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Abstract

Antarctic icefish (suborder Notothenioidei, family Channichthyidae) do not
express hemoglobin (Hb), and 6 of the 16 members of this family do not express
myoglobin (Mb) in their cardiac muscle. The loss of Hb and Mb correlates with an
increase in mitochondrial volume density, a decrease in the mitochondrial surface-tovolume ratio and a decrease in the surface density of inner mitochondrial membranes in
the hearts of icefishes compared to red-blooded notothenioids. We sought to understand
the molecular mechanisms that regulate differences in mitochondrial density and
morphology among the hearts of the notothenioids Notothenia coriiceps (+Hb/+Mb),
Gobionotothen gibberifrons (+Hb/+Mb), Chaenocephalus aceratus (-Hb/-Mb) and
Chionodraco rastrospinosus (-Hb/+Mb). We also sought to determine if alterations in
mitochondrial structure affect mitochondrial function. Our results indicate that high
mitochondrial densities in icefish hearts may be maintained by a novel pathway of
mitochondrial biogenesis leading to an increase in the size, rather than number of
mitochondria. The expression o f mitofilin, which regulates mitochondrial cristae
morphology, correlates with differences in the architecture of inner mitochondrial
membranes between C. aceratus and N. coriiceps. Moreover, differences in
mitochondrial morphology among hearts of G. gibberifrons, C. rastrospinosus and C.
aceratus are associated with differences in oxygen consumption rates of isolated
mitochondria.
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General Introduction

Antarctic icefish (Family Channichthyidae, suborder Notothenioidei) have thrived
in the cold, isolated, and highly oxygenated (Eastman, 2005; Clarke, 1990) Southern
ocean despite mutations leading to the loss of expression of hemoglobin (Hb), and in
some species, cardiac myoglobin (Mb) (Ruud, 1954; di Prisco et al., 2002; Sidell et al.,
1997). The loss of Hb or Hb and Mb in these fish is correlated with increased
mitochondrial volume density, decreased mitochondrial surface-to-volume ratio, and
decreased mitochondrial inner membrane surface area in the heart ventricles, compared to
some red-blooded notothenioids (O’Brien and Sided, 2000).
The purpose of this study was to identify the molecular mechanisms maintaining
higher mitochondrial densities in icefish hearts, compared to red-blooded notothenioids.
We hypothesized that the loss of the nitric oxide (NO) scavenging activity of oxygenbinding proteins (Gardner et aL, 2006; Flogel et al., 2001) would lead to elevated levels
of NO in icefish. This would in turn stimulate increased mitochondrial biogenesis
through an increase in the expression of peroxisome-proliferator-gamma-coactivator-1alpha (PG C -la) and nuclear respiratory 1 (NRF-1) (Nisoli et. a l, 2004). To test this
hypothesis, we measured mitochondrial volume density in the heart ventricle of the redblooded notothenioid Notothenia coriiceps (Hb+/Mb+), and expression levels of PGCla , NRF-1 and the downstream products of mitochondrial biogenesis, citrate synthase
(CS), and mitochondrial DNA copy number (mtDNA), in the heart ventricle of A.
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coriiceps, and the icefish Chaenocephalus aceratus (Hb-/Mb-), and Chionodraco
rastrospinosus (Hb-/Mb+).
Additionally, we sought to determine if the expression of mitofilin correlates with
differences in mitochondrial inner membrane morphology between icefish and redblooded notothenioids, and to determine whether these differences in mitochondrial
structure impact mitochondrial function. We measured the expression of mitofilin, which
has been implicated in the remodeling of the mitochondrial inner membrane (John et al.,
2005), in the heart ventricle of A. coriiceps,

C aceratus, and

measured state III and state IV oxygen consumption rates in mitochondria isolated from
the heart ventricles of the red-blooded notothenioid Gobionothen gibberifrons
(Hb+/Mb+), C. aceratus and C. rastrospinosus. These measurements were used to
calculate two indicators of mitochondrial respiratory function: the respiratory control
ratio (RCR), which is a measure of the tightness of coupling between electron transport
and ATP production in mitochondria, and the Arrhenius break temperature of state ITT
oxygen consumption, which is a measure of mitochondrial sensitivity to temperature.
Our results provide evidence for a novel pathway to increased mitochondrial
density in the hearts of icefish. This pathway results in an increase in the size of
individual mitochondria, rather than an increase in the number of mitochondria.
Moreover, differences in mitofilin expression correlate with differences in inner
mitochondrial membrane morphology between the heart ventricles of N. coriiceps and C.
aceratus, and with differences in mitochondrial respiration in the heart ventricles of G.
gibberifrons, C. rastrospinosus and

C.aceratus.

3

Chapter 1 High mitochondrial densities in hearts of Antarctic icefishes are
maintained by an increase in mitochondrial size, rather than mitochondrial
biogenesis1

1.1 Introduction
Antarctic icefishes (Family Channichthyidae) belong to the suborder
Notothenioidei. Fish in this suborder comprise 34.7% of all fish species in the Southern
Ocean and have evolved in a chronically cold, isolated, and highly oxygenated
environment with minimal competition (Eastman, 2005; Clarke, 1990). These factors
have allowed Channichthyids to thrive despite the deletion of the (3-globin gene, which
occurred at or near the time of divergence of the family and resulted in the loss of
expression of Hb (Ruud, 1954; di Prisco et al., 2002). In addition, 6 of the 16
Channichthyid species also do not express myoglobin (Mb) in the heart ventricle (Sidell
et al., 1997).
Icefish exhibit a broad range of physiological adaptations that enhance oxygen
delivery and enable them to survive despite the loss of Hb and Mb. Compared to other
similarly-sized red-blooded teleosts, including notothenioids, icefishes have larger heart
ventricles (Johnston et al., 1983), a 2-4- fold larger blood volume (Hemmingsen and
Douglas, 1970, 1972) and larger capillary diameters (Fitch et al., 1984). The combination

1Urschel, M.R. and O’Brien, K.M.. 2008. High mitochondrial densities in the hearts of Antarctic icefishes
are maintained by an increase in mitochondrial size rather than mitochondrial biogenesis. The Journal of
Experimental Biology 211, 2638-2646.
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of these factors allows the icefish heart to circulate large volumes of highly-oxygenated
blood at high flow rates, ensuring adequate tissue oxygenation (Tota and Gattuso, 1996).
One of the most interesting adaptations to the loss of Hb and Mb expression is an
increase in mitochondrial density in the ventricle tissue (O ’Brien and Sidell, 2000).
Mitochondria account for 37% of the cell volume in the hearts of Chaenocephalus
aceratus, which expresses neither Hb nor Mb. Mitochondria occupy only 16% of cell
volume in hearts of the red-blooded notothenioid Gobionotothen gibberifrons which
expresses both Hb and Mb. In the hearts of Chionodraco rastrospinosus, which express
Mb but not Hb, 20% of the cell volume is occupied by mitochondria. High densities of
mitochondria may enhance oxygen diffusion in the hearts of species that lack oxygenbinding proteins (O ’Brien and Sidell, 2000) because oxygen is more soluble in lipid
compared to the aqueous cytosol (Battino et al., 1968). Moreover, the high mitochondrial
density in icefish hearts decreases the diffusion distance oxygen must travel from the
ventricular lumen to the inner mitochondrial membrane (O ’Brien et al., 2000).
Although the high mitochondrial density in the hearts of icefish has been well
established (O ’Brien and Sidell, 2000; Johnston et al., 1998), the molecular mechanisms
underlying this trait are currently unknown. Three lines o f evidence suggest that nitric
oxide (NO) may play an important role. First, recent studies have revealed that NO
triggers mitochondrial biogenesis through a guanosine 3’,5’-monophosphate (cGMP)dependent pathway, mediated by the transcriptional coactivator peroxisome-proliferatorgamma-coactivator-1-alpha (PG C -la) (Nisoli et. al., 2004, 2005). P G C -la is described
as the “master regulator” of mitochondrial biogenesis. P G C -la, together with nuclear
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respiratory factors 1 and 2 (NRF-1 and NRF-2), activate the expression of the nuclearencoded genes of oxidative-phosphorylation (OXPHOS) and mitochondria] transcription
factor A (TFAM). TFAM translocates to the mitochondrion and induces the transcription
and replication of the mitochondrial genome (Scarpulla, 1997; Garstka et al., 2003).
The second piece of evidence that suggests NO may maintain high densities of
mitochondria in icefish hearts is that both Hb and Mb function as NO-scavengers in
vertebrates. Both oxygenated Hb and Mb react with NO to form nitrate (N 0 3 ). NO reacts
with an Fe(III-)oxygen intermediate of oxyHb to form Fe(III-)OONO (Gardner et al.,
2006). Fe(III-)OONO then isomerizes to form N 0 3 and the oxidized form of Hb, metHb.
MetHb is then reduced by two main pathways (Kinoshita et al., 2007), one a redox cycle
consisting of cytochrome b5 (cytb5) and cytochrome b5 reductase (cytb5R ), and the
other using flavin as an electron carrier for the reduction of metHb (Jaffe, 1981;
Mansouri and Lurie, 1993). This reduction is necessary because oxidized Hb cannot bind
oxygen. In a similar reaction, oxygenated myoglobin (M b02) reacts with NO to produce
metmyoglobin (metMb) and N0 3‘ (Gardner et al., 2006; Flogel et al., 2001). Nuclear
magnetic resonance (NMR) analysis of effluents from isolated mouse hearts perfused
with aqueous NO solutions found that metMb concentrations increase in proportion to
increasing NO concentrations. Moreover, hearts isolated from Mb^ mutant mice show an
increased sensitivity to NO compared to wild-type mice, as evidenced by a greater
decrease in perfusion pressure and a larger increase in vasodilation in response to NO
compared to wild-type mice. These results indicate that the NO-scavenging properties of

Hb and Mb are important mechanisms for decreasing NO bioactivity in cells, and suggest
that the absence of these proteins may lead to high levels of NO in icefish hearts.
Lastly, several studies have determined that hearts of Antarctic fishes express the
enzyme nitric oxide synthase (NOS) that produces NO (Pellegrino et al., 2004; Amelio et
al, 2006). In mammals, nitric oxide is produced by a family of three NOS isoforms (for
review, see Michel and Feron, 1997): endothelial NOS (eNOS), inducible NOS (iNOS),
and neuronal NOS (nNOS). Immunofluorescence experiments using anti-eNOS and antiiNOS mouse monoclonal antibodies detected the presence of NOS in the endocardial
endothelial cells and ventricular myocardiocytes of the Antarctic icefish, Chionodraco
hamatus (Pellegrino et a l, 2004; Amelio et al., 2006). Thus, Antarctic icefishes have the
capacity to produce NO, but not metabolize it, likely leading to elevated levels compared
to red-blooded notothenioids. Consistent with this hypothesis, levels of the metabolic
byproducts of NO, nitrate and nitrite, are higher in the blood plasma of icefishes
compared to red-blooded notothenioids (Sidell, personal communication).
We hypothesized that NO levels would be elevated in Antarctic icefishes lacking
Hb and/or Mb and that NO would induce the expression of P G C -la and NRF-1 which
stimulate mitochondrial biogenesis and maintain high densities o f mitochondria in hearts
of icefishes. We anticipated that icefishes that express cardiac Mb but not Hb would have
intermediate levels of P G C -la and NRF-1, and red-blooded, red-hearted fish that express
Hb and Mb would have the lowest levels o f P G C -la, and NRF-1 correlated with the
lowest densities of mitochondria. To test this hypothesis, we collected ventricle tissue
from three closely related notothenioid species: Chaenocephalus aceratus, which
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Chionodraco

expresses neither Hb nor Mb,
Hb, and

Notothenia

w
r hich expresses

coriiceps,which expresses both Hb and Mb. Mitochondrial volum

densities are higher in the heart ventricles of

aceratus than in those of C.

rastrospinosus (O’Brien and Sidell, 2000), but have not been measured in hearts o f
coriiceps. We used stereological methods to quantify mitochondrial volume density in
heart ventricles of

N.coriiceps from transmission electron micrographs, and quantitative

real time PCR (qRT-PCR) to measure the expression levels of P G C -la and NRF-1 in the
heart ventricles of the three species. We also measured the expression of citrate synthase
(CS) and mitochondrial DNA copy number to determine whether the expression of
downstream products of mitochondrial biogenesis were different among hearts of these
fish. Our results indicate that high mitochondrial densities in icefish may be maintained
by a novel mechanism leading to an increase in the size, rather than number, of individual
mitochondria.

