myo-

cytes in response to stress when mitochondria are severely

damaged, inducing mitochondrial dysfunction and subse-

quent cell death (Regula 2002; Gustafsson 2011). Recently,

a bnip3 apoptosis-independent function was discovered in the

myocardium, where high mitochondrial volume densities are

required to satisfy the large ATP demand. Bnip3 expression

seems to be essential to regulating mitochondrial turnover by

selective autophagy (Gustafsson 2011). Long-term studies in

aged bnip3-knockout mice showed that Bnip3 deficiency pro-

motes the accumulation of dysfunctional mitochondria and

the development of cardiac disease (Dorn 2010). Given that

bnip3 functions as a redox sensor activated in response to

localized accumulation of oxidative stress (Kubli et al. 2008),

clearly a constitutively increased expression of this gene in

Antarctic notothenioids, via gene duplication, may improve

mitochondrial turnover efficiency in extremely oxidizing

conditions.

Another duplicated gene with anti-ROS function is glutar-

edoxin 2 (glrx2), encoding a glutathione-dependent oxidore-

ductase activated by oxidative stress, which facilitates the

maintenance of mitochondrial redox homeostasis, protects

cells from oxidative damage, and inhibits mitochondrially

mediated apoptosis (Enoksson et al. 2005; Lillig et al. 2005).

Additionally, zgc:56493 (for which five gene copies were de-

tected) and zgc:92254, which code for a thioredoxin and a

glutathione S-transferase, respectively, are multifunctional

proteins displaying antioxidative and antiapoptotic properties

(Arner and Holmgren 2000; Burmeister et al. 2008; Piaggi

et al. 2010). Microsomal glutathione S-transferase 3 (mgst3)

encodes an enzyme displaying glutathione-dependent perox-

idase activity toward lipid hydroperoxides (Jakobsson et al.

1997). This function may be essential to preserve icefish mito-

chondrial membranes which, because of their increased phos-

pholipidic component, are particularly susceptible to lipid

peroxidation (Mueller et al. 2011). Mgst3 was also found over-

expressed in carp in response to cold stress (Gracey et al.

2004).

Other noteworthy duplicated genes are: 1) bolA homolog 1

(Escherichia coli) (bola1), which is well studied in E. coli and is

involved in the response and adaptation to various stress con-

ditions, among which are pH variation and oxidative stress

(Adnan et al. 2011); 2) cystatin A (csta), encoding a cysteine

proteinase that restrains UVB-induced apoptosis of keratino-

cytes and confers enhanced resistance to high salt concentra-

tions, drought, oxidative, and cold stresses in plants (Takahashi

et al. 2007; Zhang et al. 2008); 3) nuclear protein 1 (nupr1),

encoding a key player in cellular stress response (Goruppi and

Iovanna 2010), which is upregulated in the liver of rainbow

trout during stress response and recovery (Momoda et al.

2007); 4) ring finger protein 7 (rnf7), encoding a

redox-inducible and apoptosis-protective antioxidant protein,

which also decreases endogenous ROS production and oxida-

tive DNA damage after exposure to heat shock when over-

expressed (Lee et al. 2008; Sun 2008); 5) defender against cell

death 1 (dad1), which codes for a subunit of the oligosacchar-

yltransferase complex and is upregulated in zebraEsh embry-

onic cell line by XBP-1S, a key transcriptional regulator of the

unfolded protein response that allows the recovery of endo-

plasmic reticulum (ER) function (Hu et al. 2007); and 6) chaC,

cation transport regulator-like 1 (chac1), which encodes a
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component of the mammalian unfolded protein response

pathway (Mungrue et al. 2009). Duplicated genes were

found for four additional proteins involved in protein folding:

Prefoldin subunit 2 (Pfdn2), which is a subunit of the molecular

chaperone prefoldin involved in the folding of newly synthe-

sized proteins, mainly actins and tubulins (Pfdn2 subunit is

thought to facilitate the formation of the prefoldin complex

and also contain a DNA binding motif) (Martin-Benito et al.

2002; Miyazawa et al. 2011); Thioredoxin domain containing

9 (Txndc9), which, curiously, has an action antagonistic to that

of prefoldin and the combined action of the two proteins is

thought to be crucial to establishing a functional cytoskeleton

(Stirling et al. 2006); Ubiquitin fusion degradation 1-like

(Ufd1l), which is part of a multiprotein complex involved in

the recognition and export of polyubiquitin-tagged misfolded

proteins from the ER to the cytoplasm, where they are

degraded by the 26S proteasome (Bays and Hampton

2002); Ufd1l subunit is the one that directly interacts and

stimulates the activity of ubiquitin ligase gp78, which mediates

the degradation of misfolded ER proteins (Cao et al. 2007)

and is also induced in yeast in response to cold (Schade et al.