1.2 Materials and Methods
1.2.1

Animal tissue collection
Notothenia coriiceps, Chaenocephalus aceratus, and Chionodraco rastrospinosus

were collected in Dallman Bay, Antarctica, near the Astrolabe Needle (64°10’S,
62°35 W) at approximately 150 m depth using an otter trawl and pot traps deployed from
the ARSV Lawrence M. Gould during the austral autumn of 2005 and 2007. Animals
were maintained in circulating seawater tanks while aboard ship and transferred to the
Palmer Station aquarium, at the US Antarctic Research Station, Palmer Station, on

Anvers Island. Here they were maintained unfed in covered, circulating seawater tanks at
0±0.5 °C until tissue harvest.
Animals were anesthetized in 1:7500 w/v MS-222 (tricane methanosulfate) and
then killed by brain pithing before tissue harvest.

1.2.2

Collection of heart ventricle, pectoral adductor and glycolytic skeletal muscles
Hearts were quickly excised, placed in an isotonic ringer solution (260 mmol 1'

NaCl, 2.5 mmol I"1 MgCh, 5 mmol I"1 KC1, 2.5 mmol I' 1 NaHCC>3, 5 mmol I' 1 NaH2P04,
pH 8.0), and allowed to contract several times to clear remaining blood. Pectoral adductor
muscles were excised and the overlying layer of glycolytic muscle carefully removed and
discarded. Glycolytic skeletal muscle was excised from above the lateral line. All tissues
were either immediately flash frozen in liquid nitrogen, or suspended in 9 volumes of
RNAlater® solution (Ambion, Inc., Austin, TX) and then flash frozen in liquid nitrogen.
Tissues were stored at -80 °C and transported back to our lab at the University of Alaska,
Fairbanks.

1.2.3

Transmission electron microscopy and stereology
Hearts were excised as described above, then placed in an ice-cold fixative

solution (3% glutaraldehyde, 100 mmol f 1 sodium cacodylate, 110 mmol I' 1 sucrose, 2
mmol I' 1 CaCh, pH 7.4) and perfused retrograde through the bulbous arteriosus at a rate
of approximately 1 ml min' 1 with a 100 ml syringe fitted with a length of surgical tubing.
The end of the surgical tubing was secured within the bulbous arteriosus with a metal
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clip. Hearts were transferred into fresh fixative solution and stored for 8-10 hrs at 4° C,
with a change of solution after the first 6 hrs. Hearts were then transferred to Trumps
buffer (1% glutaraldehyde, 4% formaldehyde, 100 mmol f 1 sodium cacodylate, 110
mmol l' 1 sucrose, 2 mmol I’1 CaCh, 2 mmol I"1 CaCk), stored at 4° C and transported
back to the University of Alaska Fairbanks.
Transmural sections spanning from the epicardium to the endocardium of the
heart ventricle were excised. Epicardial and endocardial tissue was removed from the
transmural sections and the remaining myocardial tissue was further subdivided into 1-2
mm blocks. Blocks were rinsed overnight in buffer solution (0.1 mol I'1 sodium
cacodylate, 0.11 mol f 1 sucrose, 2 mmol f 1 C aC t, pH 7.4) at 4°C. Blocks were then
placed in 0.5 ml post-fix solution (1% osmium tetroxide, 0.1 mol I"1 sodium cacodylate,
0.11 mol f 1 sucrose, 2 mmol f 1 CaCb, pH 7.4) and incubated on ice for approximately 2
hrs. Blocks were rinsed 3 times briefly with H2O and dehydrated through a series of
acetone solutions (3 X 10 min in 70% acetone solution, 3 X 20 min in 95% acetone and 3
X 20 min in 100% acetone). Blocks were then embedded in a mixture of Epon and
Araldite resin (24% Eponate, 15% Araldite, 58% DDSA, 3% BDMA). Blocks were
incubated for 30 min in a 2:1 acetone-resin mixture, followed by 30 min in a 1:1 acetoneresin mixture and then placed in a 1:2 acetone-resin mixture overnight with caps slightly
ajar to allow acetone to slowly evaporate. Blocks were transferred to fresh resin, placed
under vacuum for 30 min, then transferred to fresh resin and placed under vacuum at 60°
C for 30 min. Four blocks per individual were then transferred to molds and immersed in
resin. Blocks were cured overnight at 60° C.
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Blocks were sectioned using a Sorvall MT2 ultramicrotome and placed on 200
mesh copper grids. Sections were stained with 2% uranyl acetate followed by 0.5% lead
citrate and viewed with a JEOL JEM-1200EX transmission electron microscope equipped
with a digital camera. 7 to 10 micrographs were taken from 1 section per individual for
measuring mitochondrial volume densities. The aligned systematic quadrats subsampling
method was used to obtain micrographs (Cruz-Orive and Weibel, 1981). Digital
micrographs were taken at a magnification of 7500X and stored in tagged image file
format (TIF) files. TIF files were viewed with Adobe® Photoshop® 6.0 at a final
magnification of 13 100X. Final magnification was determined from a calibration grid.
Micrographs were overlaid with a digital square lattice test pattern with spacing equal to
0.53 pm on the digital micrograph. Mitochondrial volume densities were quantified using
point-counting methods and mitochondrial surface density was measured using the lineintercept technique (Weibel, 1979). Endothelial cells, extracellular matrix, luminal spaces
and epithelial cells were excluded from the measurements.

1.2.4

RNA and DNA Isolation
Approximately 30 mg of ventricle, pectoral adductor muscle, or glycolytic

skeletal muscle tissue from

C.aceratus, C. rastrospinosus, or N. coriiceps was

homogenized on ice with a 3 mL Duall homogenizer. Total RNA was isolated using
either TRIZOL® reagent (Invitrogen, Life Technologies, Carlsbad, CA) or RNeasy®
Fibrous Tissue Mini Kit (Qiagen, Valencia, CA). RNA samples used in real-time
quantitative PCR (qRT-PCR) were treated with DNase I to remove genomic DNA

11
contamination. DNA was isolated from homogenized tissue using the DNeasy® Tissue
Kit (Qiagen, Valencia, CA). RNA and DNA quantity and quality was assessed with a
Nanodrop® ND-1000 spectrophotometer or Perkin Elmer Lambda 25 UV/VIS
spectrometer. Nucleic acids absorb ultraviolet light at a wavelength of 260 nm, while
proteins absorb UV light at a wavelength of 280 nm, so a nucleic acid solution with a 260
nm/ 280 nm absorbtion ratio below 1.8 is most likely contaminated with protein. Organic
solvents, such as ethanol, absorb UV light at a wavelength of 230 nm. Solutions with a
260 nm / 230 nm absorption ratio below 1.6 are most likely contaminated with organic
solvents. Samples with an optical density (OD) ratio at 260 nm / 280 nm of 1.8 - 2.0
and an OD ratio at 260 nm / 230 nm of 1.6 —2.0 were considered high quality and used
for cDNA synthesis (RNA) or real time quantitative PCR (DNA). 0.5 fig - 1 fig of each
RNA sample was separated on a 1% agarose gel and visualized by ethidium bromide
staining. Samples showing distinct bands for 28S and 18S subunits, with the 28S subunit
being approximately twice as bright as the 18S subunit, were considered intact and used
for cDNA synthesis. RNA samples were stored at -80° C until use. DNA samples were
stored at -20° C until use.

1.2.5

Cloning and obtaining partial cDNA sequence from genes of interest
Partial sequences from genes of interest were obtained from the complementary

DNA (cDNA) of N. coriiceps, C. aceratus, and C. rastrospinosus. These sequences were
used to design gene specific primers for real-time quantitative PCR.
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1.2.5.1 Reverse Transcription
cDNA was synthesized from 600 ng - 3.9 gig of total RNA with random hexamer
primers, using either Superscript™ III reverse transcriptase (Invitrogen, Life
Technologies, Carlsbad, CA) or MultiScribe™ reverse transcriptase (Applied Biosystems,
Foster City, CA). Complementary DNA for rapid amplification of cDNA ends (RACE)
PCR was synthesized using the BD SMART™ RACE cDNA Amplification Kit (BD
Biosciences, Sparks, MD). All cDNA was stored at -20° C until use.

1.2.5.2 Degenerate primer design
Homologous amino acid sequences of genes of interest were obtained from the
GenBank database on the NCBI home page (http://www.ncbi.nlm.nih.gov/sites/entrez).
When possible, amino acid sequences from fish species such as zebra fish (
and puffer fish (
unavailable, chicken (
musculus) and rat (

rerio)

Takifugurubripes) were aligned. In cases where fish sequences were
Gallusgallus), pig (Sus scrofa), cattle (Bos taurus), mouse (M m
Rattusnorvegicus) sequences were most often used. Degenerate

primers were designed by entering the amino acid sequences from at least four species
into the online bioinformatics program CODEHOP
(http://bioinformatics.weizmann.ac.il/blocks/codehop.html) (Table l.A-1). Primers
ranged in size from 2 4 - 3 1 nucleotides, and each set amplified 255 - 1200 base pairs.
Forward and reverse primer pairs were chosen such that their annealing temperatures
were within 2° C of each other. Where possible, primers were designed to amplify
regions that contained two or more mRNA splice sites, so that qRT-PCR primers could
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be designed to span these sites. Splice sites were estimated from annotated, homologous
sequences (most often D. rerio or T.

rubipes) listed in Ensembl

(http://www.ensembl.org).

1.2.5.3 PCR using degenerate primers
PCR was carried out using the following conditions: IX PCR Buffer, 3.0 mmol 1'
MgCl2, 0.1 mmol I' 1 dNTP, 0.2 pmol I"1 to lpm ol l' 1 forward and reverse primer, 2 to 4
pi cDNA template, 5 to 8 units Taq DNA polymerase (Invitrogen, Life Technologies,
Carlsbad, CA). A template-negative reaction was included with each PCR experiment to
control for contamination. PCR reactions were carried out in an iCycler thermal cycler
(Bio-Rad Laboratories, Hercules, CA) using a touch down protocol with annealing
temperatures from 55 °C - 65 °C. PCR products and a 1Kb ladder were separated on a 2%
agarose gel and visualized by ethidium bromide staining. Each product corresponding to
the expected size was excised and gel-purified using the QIAquick® Gel Extraction Kit
(Qiagen, Valencia, CA).

1.2.5.4 Cloning o f PCR products
PCR products obtained with degenerate primers and RACE were cloned using a
TOPO TA Cloning® Kit (Invitrogen, Life Technologies, Carlsbad, CA). Products were
ligated into pCR®2.1-TOPO® plasmid vector using the following reaction conditions: 2
pi PCR product, 0.2 mol I' 1 NaCl, 0.01 mol l 1 M gCl2, 1 pi pCR®2.1-TOPO® plasmid
vector, 5 pi H20 . One Shot® M achl™ -T1R chemically competent E. coli were then
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transformed by adding 2 pi of plasmid vector to each vial of cells, incubating on ice for
15 min, heat-shocking at 42° C for 30 sec, and incubating at 37° C for one hr in a shaking
water bath. 25 - 50 pi transformed cells were spread on pre-warmed (37° C) LB-agar
plates (15 mg ml"1 agar, 10 mg ml"1 Bacto-tryptone, 5 mg ml'1 NaCl, 5 mg ml' 1 yeast
extract, 1 mg ml"1 glucose, 12.5 pg ml"1 ampicillin) supplemented with 0.2 mg ml' 1 X-Gal
(5-bromo-4-chloro-3-indolyl-p-D-galactopyranoside) for identifying transformed
colonies. Plates were incubated overnight at 37° C. Individual colonies were selected by
their white color (as opposed to blue color of non-transformed colonies) and grown in 5
ml LB media (10 mg ml"1 Bacto-tryptone, 5 mg ml"1 NaCl, 5 mg ml"1 yeast extract, 1 mg
ml' 1 glucose) containing 0.25 mg ml' 1 ampicillin to select for transformed cells. Cells
were grown for approximately 14 hrs at 37° C in a shaking water bath. Plasmids were
purified from transformed cells using QIAprep® Miniprep (Qiagen, Valencia, CA) kit.
Plasmid quantity was assessed by measuring optical density at 260 nm using a
Nanodrop® ND-1000 spectrophotometer.

1.2.5.5 Sequencing cloned PCR products
Cloned PCR products were labeled for sequencing using BigDye® Terminator
v3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA) with the following
reaction conditions: 400 ng cloned PCR product, IX BigDye, IX BigDye buffer, H2O to
10 pi. Cycle sequencing reactions were carried out with an iCycler thermal cycler (BioRad Laboratories, Hercules, CA), with 1 cycle of 96° C for 1 min, followed by 25 cycles
of 96 °C for 10 sec, 50 °C for 5 sec, and 60 °C for 4 min. Cycle-sequenced products were
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purified using Centri-Sep™ columns (Princeton Seperations, Inc., Adelphia, NJ) packed
with Sephadex® G-50 gel (Sigma-Aldrich, St. Louis, MO). Purified products were
sequenced using an ABI PRISM® 3100 Genetic Analyzer. Sequenced products were
identified using the Basic Local Alignment Search Tool (BLAST) on the NCBI home
Page (http://www.ncbi.nlm.nih.gov/sites/entrez) and by aligning with homologous
sequences, including fish (T. rubripes, D. rerio) and other organisms (
musculus,Sus

scrofa,Bos

tauru,

gallus, Mus
atusn orvegicus).
R

1.2.5.6 Rapid amplification ofcD N A ends (RACE)
The 5’ region of the NRF-1 gene was obtained by rapid amplification ofcD N A
ends (RACE) PCR using BD SMART™ RACE cDNA Amplification Kit (BD
Biosciences, Sparks, MD). Gene-specific primers for amplifying both the 5 ’ (sense) and
3’ (antisense) ends of the NRF-1 gene were designed from sequence obtained from PCR
with degenerate primers. 5 ’ and 3 ’ primers were 25 nucleotides and 28 nucleotides long,
respectively. Guanine-cytosine (GC) content of both primers was < 60%. Annealing
temperatures of 5 ’ and 3’ primers were 74.23° C and 73.49° C, respectively. Primer
sequences were compared with the universal primer mix (UPM) primer sequence to
ensure that they were not complementary to the UPM primer. The following reaction
conditions were used: 2.5 pi 5 ’ RACE-ready cDNA template, IX BD Advantage 2 PCR
Buffer, IX BD Advantage 2 Polymerase Mix, 0.2 mmol I 1 dNTP mix, IX universal
primer mix (UPM), 0.2 pmol I"1 5 ’ gene-specific primer, 34.5 pi H20 . Positive controls
containing both the 5 ’ gene-specific primer and 3’ gene-specific primer, and UPM-

negative controls containing only 5 ’ gene-specific primer were run with each reaction.
PCR reactions were carried out using an iCycler thermal cycler (Bio-Rad Laboratories,
Hercules, CA) with a touch down protocol using annealing temperatures of 68° C - 70°
C. RACE products were cloned and sequenced as described above.

1.2.6 Quantifying gene expression
Prime

1.2.6.1

r Design

Gene-specific primers were designed from partial gene sequences using Primer
Express® Software v2.0 (Applied Biosystems, Foster City, CA). Primers were designed
for regions of cDNA that were conserved among all three species of interest (Table l.B2). Where possible, primers were designed to span mRNA splice sites to ensure that only
mature mRNA, and not genomic DNA, was amplified. Amplicon length ranged from 50
- 216 bp.

1.2.6.2 Quantitative PCR
Quantitative PCR reactions were run in triplicate in 384-well reaction plates using
an ABI PRISM® 7900HT Sequence Detection System with Power SYBR® Green PCR
Master Mix (Applied Biosystems, Foster City, CA). Template cDNA o f all target and
housekeeping genes, except 18S rRNA, was diluted 20 times to a final concentration of 1
ng uP1. Template cDNA used for measuring the expression of 18S rRNA was diluted
2000 times to a final concentration o f 0.01 ng ul *. This was done to compensate for the
much greater abundance of 18S rRNA message compared to target genes. DNA used for
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measuring the ratio of mitochondrial-to-nuclear DNA was diluted to 5 ng u l'\ Reaction
efficiencies were determined using a standard curve obtained from 2-fold serial dilutions
of template cDNA or genomic DNA, pooled from all individuals. Reactions were carried
out using: 10 pi Power SYBR® Green PCR Master Mix, 300 nM forward and reverse
primer, 0.05 ng (18S rRNA) or 5 ng (all other genes) template cDNA, and H20 to bring
the final volume to 20 pi. Reactions for measuring mitochondrial-to-nuclear DNA ratio
contained 25 ng of total DNA in place of cDNA. Dissociation curves were analyzed to
determine the melting temperature (Tm) of PCR products and to ensure that only a single
product was amplified in each reaction mixture. In some cases, products were verified on
a 1% agarose gel and visualized by ethidium bromide staining. To control for genomic
contamination, reverse-transcriptase-negative cDNA controls were run for each reaction.
To control for contamination of primers and SYBR green mastermix, H20 (cDNAnegative) controls were run for each primer set. Results were normalized to 18S rRNA
and the relative abundance o f transcripts was calculated using the comparative Ct
method, corrected for primer efficiency as described by Pfaffl (2001). The expression
levels for C.aceratus and C. rastrospinosus were calculated relative to the expression
level of

N.coriiceps. For measurements of P G C -la and NRF-1 in the oxidative and

glycolytic muscle of A.

corieps,the expression levels in oxidative muscle were

calculated relative to that in glycolytic muscle. Ratios of mitochondrial DNA to nuclear
DNA in the hearts of the three species were also calculated relative to the ratio in
coriiceps.

1.2.7 Statistical analysis
Appropriate housekeeping genes (HKGs) were identified using both BestKeeper©
(Pfaffl et al., 2004) and geNorm (Vandesompele et al., 2002). BestKeeper© calculates the
bestkeeper index as the geometric mean of the threshold values (Ct) from all individuals
for each gene (Bestkeeper Index = (Ctl x Ct2 x Ct3 x

x Ctz)1/Z, where z is the total

number of HKGs included. The most stably expressed genes have the lowest standard
deviation (SD) and coefficient of variance (CV). The calculated r value is the Pearson
product-moment correlation coefficient between the bestkeeper index and each gene
included in the analysis. According to the BestKeeper© algorithm, a suitable
housekeeping gene is one with a high r value and a low SD. Housekeeping genes with a
SD > 1 are considered highly variable and unsuitable as an internal control gene.
The software geNorm (Vandesompele et al., 2002) calculates an M value which
represents an array of the expression ratios (Ajk) for all possible combinations of H KG ’s.
These ratios are the log2-transformed ratio of the expression of each sample of gene j to
each sample of gene k. That is:

Ajk = {log2(aij/aik), log2(a2j/a2k),..., log2(amj/an,k)} = { log2(aij/aik)}r=i tom

(1.1)

Where j and k are two different HKGs and ay and alk are the expression levels o f each
gene for sample i and gene j or k. The arithmetic mean of the standard deviations of the
resulting sets o f expression ratios for each possible pairing of HKGs is defined as the
value M. That is:
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Vjk = st. dev(Ajk) and,

( 1.2)

Mj = (Ek=i to n Vjk) / (n - 1)

( 1.3)

Thus, a smaller value of M indicates less variation between HKG j and all other HKGs k
(i.e. a more stable HKG). According to the geNorm algorithm, the gene with the highest
M value should be excluded.
ANOVAs were used to determine significant differences in mitochondrial volume
density, P G C -la and NRF-1 expression, CS expression and mtDNA/nDNA ratio among
species (p < 0.05). Significant ANOVA results were analyzed post-hoc using the TukeyKramer HSD.
A Students t-test was used to determine significant differences in P G C -la and
NRF-1 expression between pectoral adductor and white muscle tissue of A. coriiceps.

1.3

Results

1.3.1

Quantification of mitochondrial volume density
We compared mitochondrial volume density in the heart ventricles of

to mitochondrial volume densities in the hearts of

coriiceps

aceratus and C. rastropinosus

measured by O ’Brien and Sidell (2000). Mitochondria occupy 18.18±0.69 % of the cell
volume in hearts of

N.coriiceps, 20.10±0.74 % in hearts of

rastrospinosus and

36.53±2.07 % in hearts of C. aceratus. Thus, mitochondrial volume density is
significantly higher in hearts of

C.aceratus (Hb - / Mb -) compared to N. c

/ Mb +), and C. rastrospinosus (Hb - / Mb +) (Table 1.1). There is no significant
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difference in mitochondrial volume density between hearts of

rastrospinosus and

coriiceps.

1.3.2

Mitochondrial size

C.aceratus are larger than those

Mitochondria from hearts of
The mitochondrial surface-to-volume ratio is 8.69 ± 0.40 (iirf1in hearts of
(this study) compared to 4.52 ± 0.27 pm"1 in

coriiceps

aceratus (O'Brien and Sidell, 2000) (Fig.

1.1).

1.3.3

Sequencing genes of interest
All gene sequences obtained from heart ventricular tissue of C. aceratus, C.

rastrospinosus, and

N.coriiceps were aligned to homologous sequences from 3-5 othe

fish sequences obtained from BLAST (http://www.ncbi.nlm.nih.gov/blast/Blast.cgi). The
percentage of amplicon sequence identity when aligned with 3 to 5 fish homo logs were
61% for P G C -la, 63% for NRF-1, 97% for 18S, 81% for EF-1A, 52% for TBP, and 79%
forC S (Appendix l.A).

1.3.4 Determination of optimal housekeeping genes
The most appropriate housekeeping gene is one whose expression does not
change across experimental treatments. The software tools BestKeeper® (Pfaffl et al.,
2004) and geNorm (Vandesompele et al., 2002) were used to analyze expression data for
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three commonly-used HKGs: TATA binding protein (TBP), elongation factor 1A (EF1A), and 18S ribosomal RNA (18S) (Table 1.2).
Our results indicate that both EF-1A and 18S are stably expressed in notothenoid

C.aceratus, C.rastrospinosus and N. coriic

ventricular tissue among
the criteria of both

prB®and geNorm. The expression of TBP is less stable among
estK

the three species compared to EF-1 and 18S. The SD of TBP is greater than 1 (SD =
1.08) and M value is highest among the three genes measured (M = 1.044).

1.3.5 Quantifying gene expression and DNA copy number

1.3.5.1 P G C -la and NRF-1 expression in heart ventricle
There is no significant difference in the expression level of either P G C -la or
NRF-1 (Fig. 1.2), despite significantly lower mitochondrial volume densities in the hearts
of N. coriiceps and C. rastrospinosus compared to C. aceratus.

1.3.5.2 P G C -la and NRF-1 expression in red and white muscle ofN. coriiceps
Oxidative (red) muscle, such as the pectoral adductor, has a higher density of
mitochondria compared to glycolytic (white) skeletal muscle (Sullivan and Pittman,
1987; Hoppeler et al., 1987; Egginton and Sidell, 1989; Johnston, 1989). To determine if
PGC-1a and N RF-1 expression levels correlate with mitochondrial density within one
species of notothenioid, we measured the expression level o f these genes in the pectoral
adductor muscle and glycolytic skeletal muscle o f A. coriiceps. Expression levels of
P G C -la are approximately 4.6-fold higher in pectoral adductor muscle compared to
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glycolytic skeletal muscle (Fig. 1.3A). Expression levels of NRF-1 tend to be higher in
pectoral adductor muscle compared to glycolytic skeletal muscle, but this difference was
not significant (Fig. 1.3B, p=0.054).

1.3.5.3

Mitochondrial-to-nuclear DNA ratio
Mitochondrial biogenesis is associated with an increase in the copy number of

mitochondrial DNA (Wu et. al., 1999). To examine whether mitochondrial DNA
(mtDNA) copy number is different between red- and white-blooded notothenioids and
correlated with mitochondrial volume density, we measured the ratio between two
mtDNA-encoded genes, NADH dehydrogenase subunit 2 (ND2) and 16S ribosomal RNA
(16S rRNA), and the nuclear encoded gene citrate synthase (CS). There is no significant
difference in the ratio of mitochondrial DNA copy number to nuclear DNA copy number
in the heart ventricles of N. coriiceps, C. rastrospinosus, and C. aceratus (Fig. 1.4),
indicating that the number of mitochondria is not different among the hearts of these fish.

1.3.5.4 Citrate synthase expression in heart ventricle
Mitochondrial biogenesis induced by P C C -la results in increased expression of
the Krebs cycle enzyme, citrate synthase (CS) (Duguez et al, 2002; Lehman et al., 2000).
We measured CS expression in the heart ventricle of N. coriiceps, C. rastrospinosus, and
C. aceratus to determine whether CS expression is correlated with mitochondrial volume
density in hearts of these fishes. The expression of citrate synthase (CS) in heart ventricle
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tissue does not vary significantly among N. coriiceps, C. rastrospinosus, and C. aceratus
(Fig. 1.5), which is consistent with measurements of P G C -la expression.