2004); ubiquitin-like 5 (ubl5), which is upregulated in response

to mitochondrial stress, is required for mounting mitochon-

drial unfolded protein response, leading to the induction and

subsequent import into mitochondria of mitochondrial chap-

erones (Haynes and Ron 2010).

Duplicated genes were found for the heat shock factor

binding protein 1 (Hsbp1), a negative regulator of the heat

shock response (HSR) (Satyal et al. 1998). The HSR typically

consists in the upregulation of heat shock proteins (HSPs),

after induction by the heat shock factors in response to ele-

vated temperatures or other stress. Hsbp1 is a nuclear-

localized protein that converts the active trimeric state of

Heat shock factor 1 (Hsf1) to the inert monomeric state.

Hsbp1 prevents both Hsf1 DNA-binding and transactivation

activity and, consequently, blocks HSR activation (Satyal et al.

1998). In Antarctic notothenioids, both Hsp70 mRNA and

Hsf1 with DNA-binding activity were found, but no increased

expression of Hsp70, or of any other HSP size class, was de-

tected after stress exposure (Buckley et al. 2004; Buckley and

Somero 2009). Hsbp1 might have a role in preventing HSPs

induction in Antarctic notothenioids. Interestingly, another pu-

tative duplicated gene is BCL2-associated athanogene 2

(bag2), encoding a regulator of Hsp70 family chaperones

through the inhibition of their chaperone activity by promot-

ing substrate release (Takayama et al. 1999). Bag2 specifically

inhibits ubiquitinylation of misfolded proteins by CHIP, an

Hsp70-associated ubiquitin ligase, thus providing a regulatory

mechanism for preventing uncontrolled degradation of chap-

erone substrates (Dai et al. 2005).

Finally, in addition to the six MRPs already discussed, 14

cytoplasmic ribosomal proteins were identified among dupli-

cated genes, and, consistently, “structural constituent of ribo-

some” and “ribosome” were the most represented MF term

and KEGG pathway, respectively, found by the enrichment

analysis of duplicates in DAVID. Duplication of ribosomal pro-

tein genes might reflect the need to enhance protein synthesis

capacity at low temperatures. A similar response, the upregu-

lation of ribosomal proteins, was observed in Saccharomices

cerevisiae after cold acclimation (Tai et al. 2007) and in the

head kidney of a red-blooded notothenioid, Dis. mawsoni,

compared with temperate and tropical teleosts (Chen et al.

2008).

Our results identified duplicated genes specific to the ice-

fish lineage and showed that they are mainly involved in mito-

chondrial biogenesis and aerobic respiration. Thus, our

findings confirm the importance of genomic expansions in

the evolution of Antarctic notothenioids (Chen et al. 2008;

Detrich and Amemiya 2010) and provide new indications

about the functional role of gene duplicates. Energy produc-

tion might be exceptionally challenging in extreme cold con-

ditions and icefish, in the absence of oxygen-carrying proteins,

rely on high mitochondrial densities to achieve high concen-

trations of aerobic enzymes, enhanced lipid-mediated oxygen

diffusion, and short oxygen route from capillaries to mito-

chondria, thus ensuring energy supply and oxygen diffusion

to aerobic tissues (O’Brien and Mueller 2010). Therefore, the

preferential maintenance of duplicated genes involved in

mitochondrial biogenesis and aerobic respiration, which

implies a strong selective pressure for increased mitochondrial

function acting for millions of years during the evolutionary

history of Antarctic notothenioids, seems to underlie icefish

adaptation to the cold. Gene duplications specific to the ice-

fish lineage might have provided the raw genetic material for

the natural selection of cold-adapted phenotypes able to sur-

vive at subzero temperatures. The acquisition of new func-

tional properties or fitness benefits due to an increased

synthesis of the ancestral gene product might explain the pres-

ervation of mitochondrial-related duplicates, providing an

updated framework for the experimental investigation of

the genomic and physiological bases of cold adaptation.

Supplementary Material

Supplementary methods, figure S1, and tables S1–S3 are

available at Genome Biology and Evolution online (http://

www.gbe.oxfordjournals.org/).
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