1.4 Discussion

Expression o f genes involved in mitochondrial biogenesis does not correlate with
mitochondrial density

in otothenioid ventricle

We determined that mitochondrial volume density is significantly lower in the
heart of the red-blooded notothenioid, N. coriiceps compared to the icefish C. aceratus
(O ’Brien and Sidell, 2000). This is consistent with previous studies that determined that
mitochondrial volume densities are correlated with the expression of oxygen-binding
proteins in aerobic muscle tissues of notothenioids (O’Brien and Sidell, 2000; O ’Brien et
al., 2003; Johnston and Harrison, 1987). Despite the large difference in mitochondrial
volume densities between these species, there is no significant difference in the
expression of P G C -la or NRF-1, both of which play pivotal roles in controlling
mitochondrial densities in muscle tissues of mammals (Wu et al., 1999; Lehman et al.,
2000; Evans and Scarpulla, 1990; Puigserver et al., 1999). This suggests two
possibilities.
First, the activity of P G C -la may be post-transcriptionally regulated in hearts of
notothenioids (Puigserver et al., 2001). Pulse-chase experiments in C2C12 cells (mouse
myoblasts) demonstrated that the phosphorylation of specific residues of P G C -la by p38
mitogen-activated protein kinase (MAPK) increases the half-life of P G C -la from 2.28 to
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6.27 hrs. Moreover, phosphorylation by p38 MAPK increases the transcriptional activity
of P G C -la up to 13-fold. This effect is completely abolished by the addition o f the p38
MAPK inhibitor, SB 202190. Similar mechanisms may be affecting the activity and halflife of P G C -la in notothenioids.
Alternatively, increased mitochondrial density in the hearts of C. aceratus,
compared to

N.coriiceps, may be due to an increase in the size of individual

mitochondria, rather than an increase in the number of mitochondria. Mitochondrial
volume density is a measurement of the percent cell volume occupied by mitochondria
(Weibel, 1979) and could vary due to differences in mitochondrial size, mitochondrial
number, or both. Previous ultrastructural analysis determined that mitochondrial
morphology and size are different between hearts of C. aceratus and

coriiceps

(O Brien et al., 2003; Johnston et al., 1998). The mitochondrial surface-to-volume ratio
in notothenioid heart ventricles is positively correlated with the expression of the oxygencarrying proteins hemoglobin (Hb) and myoglobin (Mb) (O ’Brien and Sidell, 2000). This
value is highest in hearts of

G.gibberifrons (7.55±0.26 p m '1), which expresses

and Mb, intermediate in C. rastrospinosus (6.75±0.40 pm '1), which expresses Mb but not
Hb, and lowest in C. aceratus (4.52±0.27 p m '1), which expresses neither Hb nor Mb. The
surface density of inner mitochondrial membrane (cristae) per volume of mitochondria
follows the same pattern: highest in hearts of G. gibberifrons, and lowest in C. aceratus.
Mitochondrial surface-to-volume ratio is 1.9 fold higher in the heart of

coriiceps than

that in C. aceratus. We did not measure the mitochondrial cristae density in N. coriiceps
in this study. However, visual comparison o f electron micrographs o f heart ventricle

tissue in N. coriiceps, C. aceratus and C. rastrospinosus suggests that the ultrastructure
of the inner mitochondrial membrane in hearts of N. coriiceps is similar to that of other
red-blooded notothenioids (Fig. 1.1). These data demonstrate that mitochondria in the
heart ventricle of icefish are larger, with less densely packed cristae, compared to redblooded notothenioids. This suggests that increased mitochondrial size, rather than an
increase in mitochondrial number due to biogenesis induced by P G C -la, may be
responsible for the higher mitochondrial densities observed in C. aceratus, compared to
N. coriiceps.
To distinguish between these two possibilities, we measured the expression level
of P G C -la and NRF-1 in the pectoral (red) muscle and glycolytic skeletal (white) muscle
of N. coriiceps. Red muscle has a much higher mitochondrial density than white muscle
in many vertebrates, including fish (Sullivan and Pittman, 1987; Hoppeler et al., 1987;
Egginton and Sidell, 1989), and mitochondrial volume density is approximately 14-fold
higher in red muscle, compared to white muscle of N. coriiceps (Johnston, 1989). If
P G C -la and/or NRF-1 expression regulates mitochondrial density in notothenioids,
expression levels of these genes should be higher in red muscle, compared to white
muscle of N. coriiceps. Moreover, if expression of these genes correlates with
mitochondrial density in the red and white muscle N. coriiceps, then the lack of increase
in their expression in the hearts of C. aceratus indicates that the higher mitochondrial
density in the hearts of this fish is most likely the result of increased mitochondrial size,
rather than increased miotchondrial number due to biogenesis induced by PG C -la.

Our results show that the expression of P G C -la is 4.6-fold higher in red muscle,
compared to white muscle of

N.coriiceps, whereas the expression of NRF-1 does

differ between red and white muscle. NRF-1 may be less important in stimulating
mitochondrial biogenesis in notothenioid muscle compared to other vertebrates.
Alternatively, NRF-2, which has also been shown to stimulate the expression of genes
involved in oxidative phosphorylation (OXPHOS) and mitochondrial transcription factors
in mammals, may play a more central role in maintaining mitochondrial abundance
(Ongwijitwat et al., 2006; Gleyzer et al., 2005). These results indicate that P G C -la levels
are correlated with, and likely regulate, differences in mitochondrial abundance in
notothenioids. However, the high density of mitochondria in hearts of C. aceratus is not
maintained through mitochondrial biogenesis and PG C -la. Rather, high densities of
mitochondria in hearts of the icefish are likely brought about by an increase in the size of
individual mitochondria.
To confirm that the differences in mitochondrial density among the heart
ventricles of N. coriiceps, C. rastrospinosus and C. aceratus are not due to increased
numbers of mitochondria caused by biogenesis mediated by P G C -la and NRF-1, we
measured the expression level of two downstream products of mitochondrial biogenesis:
mitochondrial DNA (mtDNA) and citrate synthase (CS). Increased mitochondrial
biogenesis induced by expression of P G C -la and NRF-1 results in increased mtDNA
copy number (Wu et al., 1999; Puigserver et al., 1998). Mitochondrial DNA content in
muscle cells expressing P G C -la is 2-fold higher, compared to those not expressing the
coactivator (Wu et al., 1999). We found no significant difference in the ratio of
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mitochondrial-encoded NADH dehydrogenase 2 (ND2) and 16S ribosomal RNA (16S
rRNA) to nuclear-encoded CS among N. coriiceps, C. rastrospinosus, and

aceratus,

indicating that mtDNA copy number, and thus mitochondrial number, does not differ in
the hearts of these fish.
Mitochondrial biogenesis induced by P G C -la is also accompanied by increased
expression and activity of CS (Duguez et al., 2002; Lehman et al., 2000) in vertebrates.
CS expression is significantly higher in rat cardiac muscle cells overexpressing P G C -la
compared to controls (Duguez et al., 2002). Mitochondrial volume density is also 57%
higher in these cells. We found no difference in expression level of CS among hearts of
N. coriiceps,

C.rastrospinosus, and C. aceratus, despite differences in mitochondrial

density between

N.coriiceps and C. aceratus. These findings provide further evidence

that P G C -la is not responsible for differences in mitochondrial density observed between
heart ventricles of

C.aceratus and N.coriiceps.

Mitochondrial membrane biosynthesis may occur independently o f mitochondrial protein
synthesis in the hearts o f icefish
Mitochondria do not arise de novo in cells. Rather, mitochondrial biogenesis
involves the division of pre-existing mitochondria accompanied by an increase in the
synthesis of mitochondrial and nuclear-encoded proteins, mitochondrial membranes, and
the replication of mitochondrial DNA (for review, see Hoppins et al., 2007). Our studies
suggest that the high densities of mitochondria in hearts of C. aceratus are likely
maintained by a novel mechanism resulting in an increase in mitochondrial size through
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increased membrane biosynthesis that occurs independently of protein synthesis and
replication of the mitochondrial genome. To our knowledge, this is the first example in
any organism in which mitochondrial membrane synthesis is decoupled from protein
synthesis and mtDNA replication. In addition, our data suggest that PG C -la, considered
the “master regulator” of mitochondrial biogenesis, does not control mitochondrial
membrane biosynthesis.
Currently little is known about how mitochondrial phospholipids are targeted to
the mitochondrion. Mitochondrial phospholipids are synthesized in the endoplasmic
reticulum (ER) (Bishop and Bell, 1988). New phospholipids are incorporated into the
cytosolic layer of the ER, where they are transferred to the outer membrane of the
mitochondria by phospholipid exchange proteins (Rogers and Bankaitis, 2000;
Helmkamp, 1986). These proteins randomly distribute water-insoluble phospholipids
from lipid-rich areas of the cell (such as the ER), to lipid poor areas (such as the
mitochondria). Differences in the activity of enzymes synthesizing phospholipids and/or
phospholipids exchange proteins may result in differences in size of mitochondria
between hearts of N. coriiceps and C. aceratus.

Mitochondrial membrane proliferation in the hearts o f icefish may facilitate oxygen
diffusion
Previous studies have suggested that that the increase in mitochondrial volume
density in the heart ventricles of C. aceratus may compensate for the decrease in the
oxygen carrying capacity of blood due to the loss of respiratory pigments (O’Brien and
Sidell, 2000). Oxygen solubility is over four times higher in non-polar solvents, such as

the lipid-rich membranes of mitochondria, than in water (Battino et al, 1968).
Furthermore, an increase in mitochondrial volume density decreases the diffusion
distance between the cytosol and the mitochondria of cardiac myocytes (O ’Brien et al.,
2000). These factors suggest that the proliferation of mitochondrial membranes and the
increase in mitochondrial volume density due to an increase in mitochondrial size in the
hearts of C. aceratus may facilitate oxygen diffusion.

Possible role fo r nitric oxide ?
Work in other labs has revealed that endogenous levels of nitric oxide (NO) are
significantly lower in the blood plasma of

N.coriiceps compared to

Sidell, personal communication). Although NO levels are higher in icefishes, NO does
not appear to be important for maintaining differences in mitochondrial volume density
between hearts of C. aceratus and N. coriiceps through PG C -la. However, we cannot
rule out the possibility that NO may be involved in regulating mitochondrial membrane
proliferation.

1.5 Conclusions
In conclusion, the differences in mitochondrial density observed in the heart
ventricles between N. coriiceps and C. aceratus are not correlated with changes in the
expression of P G C -la and NRF-1, or the downstream products of mitochondrial
biogenesis (mtDNA, CS). This suggests that these differences are not due to increased
mitochondrial proliferation in icefish, but may instead be due to expansion of the outer
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mitochondrial membrane. Moreover, these results suggest that the regulatory pathway
leading to the proliferation o f mtDNA and proteins may be decoupled from that
regulating mitochondrial membrane biosynthesis in the hearts of

aceratus. While most

mitochondrial phospholipids are synthesized in the ER, little is known about how
phospholipids are distributed among cellular compartments, including the mitochondrion.
Future research should focus on identifying factors involved in regulating mitochondrial
membrane biosynthesis in the heart ventricle of notothenioids, and on characterizing
factors that govern differences in mitochondrial architecture between red- and whiteblooded notothenioids.
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Figures

N. coriiceps (Hb+ / Mb+)

c. aceratus (Hb- / Mb-)

Figure 1.1. Transmission electron micrographs demonstrating differences in mitochondrial morphology
between hearts of
N.coriiceps (A) and C.aceratus (B). Micrographs of ventricle tissue were taken at a final
magnification of 75 700 X.
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N. coriiceps C. rastrospinosus C. aceratus

Figure 1.2. Expression level of PG C -la and NRF-1 in heart ventricle of C.
aceratus (Hb - / Mb -), C. rastrospinosus (Hb - / Mb +), and N. coriiceps (Hb +
/ Mb +). Expression level o f P G C -la (A) and NRF-1 (B) was measured in
ventricle tissue by qRT-PCR (Ppgc-i0= 0.2417, Pnrf., = 0.3806, N = 8).
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Figure 1.3. Expression level of PG C -la and NRF-1 in the pectoral adductor
muscle and glycolytic skeletal muscle of N. coriiceps (Hb + / Mb+). Expression
level of P G C -la (A) and NRF-1 (B) was measured in pectoral adductor
(oxidative) muscle and glycolytic skeletal muscle using qRT-PCR. Asterisk
denotes significant difference (P< 0.05, N = 8).
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N. coriiceps C. rastrospinosus C, aceratus

Figure 1.4. Ratio of mitochondrial-to-nuclear DNA in heart ventricular tissue of
C. aceratus (Hb - / Mb -),
C.rastrospinosus (Hb - / Mb +), and N. coriice
Mb +). The ratio of mitochondrial DNA (mtDNA) to nuclear DNA copy number was
measured in ventricle tissue using qRT-PCR. Primers for NADH dehydrogenase
subunit 2 (ND2) and 16S ribosomal RNA (16S) were used to measure mtDNA copy
number. Primers for citrate synthase (CS) were used to measure nuclear DNA copy
number ( p ^ = 0.3466, p i6S= 0.6979, N = 6).
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N.coriiceps

C.

rastmspino C. aceratus

Figure 1.5. Expression level of citrate synthase (CS) in heart ventricle tissue of C.
aceratus (Hb - / Mb -), C. rastrospinosus (Hb - / Mb +), and N. coriiceps (Hb + /
Mb +). Expression level o f CS was measured in ventricle tissue by qRT-PCR (p =
0.2106, N = 8).

Tables

TABLE 1.1
Mitochondria! volume densities in the heart ventricle of
Antarctic notothenioids.
.c oriiceps
N
C.
a
C.
a
____________ (+Hb/+Mb)_______ (-Hb/+Mb)______ (-Hb/-Mb)
Lv(mit,f)
(%)

18.1 8±0.69 a

20.10±0.74 a

36.53±2.07 b

K(mit,f), volume density of mitochondria.
Values are means ± S.E.M; N=6 for C. aceratus and
C. rastrospinosus', N=4 for N. coriiceps.
a = data from O ’Brien and Sidell, 2000.
A and B denote significant differences among the three
species (p<0.05).

TABLE 1.2
Analysis of housekeeping genes using BestKeeper®
and geNorm.
BK a value

Gene

BK r value

geNorm M value

EF-1A

0.887

0.77

0.869

18S

0.813

0.58

0.993

TBP

0.883

1.08

1.044

r = Pearson correlation coefficient from BestKeeper®
a = SD from BestKeeper®
N = 8 for each species
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Appendix l.A
Primers used for degenerate, RACE and real-time quantitative PCR.

TABLE l.A-1
Degenerate primers used to obtain partial gene sequences.*
Gene

CS

Primer (5’-3’)

Forward: GGCGTGCACAAGACCAARTAYTGGGA
Reverse: GGACACGTTGCCGCCYTCRTGRTC

PCR
product
size (bp)
255

EF-1A Forward: CG AC AT CGCCCT GT GG A ARTT Y GAR AC
Reverse: GATGGCCGCCGATCTTGTANACRTCYTG

561

18S

Forward: ACT GT GG Y A AT YC Y AG AGCT A AT AC ATGC
Reverse: TR YRCTC ATT CCR ATT AC AGGGCC

400

NRF-1

Forward: CAGACCGAGCACATGACCACNATHGARGC
Reverse: TGTCCCACTCGGGTGGTRTAYTCRTC

390

P G C -la Forward: GGCACTGCACCGAGCTGYTNAARTAYYT
Reverse: GCAGGGGTGGCCGAARTGYTTRTT

1200

TBP

516

Forward: GGAGGAGCAGCAGCGACARCARCARCA
Reverse: GGATCCCACCATGTTCTGGATYTTRAARTC

* N, R, and Y indicate nucleotides that are different (degenerate) between
homologous sequences (N = A+C+G+T, R = A+G, Y=C+T)
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TABLE LA-2
Primers used for real time quantitative PCR
Gene

Primer (5’-3’)

PCR

product size (bp)
CS

Forward: CCATCGACTCCAACCTGGAC
Reverse: ATCCCAGCATGTTGCTGAAGT

51

EF-1A

Forward: CTGGAAGCCAGTG AAA AG ATG AC
Reverse: ACGCTCAACCTTCCATCCC

51

18S

Forward: ACCACATCCAAGGAAGGCAG
Reverse: CCGAGTCGGGAGTGGGTAAT

51

ND2

Forward: T AAT AGC AC A AA ATC ACC ACC
Reverse: GC A A A A AGT AGT ACGGCG

91

NRF-1

Forward: T CATC AT GG AC GCTTCGGT AT
Reverse: TCCAGCAGGTTCAGGTACATGT

51

P G C -la

Forward: CTCCAAATGACCACAAGGGATC
Reverse: CGT GGT AGGT GGTGTC AG ACC

101

16S

Forward: GAACGCTGAAAGAGAAATGA
Reverse: TGTCACCTCTACTCAAAGCTC

216

TBP

Forward: CGGGAGCCAAGAGTGAGGA
Reverse: GAGCGTATTTTCTGGCAGCTAAC

51

TABLE LA-3
Primers used for RACE.
Gene

Primer (5’-3’)

NRF-1

3’: GATCCAGCAGGTTCAGGTACATGTGACC
5’: CCAGGTGCGCAGTGATCTCATCAGT

C. ace r a t us
6 0 1 ---------------------------------------------------.
N. c o r iic e p s
6 0 1 ------------------------------------------------------ C. rastrosp ino sus 6 0 1 -------------------------------------------------- 1_____ g9£9*9
T r^ rh lre n h , in . 18}gcagcca5 cacagcgctcaacagcgagagtggctttgcacgggcctactccgagggggtE
z
vivinarn* m
g*:cgcc:a?:ca(:99ctct9aaca9c9agagcagctttgcccgggcgl:actcl:gagggcgtc
K
Del m
iar
<
fini g ^gcca^cacggctct9aacagcgagagcagctttgcccgggcgtactctgagggcgtc
T nhe^ic
sni gc]:gcca3cacagctctgaaca9cgagagcagcttcgcacgggcctactccgagggcgtc

p

%'
^oVi^renc
C
rastrnfninnc„c
G
mnrhne
P. brachycephalus
Z. viv ip a ru s
K. p e l amis
T. obesus
C. ace ratu s
N. c o r iic e p s
r a s t r o PSc. C
morhua
G.
P. h n J lh t^ h
Z. v?vinxr%
7
nelami7
T
n h lZ c
T. obesus

fifi} c-acaagaccaagtactgggagtttgtgtatgaggactccatggatctgattgcgaagct
c-acaagaccaaatactgggagtttgtgtatgaggactccatggatctgatcgcgaagckgi" caacaa9accaaatattgggagtttgtgtatgaggactccatggatctgattgcgaagc
^"!S?a?I:5caagtact99ga9tt:1:9tc 1:atgaggactccatggacctgattgccaaqc
661

bb± c acaagaccaagtactgggagtttgtctatgaagactccatggacttgattgcaaaqct

661 S-SSffgaSSfS9JScHSffSII38tc55JBSaSSSJ£5SiSSSc1:IS5Jt9£aS5g£5

721

721

1 } ^ “ gcatcgctgccaagatttaccgta^

7

il} gccct9catc9ct9ccaagatctaccgtaacccttaccgtgagggcagcagcatcggagc
11} gccctgcgtggcagccaagatctaccgcaacttgtaccgcgagggcagcagcatcggagc
11} gccc^gcattgccgccaagatctaccgcaacctgtaccgcgaaggcagcagcatcggagc
11} gccct9cattgcc9ccaagatctaccgcaacctgtaccgcgaaggcagcagcatcggagc
1 1 } gccc5gcatcgctgccaagatctaccgcaacctgtaccgcgaaggcagcagcatcggagc

721 *gccctgcattgccgccaagatctaccgcaacctgtatcgtgaaggcagcagcatcggagc
******
* **
********
*****
***
* * ** ** *****************

Appendix l.B
Sequence alignment of genes of interest with homologous gene sequences.

601 gctgccatcacagctctgaacagcgagagcagctttgcacgggcctactctgagggcgtc

Fig. l.B-1 CS sequence obtained with PCR from
C.aceratus, C. rastrospinosus and N. coriicep
with published homologous sequence from five other fish species. Numbering is based on longest sequence
( Kpelam is). Asterisks indicate nucleotides conserved between all eight species (79% sequence identity.
Colored regions indicate sequences where the forward (light grey) and reverse (dark grey) qRT-PCR
primers anneal. Gaps indicate nucleotides in primer sequences that are not conserved between the three fish
studied and a particular species.

Os

C.
N.
C.
G.
P.
Z.
K.

aceratus
coriiceps
rastrospinosus
morhua
brachycephalus
viviparus
pel amis
T. obesus

781
781
781
781
781
781
781
781

C.
N.
C.
G.
P.
Z.
K.
T.

aceratus
coriiceps
rastrospinosus
morhua
brachycephalus
viviparus
pel amis
obesus

841
841
841
841
841
841
841
841

C.
N.
C.
G.
P.
Z.
K.
T.

aceratus
coriiceps
rastrospinosus
morhua
brachycephalus
vi viparus
pel amis
obesus

901
901
901
901
901
901
901
901

Fig. l.B-1 cont.

gtcccac
gtcccac
gtcccac
gtcccac
gtcccac
gtcccac
gtcccac
gtcccac

it * it it it it it

catgctgggat
.catgctgggat,
iSiSOcfcgg'cfii
catgctgggct.
,c fc a # « !c la c

ccagttcactgagctcatgaggctctacctcaccatacacagtgatcacgaaggcggcaa
ccagttcactgagctcatgaggctctacctcaccatacacagtgaccacgaaggcggcaa
ccagttcactgagctcatgaggctctacctcaccatacacagtgaccatgagggcggcaa
ccagttcactgagctgatgaggctgtacctcaccattcacagtgaccacgagggaggcaa
ccagttcactgagctgatgaggctctacctcaccatccacagtgaccacqaagqaqqqaa
ccagttcactgagctgatgaggctctacctcaccatccacagtgaccacgaaggagqqaa
tcagttcactgagctgatgaggctctacctcaccatccacagtgaccatgaaggaqqcaa

“ 5SIiSSIS!8nsil8S8Sicj;KIgJSJcSS!JS!fcSti?aS!iaf8cj;

cgt------------------------------------------------------

-------------------------------------------------------------

cgt-----------------------------------------------------tgtcagtgcccacaccagccacttggtgggcagtgctctgtctgacccctacctgccctt
tgtcagtgcacataccagccacctggtgggcagtgcgctgtctgacccctacctttcctt
tgtcagtgcacataccagccacctggtgggcagtgcgctgtctgacccctacctttcctt
cgtcagtgcccacaccagccacttggtgggtagcgccctgtccgacccctacctgtcctt
cgtcagtgcccacaccagccacttggtgggtagcgccctgtctgacccctacctgtcctt

C. ace r a t us
C.
rastro sp in o
N. c o riic e p s
T.
b e rn a cch ii
P. major
S. quinqueradiata
S. aurata
D. lab rax
C. ace r a t us
C. rastrospinosus

N. coriiceps

T.
P.
S.
S.
D.

b e rn a cch ii
major
quinqueradiata
aurata
lab rax

C.
C.
N.
T.
P.
S.
S.
D.

aceratus
rastrospinosus
c o riic e p s
b e rn a cch ii
major
quinqueradiata
aurata
labrax

- -c9acatcgccctgtggaagtttgagactgccaagtactacgtgaccatcattgatgc
c9aca'tcgccctgtggaagttcgaaactgccaagtactacgtgaccatcattgatgc
24i
cgacatcgccctgtggaagtttgagactgccaagtactacgtgaccatcattgatgc
241 catcgacatcgctctgtggaagtttgagactgccaagtactacgtgaccatcattgatgc
241 catcgacatcgctctgtggaagttcgagaccgcaaagtactacgtgaccatcattgatgc
1 ai catc9atatc9ctctgtggaggttcgagaccagcaagtactacgtgaccatcattgatgc
241 cattgacatcgctctgtggaagttcgagactagcaggtactacgtgaccatcattgatgc
241 cattgacatcgctctgtggaagtttgagaccagcaggtactacgtgaccatcactgatgc
* ^ * * * * * it » * * * * * * * * * * it
* * it it it it it it it it itit it it it it it it it it it it it it
oni" ccc1:9gacacagggatttcatcaagaacatgatcactggtacctctcaggctgactgcgc
301 ccctggacacagggatttcatcaagaacatgatcactggtacctctcaggctgactgcgc
dot ccct9gacacagggatttcatcaagaacatgatcactggtacctctcaggctgactgcgc
301 ccctggacacagggatttcatcaagaacatgatcactggtacctctcaggctgactgcgc
301 ccctggacacagggacttcatcaagaacatgatcactggtacctctcaggctgactgcgc
301 ccctggacacagggacttcatcaagaacatgatcactggtacctctcaggctgactgcgc
ccct99acacagagacttcatcaagaacatgatcactggtacctctcaggctgactgcgc
301 ************
ccctggacacagagacttcatcaagaacatgatcactggtacctcccagqctqactqcqc
** ***************************** **************
361 tgtgctgatcgttgctgccggtgttggtgagtttgaggccggtatctctaagaacggcca
361 tgtgctgatcgttgctgccggtgttggtgagtttgaggccggtatctccaagaacggcca
361 tgtgctgatcgttgctgctggtgttggtgagtttgaggccggtatctccaagaacggcca
361 tgtgctgatcgttgctgccggtgttggtgagtttgaggccggtatctccaagaacggcca
361 tgtgctgatcgttgctgctggtgttggtgagttcgaggctggtatctccaagaacggcca
361 tgtgctgatcgttgccgctggtgttggtgagtttgaggctggtatctccaagaacggcca
361 tgtgctgatcgttgctgctggtgttggtgagttcgaggctggtatctccaagaacggcca
361 ^tgctgatcgttgctgctggtgttggtgagttcgaggctggtatctctaagaacggaca
******* * * * * * * * * * * * * * * ** * * ** ** * * * * * * * * ** ** * * * ******** * *

Fig. l.B -2 EF1A sequence obtained with PCR from C. aceratus, C. rastrospinosus and N. coriiceps aligned
with published homologous sequence from five other fish species. Numbering is based on longest sequence
major). Asterisks indicate nucleotides conserved between all eight species (81% sequence identity). Colored
regions indicate sequences where the forward (light grey) and reverse (dark grey) qRT-PCR primers anneal.
Gaps indicate nucleotides in primer sequences that are not conserved between the three fish studied and a
particular species. Vertical bar indicates splice site.
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421
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421
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aurata
421
labrax
421

C.
C.
N.
T.
P.
S.
S.
D.

aceratus
rastrospinosus
coriiceps
bernacchii
major
quinqueradiata
aurata
labrax

481
481
481
481
481
481
481
481

aceratus
rastrospinosus
coriiceps
bernacchii
major
5. quinqueradiata
S. aurata
D. labrax

541
541
541
541
541
541
541
541

C.
C.
N.
T.
P.
S.
S.
D.

601
601
601
601
60 ],
601
601
601

C.
C.
N.
T.
P.

aceratus
rastrospinosus
coriiceps
bernacchii
major
quinqueradiata
aurata
labrax

gacccgtgagcacgccctgctggctttcaccctcggtgtgaagcagctcatcgtaggagt
cacccgtgagcacgccctgctggctttcaccctcggtgtgaagcagctcatcgtaggagt
gacccgtgagcatgccctgctggctttcaccctcggtgtgaagcagctcatcgtaggagt
gacccgtgagcacgccctgctggcctacacccttggtgtgaagcagctcatcattggagt
gacccgtgagcacgccctgctggccttcacccttggtgtgaagcagctcatcgttggagt
gacccgtgagcacgccctgctggccttcaccctcggtgtgaagcagctcatcgttggtgt
gacccgtgagcacgccctgctggccttcacccttggtgtgaagcagctcatcgttggagt
gacccgcgagcacgccctgctggccttcaccctcggagtgaagcagctcatcgttggaqt
***** ***** *********** * ****** ** *************** * ** **
caacaagatggactccaccgagcccccttacagccaagcccgttatgaagaaatcgccaa
caacaagatggactccaccgagcccccttacagccaagcccgttatgaagaaatcgccaa
caataagatggactccaccgagcccccttacagccaggcccgttatgaagaaatcgccaa
caacaagatggactccaccgagcccccttacagccagacccgttttgaagaaatcgccaa
caacaagatggactccaccgaacccccttacagccaggcccgttttgaggaaatcaccaa
caacaagatggactccaccgagcccccttacagccaggcccgttttgaggaaatcaccaa
caacaagatggactccaccgagcccccttacagccaggcccgttttgaggaaatcaccaa
caacaagatggactccactgagcccccttacagccaggcccgcttcgaggaaatcaccaa
*** ***** ********* ** ***** ********* **** * ** ****** ****
ggaagtgagcacttacatcaagaagatcggctacaaccccttaactgtgccctttgtccc
ggaagtgagcacttacatcaagaagatcggctacaaccccttaactgtgccctttgtccc
ggaagtgagcacttacatcaagaagatcggctacaaccccttaactgtgccctttgtccc
ggaagtgagcacttacatcaagaagatcggcttcaaccccgccaccgtggcctttgttcc
ggaagtgagcacctacatcaagaagatcggctacaaccccgcctctgttgcctttgtccc
ggaagtgagcacctacatcaagaagatcggctacaaccccgccactgttgcctttgtccc
ggaagtgagcacctacatcaagaagatcggctacaaccccgcctctgttgccttcgtccc
ggaagtgagcacctacatcaagaagatcggctacaaccccgccaccgttgcctttqtacc
************ ******************* *******
* ** **** ** **
c— atctctggatggcacggagacaacatgctggaagccagtgaaaag atgacatggtt
c— atctctggatggcacggagacaacatgctggaagccagtgaaaag atgacatggtt
c— atctctggatggcacggagacaacatgctggaagccagtgaaaag atgacatggtt
ccattcttctggatggcacggagacaacatgatggaagccagtccaagg atgggatggtt
c— atctctggatggcacggagacaacatgctggagaccagtgaaaag atgggctggtt
c— atctctggatggcacggagacaacatgctggagaccagtgaaaag atgggctggtt
c---atctctggatggcacggtgacaacatgctggagaccagtgaaaag atgagctggtt
c
atctctggatggcacggagacaacatgctggagggcagtgtaaag atgggcttgtt
*
************** ********* $***
**** **»? & * *
* ***

Fig. l.B -2 cont.
4^

C.
C.
N.
T.
P.
S.
S.
D.

aceratus
rastrispino
coriiceps
bernacchii
major
quinqueradiata
aurata
labrax

C.
C.
N.
T.
P.
S.
S.
D.

aceratus
rastrispinosus
coriiceps
bernacchii
major
quinqueradiata
aurata
labrax

C.
C.
N.
T.
P.
S.
S.
D.

aceratus
rastrispinosus
coriiceps
bernacchii
major
quinqueradiata
aurata
labrax

Fig. l.B -2 cont.

661
661
661
661
661
661
661
661

caa
aaggagggtaatgccagtggagtcaccctgctggaatc
caa
aaggagggtaatgccagtggagtcactctgctggaatc
caa
aaggagggtaatgccagtggagtcactctgctggagtc
taa
aaggagggtaataccaatggagtcactctgctggaggc
caa
aaggagggcaatggtagcggaaccacactgctggaggc
caa
caaggagggtaatgccagcggaaccacactgctggaggc
caa__________________caaggagggcaatgctaacggaaccacactgctggaggc
caa
*a?PPiPfP!!fflHMPPBllllcaaggagggcaatgccagtggaaccacactgctggaggc
***
*******************
******** ***
* *** *** ******** *
721 tctcgatgccatcctgcccccgtcccgcctcaccgacaagcccctccgtctgcccctgca
7*1 tctcgatgccatcctgcccccgtcccgccccaccgacaagcccctccgtctgcccctgca
L~~ tctcgatgccatcctccccccgtcccgccccaccgacaagcccctccgtctgcccctgca
L~~ tctcgatgccatcctgcccccgtcccgccccaccggcaagccGctccgtttgcccctgca
721 tcttgatgccatcctgccacctgcccgtcccaccgacaagcccctccgtctgcccctgca
12 1 cclggatgccatcctcccccccagccgtcccactgagaagcccctccgtctgcccctgca
721 tcttgatgccatcgtgccacccagtcgccccaccgacaagccccttcgtctgcccctgca
t^i^jSlccatcctgccacctgcccgccccaccgacaagcccctccgtctgcccctgca
** ********* * ** **
** * *** * ******** *2* *g*****g**
781 ggacgtctacaagatcggcggccatca-------------------------------781 ggacgtctacaagatcggcggccat---------------------------------781 agacgtctacaagatcggcggccatc--------------------------------781 ggacgtctacaaaattggcggtattggaactgtgcccgtgggccgggttgagaccggtat
781 ggatgtctacaaaatcggcggtattggaacagtacccgtcggtcgtgttgagactggtgt
781 ggacgtctacaaaattggcggtattggaactgtccccgtcggtcgtgttgagaccggtgt
781 ggatgtctacaaaatcggcggtattggaactgtacccgtcggccgtgttgagactggtgt
781 g9acf***f*ffaa*cgg*ggtat*g9aactgtacccgtcggtcgtgtggagaccggtgt

L.
C.
C.
N.
A.
C.
N.
C.

nudifrons
gunnari
esox
ro ssii
shackle ton
aceratus
coriiceps
rastrospinosus

L.
C.
C.
N.
A.
C.
N.
C.

nudi frons
gunnari
esox
ro ssii
shackletoni
aceratus
coriiceps
rastrospinosus

61 tc-taacg'tt:acttggataactgtggcaattctagagctaatacatgccaacgaacgctg
61 tc-1:aacgttacttggataactgtggcaattctagagctaatacatgccaacgaacgctg
61 tc-taacgttacttggataactgtggcaattctagagctaatacatgccaacgaacgctg
61 tc-taacgttacttggataactgtggcaattctagagctaatacatgccaacgaacgctg
6 1 ------------------actgtggcaattctagagctaatacatgccaacgaacgctg
6 1 ------------------ actgtggcaatcccagagctaatacatgccaacgaacgctg
6i ------------------actgtggtaatcctagagctaatacatgccaacgaacgctg
** * ** * * * * * * * * * * * * * * ** * ** ** * * * * * * * * * * * *
121 accttcggggatgcgtgcatttatcagacccaaaacccatgcggggtgctctccggggcg
121 accttcggggatgcgtgcatttatcagacccaaaacccatgcggggtgctctccggggcg
121 accttcggggatgcgtgcatttatcagacccaaaacccatgcggggtgctctgcggggcg
121 accttcggggatgcgtgcatttatcagacccaaaacccatgcggggtgctcttcggggcg
121 accttcggggatgcgtgcatttatcagacccaaaacccatgcggggtgctcttcggggcg
121 accttcggggatgcgtgcatttatcagacccaaaacccatgcggggtgctctccggggcg
121 accttcggggatgcgtgcatttatcagacccaaaacccatgcggggtgctctccggggtg
121 accttcggggatgcgtgcatttatcagacccaaaacccatgaggggtgctctccggggcq

L.
C.
c.
N.
A.
C.
N.
C.

nudifrons
gunnari
esox
ro ssii
shackletoni
acera tus
coriiceps
rastrospinosus

181
181
181
181
181
181
181
181

L.
C.
C.
N.
A.
C.
N.
C.

nudi frons
gunnari
esox
ro ssii
shackletoni
aceratus
coriiceps
rastrospinosus

241
241
241
241
241
241
241
241

61 tcataacgttcattggataactgtggcaattctagagctaatacatgccaacgaacgctg

* ****** **** ****** **************

it * * * * it * * * * it it it it itit it it it it it it it it it it

ccccggccgctttggtgactctagataacctcgagccgatcgctggccctcgtggcggcg
ccccggccgctttggtgactctagataacctcgagccgatcgctggccctcgtggcggcg
ccccggccgctttggtgactctagataacctcgagccgatcgctggccctcgtggcggcg
ccccggccgctttggtgactctagataacctcgagccgatcgctggccctcgtggcggcg
ccccggccgctttggtgactctagataacctcgagccgatcgctggccctcgtggcggcg
ccccggccgctttggtgactctagataacctcgagccgatcgctggccctcgtggcggcg
ccccggccgctttggtgactctagataacctcgagccgatcgctggccctcgtggcggcg
ccccggccgctttggtgactctagataacctcgagccgatcgctggccctcgtggcqqcq

* *** ******* *** *** ********

it ititit it it itit itit it it itit itit it it it itit it it itit it it it it it it it it it it

acgtctcattcgaatgtctgccctatcaactttcgatggtactttctgtgcctaccatgg
acgtctcattcgaatgtctgccctatcaactttcgatggtactttctgtgcctaccatgg
acgtctcattcgaatgtctgccctatcaactttcgatggtactttctgtgcctaccatgg
acgtctcattcgaatgtctgccctatcaactttcgatggtactttctgtgcctaccatgg
acgtctcattcgaatgtctgccctatcaactttcgatggtactttctgtgcctaccatgg
acgtctcattcgaatgtctgccctatcaactttcgatggtactttctgtgcctaccatgg
acgtctcattcgaatgtctgccctatcaactttcgatggtactttctgtgcctaccatgg
acgtctcattcgaatgtctgccctatcaactttcgatggtactttctgtqcctaccatqq
it it it it it itit it it it it itit it it it it * * it itit it it itit it itit it it itit it it it it it it it it it it it it it itit it * itit it it it it it it * *

Fig. l.B -3 18S sequence obtained with PCR from C. aceratus, C. rastrospinosus and N. coriiceps aligned with
published homologous sequence from five other fish species. Numbering is based on longest sequence (C.
gunnari). Asterisks indicate nucleotides conserved between all eight species (97% sequence identity Colored
regions indicate sequences where the forward (light grey) and reverse (dark grey) qRT-PCR primers anneal.

L.
C.
C.
N.
A.
C.
N.
C.

nudi frons
gunnari
esox
ro ssii
shack!etoni
aceratus
coriiceps
rastrospinosus

301
301
301
301
301
301
301
301

L.
C.
C.
N.
A.
C.
N.
C.

nudi frons
gunnari
esox
ro ssii
shack!etoni
aceratus
coriiceps
rastrosp nosus

361
361
361
361 ccacatccaaggaaggcagcaggcgcgcc
361
361
361
361

L.
C.
C.
N.
A.
C.
N.
C.

nudi frons
gunnari
esox
ro ssii
shack!etoni
aceratus
coriiceps
rastrospinosus

421
421
421
421
421
421
421
421

ggaggtagtg
jggaggtagtg
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to

C.
N.
C.
T.
G.
O.
D.

aceratus
coriiceps
rastrospinosus
rubripes
aculeatus
latipes
rerio

61
-c
61
-c
61
-c
61
atggacgaacacgttgttcatc
61
atggatgagcacgtcattcacc
61
atggaggatcacgccgttcacc
61 gccgctctgggtgtgtttgagtgaaactgtatcgggtgatggaagaccatacggtgcatc

C.
N.
C.
T.
G.
O.
D.

aceratus
coriiceps
rastrosp nosus
rubripes
aculeatus
latipes
rerio

121
121
121
121
121
121

C.
N.
C.
T.
G.
O.
D.

aceratus
181 aggtacatgtgaccacgt&taccgaagcgtfA^lgatgajgtgctgacgaagactcaacgt
coriiceps
rastrospinosus 181 annJaraSJn^rrnrn^^rgaa9C9^CCa5gat9aqCgCt9aCgaagaCtCaaCgt
181 aggtacatgtgaccacgtataccgaagcgtccatgatgagcgctgacgaagactcaacgt
rubripes
aculeatus
181 aggtacacgtggccaccticaccgaagQttccatgatglgcgcagaggaagactcgacgt
aqatacacataaccacctBriPpilHiPrifiilnii^|gCgCCgaggaa9at1:CgaC9t
xox
latipes
181
aagtacatgtggccacatica|ai^tafM|t|ra^
6g|gtgcagacgaagactcatcct
rerio

C.
N.
C.
T.
G.
O.
D.

aceratus
coriiceps
rastrospinosus
rubripes
aculeatus
latipes
rerio

241
241
oil
241
241
241
241

agaccgagcacatga-cacaatcgaggctggtgccgtcagccaacagatccagcag
agaccgagca- tgaccaccatcgaggctggtgccgtcagccaacagatccagcag
agaccgagcac-tgaccacgatagaggctggtgccgtcagccaacagatccagcag
agacggagagcatgaccacaattgaggccagtgccgtcagccagcaggtc----agacagaacacatgaccaccatagaggccagcgccgtcagccagcaagttcat—
agacagaacacatgaccacgatcgaggcgagcgccgtcagccaacaggtccag—
a9acggagcatatgaccactatcgaggcccacgccgtctctcagcaggtcggg—

gttc
gttc
gttc
c
— I
— c
—

aggtgcacgtcgccacatpcacagagcatggcatgc
** ** * ** * ** **
*** tgggcgccgacgaggattcgccct
**** ** ** ** ** ** * *
cctcaccagatgatgatccttatgatgacacggacatcctgaactcggcgggcactgatg
cctcaccagatgatgatccttatgacgacacagacatcctgaactcggcgggcactgatg
cctcaccagat9at9atccttatgatgacacggacatcctgaactcggcgggcactgatg
cctcccctgacgacgacccttatgatgacacggatattctcaattcagctggcaccgatg
cttcgccagatgatgacccttatgacgacacggacatcctcaactctgctggcacggatg
cctcgccagatgatgacccgtatgacgacacagacatccttaactcagctggtactgatg
*cctcgcctgacgatgatgcttatgatgactccgacatcctcaattcaactggaacaqatq
** * * ** ** * * * ***** *** * ** ** ** * * ** * ** ** ****

Fig, l.B -4 NRF1 sequence obtained with PCR from C. aceratus, C. rastrospinosus and N. coriiceps aligned v
published homologous sequence from four other fish species. Numbering is based on longest sequence (D. re
Asterisks indicate nucleotides conserved between all seven species (63 % sequence identity Colored regions i
sequences where the forward (light grey) and reverse (dark grey) qRT-PCR primers anneal. Gaps indicate
nucleotides in primer sequences that are not conserved between the three fish studied and a particular species
Vertical bar indicates splice site.

aceratus
c o m ceps
rastrospinosus
rubripes
acu/eatus
latipes
D ■ rerio

301 agatcactgcgcacctggctgcagcagggccagtaggcatggcggctgctgctgccgtgg
301 tgatcactgcgcacctggctgcagcagggccagtaggcatggcggctgctgctgccgtgg
301 agatcactgcgcacctggctgcagcagggccagtaggcatggcggctgctgctgccgtgg
301 aggtcactgctcatttggctgctgcgggaccagtcggtatggcagcagctgctgccgtgg
301 agatcaccgctcacctggcggccgcagggccagttggcatggcagctgctgctgccgtag
301 aagttactgctcacctggctgctgcaggtccagtaggcatggcagccgctgctgctgtgg
301 aagtcaccgcacatctggctgctgcagggcctgttggcatggcagcagctgccgctqtqq

C.
N.
C.
T.
G.
O.
D.

aceratus
coriiceps
rastrospinosus
rubripes
acu/eatus
latipes
rerio

361 caactgggaagaaaagaaagaggcctcatgtctttgaatctaacccctccatccgcaaga
361 caactgggaagaaaagaaagaggcctcatgtctttgaatctaacccctccatccgcaaga
361 caactgggaagaaaagaaagtggcctcatgtctttgaatctaacccctccatccgcaaga
361 caactggtaagaaaagaaagaggcctcacatctttgaatccaacccctccatccgcaaaa
361 caacaggaaagaaaaggaagaggcctcatatctttgaatccaacccctccatccgcaaga
361 caactggtaagaaaagaaaacgacctcatatctttgaatccaacccttccattcgcaaaa
361 caacaggaaagaaacgtaaaaggcctcacatctttgaatcaaatccttcaatccgtaaaa

C.
N.
C.
T.
G.
O.
D.

aceratus
con iceps
rastrospinosus
rubripes
aculeatus
latipes
re n o

421 ggcagcagacccgtctgctcaggaaactcagagccaccctggatgaatataccacccgag
421 ggcagcagacccgtctgctcaggaaactcagagccaccctggacgaatacaccacccgag
421 ggcagcagacccgtctgctcaggaaactcagagccaccctggacgagtacaccacccgag
421 ggcagcagacccgtctcctcaggaaactacgagccaccctggacgaatacaccaccagag
421 ggcagcagacacgtctgctaaggaaactgcgagccaccctggacgagtacaccacccgag
421 ggcagcaaacccgtctgctcagaaaactgcgagccacgctggatgagtatacaaccagag
421 gacaacagacgcgcctgcttaggaagctgagagcaactctagacgaatacacaacacgqq

C.
N.
C.
T.
G.
O.
D.

aceratus
coriiceps
rastrospinosus
rubripes
acu/eatus
latipes
rerio

481 tg g g a c a a ------------------------------------------------481 tg g g a c a -------------------------------------- -------------------481 tgggaca-------------------------------------------------481 tgggccagcaagccatcgtgctgtgcatctctccctccaaacccaaccctgtgtttaagg
481 tgggccaacaggccatcgtgctgtgcatctccccctccaaacccaaccccgtgttcaagg
481 taggccaacaagccatagtgctgtgcatctctccctccaaaccaaaccctgtttttaaag
481 taggccagcaggctattgttttatgcatatctccctctaaaccaaatcctgtgtttagag

C.
N.
C.
TG.
o.

*

it it it it it it

*

it it it it it it it it it it it it it it it it it it it it it it it it it it it it it it it it

it it it it it it it it it it it it it it it

*

it it it it it it it it it it it it

it it it it it it

* *

*

it it it

it it it it it it it it it it it it it it it it it it it it it it it

it it it it it it it it it it it it it it

*

it it it

it it

Fig. l.B -4 cont.

U\

C. aceratus
N. coriiceps
C. rastrospinosus
O. latipes
G. aculeatus
T. rubripes

Qfii” ~~ "
cacttcctttgaccccagagt
ybi —
cacttcctttgaccccagagt
nci
cacttcctttgaccccagagt
ybl tgcagcagcatcaccagcgagccaaaccaaccaccttgccacttcctttgaccccagagt
#J_I" f' #rX
\
■"B A* .-Bb. ._
_ ■a
961 caccacagcatcaccagcgagccaaaccaaccaccttgccacttcctttgaccccagagt
961
gccaaaccaaccaccttgccacttcctttgaccccagagt
* ** * ** * * * * * * * * * * * * * *
C. aceratus
1021 ctccaaa tgaccacaagggatcaccgtttgagaacaaaaccattgaacgcacattaagtg
N. coriiceps
1021 ctccaaa tgaccacaagggatcaccgtttgagaacaaaaccatcgaacgcacattaagtg
C. rastrospinosus 1021 ctccaaa tgaccacaagggatcaccgtttgagaacaaaaccattgaacgcacattaagtg
O. latipes
1021 ctccaaa tgactacaagggatcaccttttgagaacaaaaccattgaacgcacattaagtg
G. aculeatus
1021 ctccaaa tgaccacaagggatcaccgtatgagaacaaaaccattgaacgcacattaagtg
T. rubripes
1021 ctccaaa tgaccacaagggatcaccgtttgagaacaaaaccattgaacgcacattqaqtq
**** ** *********** * ****** ********* *********** ****
C. aceratus
1081 tggagattgctggaaccccaggtctgacaccacctaccacgicccccacacaaagccagtc
N. coriiceps
I
’nai !:ggaga^ gctggaacccca99tctgacaccacctaccacgcccccacacaaagccagtc
C. rastrospinosus 1081 tggagattgttggaaccccaggtctgacaccacctaccacgcccccacacaaagccagtc
O. latipes
I’nsn lggagatt9ct99aaccccjggtctgacaccacdaaccacgcccccacacaaagccagtc
G. aculeatus
1081 tggagattgctggaacccca^gtctgkcaccajaaccacgccaccacacaaagccagtc
T. rubripes
1081 ^ § § ^ ^ a gc^ 9 g a a c c c c ^ ^ t | i S ^ ^ ^ P i ^ P i ! i c c c cca ca c a a a g c c a g tc
C.
N.
C.
O.
G.
T.

aceratus
1141 aagagaatcctttcaaagcatcgctcaaaaccaagttgtcttcatgttcctcatcggcct
coriiceps
aa9a9aatccttlcaaa9catcgctcaaaaccaagttgtcttcatgttcctcatcggcct
rastrospinos us
aagagaatcctttcaaagcatcgctcaaaaccaagttgtcttcatgttcctcatcggcct
latipes
a} aagagaatcctttcaaa9catctctcaaaaccaagttgtcctcatgttcctcctcggcct
aculeatus
1141 aagagaatcctttcaaagcatcgctcaaaaccaagttgtcttcatgttcctcatcagcct
rubripes
1141 aagagaatcctttcaaagcatcgctcaaaaccaagttgtcttcatgttcctcctcaqcct

********************** ***************** *********** ** ****

Fig. l.B -5 P G C -la sequence obtained with PCR from C. aceratus, C. rastrospinosus and N. coriiceps aligned
with published homologous sequence from three other fish species. Numbering is based on the longest sequence
(G. aculeatus). Asterisks indicate nucleotides conserved between all six species (61% sequence identity).
Colored regions indicate sequences where the forward (light grey) and reverse (dark grey) qRT-PCR primers
anneal. Gaps indicate nucleotides in primer sequences that are not conserved between the three fish studied
and a particular species. Vertical bars indicate splice sites.

c.
N.
C.
0.
G.
T.

aceratus
coriiceps
rastrospinosus
latipes
aculeatus
rubripes

1201
1201
1201
1201 tgacatgcaaaagaagcaggttgagtgagttaggcgcctgcgttgtggccctggccccgg
1201 tggcatgcaagagagccaggctgagcgaatcgggtcccggcgctctggccccagccccgg
1201 ttgtqtqcaaaaqaqccaqqctqaqcaaatccaaacccaaaactrtaarrcrnnrrrr n n

C.
N.
C.
0.
G.
T.

aceratus
coriiceps
rastrospinosus
latipes
aculeatus
rubripes

1261
1261
1261
1261
1261
1261

yLyLLLLaggcgggggccccrccaggaagggtcccgagcagtctgagctttatgcccagc
gtgcctcagctgggggccccgccaggaagggtcccgaacagactgagctttacgcgcagc
gtgcctcaagcggggtccccaccaggaagggccccgaacagactgagctttatgctcagc
gtgcctcgggcgggggccccattaggaagggtccagaacagactgagctctatgcccagc
* ******
**** ****
** * *** * * ** * * * ** * * * *** * * * * * ** * *

C. aceratus
N. coriiceps
C. rastrospinosus
0. latipes
C7. aculeatus
r. rubripes

1321 tgagcaaagcgtccaccgccccaccctactcagtcacccaacacactttggggggcggcc
1321
1321 tgagcaaagcgtccaccgccccaccctactcagtcacccaacacactttggggggcggcc
1321
1321 tqaqcaaaacatccaccaccccaccaaactraatrarrraararartti-nnnnnnrnnrr
1321
1321
1321

c. aceratus

N.
C.
o.
G.
T.

coriiceps
rastrospinosus
latipes
aculeatus
rubripes

1381
-aagcgggcggcgcctcgcagctacagcgacc
1381
-aagcgggcggcgcctcgcagctacagcgacc
1381 L Lyayyddcy tt-gLagcanx;-------- aagcgggcggcgcctcgcagctacagcgacc
1381 ttgaggagcaccgcagccctggcaacaacaagcgggcctgtccccgcggccacagtgacc
1381
----------------- a a c a c t a a c a a c a a t a a a r n n n r n n f n r r r r f ir n n r f a r a n t n ^ r r
1381

C.
N.
C.
O.
G.
T.

aceratus
coriiceps
con iceps
rastrospinosus
rastrospinosus
latipes
latipes
aculeatus
rubripes

1441
1441
1441 atgactattgccaagctagcgctaagaaggacggcggcacagccgctgttgccatgact;
1441 atgactattgccaagctagcgctaagaaggacggcggcacagccactgttgccatgact;
1441
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Fig. l.B -6 TBP sequence obtained with PCR from C. aceratus, C. rastrospinosus and N. coriiceps aligned with
published homologous sequence from five other fish species. Numbering is based on the longest sequence (
rerio). Asterisks indicate nucleotides conserved between all eight species (52% sequence identity). Colored
regions indicate sequences where the forward (dark grey) and reverse (light grey) qRT-PCR primers anneal.
Gaps indicate nucleotides in primer sequences that are not conserved between the three fish studied and a
particular species. Vertical bar indicates splice site.
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TABLE l.B-1
Accession numbers for homologous fish gene sequences used
alignments.
Gene

Species

Number

CS

Gadus
morhua
Katsuwonus pelamis
Pachycara brachycephalum
Thunnus obesus
Zoarces viviparus

DQ059757.1
AY461850.1
AY382596.1
AY461849.1
AY382597.1

EF-1A

Dicentrarchus
Pagrus major
Sparus aurata
Seriola quinqueradiata
Trematomus bemacchii

labraxAJ866727.1
A Y 190693.1
AF184170
AB032900.1
DQ394083.1

18S

Artedidraco shackletoni
Champsocephalus esox
Champsocephalus gunnari
Lepidonotothen nudifrons
Notothenia rossii

ND-2

Chaenocephalus aceratusA Y249493.1
Chionodraco rastrospinosus
AY249502.1
Notothenia coriiceps
AY256564.1

AF518185.1
A F518187.1
A F518186.1
A F518191.1
A F518193.1

TABLE l.B-1, cont.
Accession numbers for homologous fish gene sequences used in alignments.
Gene

Species

Number

NRF-1

Danio rerio
Gasterosteus aculeatus
Oryzias latipes
Takifugu rubripes

BC044537.1
ENSGACT00000026103*
ENSORLTOOOOOO18104*
NEWSINFRUT00000141365*

PG C -1a

Gasterosteus aculeatus
Oryzias latipes
Takifugu rubripes

ENSGACT00000025887*
ENSORLT00000006028*
DQ 157766.1

16S

Chaenocephalus aceratus
Chionodraco rastrospinosus
Notothenia coriiceps

AY249465.1
AY249475.1
AY520118.1

TBP

Danio rerio
Oryzias latipes
Protopterus dolloi
Petromyzon marinus
Takifugu rubripes

AF503449.1
AB051821.1
AY389958.1
AY 168624.1
BK005778.1

* Sequence obtained from Ensembl database.
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Chapter 2 Regulation and functional consequences of differing mitochondrial
morphologies among hearts of Antarctic notothenioids that differ in the
expression of hemoglobin and myoglobin2

2.1 Introduction
Antarctic icefish (Family Channichthyidae) have thrived in the Southern Ocean
despite a deletion of the (3-globin gene resulting in the complete loss of hemoglobin (Hb)
expression (Ruud 1954; di Prisco et al. 2002). In addition, 6 of the 16 Channichthyid
species do not express the intracellular oxygen-binding protein, myoglobin (Mb) in heart
ventricle tissue (Sidell et al. 1997).
Channichthyids exhibit several physiological adaptations which compensate for
the loss o f Hb and Mb. Larger capillary diameters (Fitch et al. 1984) and heart ventricles
(Johnston et al. 1983), as well as a 2-4- fold larger blood volume (Hemmingsen and
Douglas 1970, 1972) allow the icefish heart to circulate large volumes o f highlyoxygenated blood at high flow rates, ensuring adequate tissue oxygenation (Tota and
Gattuso 1996; Feller and Gerday 1997).
Differences in the expression o f Hb and Mb in Antarctic notothenioids are also
associated with differences in the percent cell volume occupied by mitochondria and
mitochondrial morphologies in heart ventricles (O ’Brien and Sidell 2000; Johnston et al.
1998; Archer and Johnston 1991). Mitochondria in the heart ventricles of the icefish are

Urschel, M.R. and O’Brien, K.M.. 2008. Regulation and functional consequences of differing
mitochondrial morphologies among hearts of Antarctic notothenioids that differ in the expression of
hemoglobin and myoglobin. Polar Biology.
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larger, with less densely packed cristae, compared to those in the red-blooded
notothenioid G o b i o n o t o t h e n g i b b e r i f r o n s , which expressesboth Hb and Mb. The surface
density of the inner mitochondrial membranes in the heart ventricles of the icefish
Chaenocephalus aceratus (Hb-/Mb-) and Chionodraco rastrospinosus (Hb-/Mb+) are
32% and 27% lower, respectively, compared to that in the ventricle of G. gibberifrons
(Hb+/Mb+). The surface-to-volume ratio of mitochondria in the heart ventricles of C.
aceratus and C. rastrospinosus are 40 % and 11 % lower, respectively, compared to that
in the ventricle of G. gibberifrons (O ’Brien and Sidell 2000).
Although differences in mitochondrial architecture between red- and whiteblooded notothenioids are well established, nothing is known about the molecular
mechanisms that regulate these differences in morphology. Recent studies in yeast and
mammals have identified several proteins that control mitochondrial structure. Examples
include: mitofusin 1 and 2 (Mfn 1 and 2), which play key roles in mitochondrial fusion
(Chen et al. 2003); mitochondrial DNA absence sensitive factor (MIDAS), which appears
to regulate cardiolipin biosynthesis and impact mitochondrial size (NakashimaKamimura et al. 2005); and mitofilin, which mediates the formation of cristae junctions
(Icho et al. 1994; Taylor et al. 2003). Notably, the loss of mitofilin results in loss of
formation of lamellar cristae, somewhat similar to the architecture of inner mitochondrial
membranes found in hearts of icefishes.
Changes in mitochondrial structure are likely to have a significant impact on
mitochondrial function. Studies in isolated mouse liver mitochondria have demonstrated
a clear relationship between mitochondrial morphology and function (Hackenbrock
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1966). Actively respiring mitochondria in the presence of saturating concentrations of
ADP are more highly condensed compared to those respiring in the absence of ADP
(Hackenbrock 1966). Moreover, the loss of mitofilin expression results in the
disorganization of inner mitochondrial membranes which leads to an increase in
mitochondrial membrane potential and the production of reactive oxygen species (ROS)
(John et al. 2005). Taken together, these results suggest that the alterations in
mitochondrial morphology in the hearts of Antarctic icefishes may impact mitochondrial
function.
Alterations in mitochondrial structure may also impact the thermal tolerance of
icefishes. Previous studies have demonstrated that increases in temperature promote
oxidative stress in marine ectotherms (Abele et al. 2002; Heise et al. 2003).
Mitochondrial membranes in polar fishes are rich in unsaturated fatty acids which are
more sensitive to ROS and propagate the formation of ROS (Porter 1984; Halliwell and
Gutteridge 1984). Polyunsaturated fatty acids (PUFAs) are more sensitive to ROS
because they contain many double bonds between unsaturated carbons in their
hydrocarbon tails, making them more chemically reactive than monounsaturated or
saturated fatty acids. Mitochondria from icefish may be acutely sensitive to increases in
temperature because of their large size and higher ratio of lipid-to-protein compared to
red-blooded species (O’Brien and Sidell, 2000; Urschel and O ’Brien, 2008).
We hypothesized that mitofilin expression would be lower in the hearts o f whiteblooded notothenioids that have a less lamellar cristae structure, compared to red-blooded
notothenioids, and that morphological differences in mitochondrial inner membranes
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would impact mitochondrial function in the hearts of these fish. We used quantitative real
time PCR to measure the expression of mitofilin in the heart ventricles of C. aceratus
(Hb- / Mb-), C. rastrospinosus (Hb - / Mb +), and the red-blooded notothenioid
Notothenia coriiceps (Hb+ / Mb +). We assessed mitochondrial function in three ways:
first, we measured state III oxygen consumption rates in mitochondria isolated from the
heart ventricles of the red-blooded notothenioid Gobionothen

,

aceratus

and C. rastrospinosus at temperatures between 2 °C and 40 °C to determine if differences
in mitochondrial structure affect mitochondrial function and thermal sensitivity. Second,
we measured the respiratory control ratio (RCR, ratio of state III respiration to state IV
respiration) for each species and temperature. This value reflects the degree of coupling
between oxygen consumption and ATP synthesis. Finally, we calculated the Arrhenius
break temperature (ABT, the temperature at which state III oxygen consumption rate
begins to decline rapidly) of state III oxygen consumption for each species, as a measure
of mitochondrial thermal sensitivity.
We determined that the less lamellar cristae structure in the hearts of

aceratus

compared to red-blooded species is associated with a decrease in the expression o f
mitofilin. Moreover, differences in mitochondrial structure are associated with
differences in function. State III oxygen consumption rates are lower at 2°C in
mitochondria from icefishes compared to red-blooded notothenioids. Respiration rates
decline more precipitously in mitochondria from icefishes compared to red-blooded
species at temperatures above 35 °C. The degree of coupling between electron transport
and ATP synthesis is lower in icefish mitochondria compared to those from the red-
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blooded

G.gibberifrons. Taken together, these results suggest that mitochondrial

respiratory function is impaired at high and low temperatures in mitochondria from
icefish hearts, compared to those in the hearts of G. gibberifrons. In addition, ABTs of
state III oxygen consumption are higher in G. gibberifrons, C. aceratus and C.
rastrospinosus than those previously reported in notothenioids. This suggests that
mitochondria from the hearts of notothenioids may be capable of functioning at higher
temperatures than previously suggested.

2.2 Materials and Methods
2.2.1

Animal tissue collection
Notothenia coriiceps, Gobionotothen gibberifrons, Chaenocephalus aceratus and

Chionodraco rastrospinosus were collected in Dallman Bay near the Astrolabe Needle
(64°10’S, 62°35’W) at approximately 150 m depth using an otter trawl and pot traps
deployed from the ARSV Lawrence M. Gould during the austral autumn of 2005 and
2007. Animals were maintained in circulating seawater tanks while aboard ship and
transferred to the Palmer Station aquarium, at the US Antarctic Research Station, Palmer
Station, on Anvers Island. Here they were maintained unfed in covered, circulating
seawater tanks at 0 ± 0.5 °C until tissue harvest.
Animals were anesthetized in 1:7500 w/v MS-222 (tricaine methanesulfonate)
and then killed by brain pithing. Hearts were quickly excised, placed in an isotonic ringer
solution (260 mmol l 1 NaCl, 2.5 mmol I' 1 MgCl2, 5 mmol I 1 KC1, 2.5 mmol I 1 N aH C 03,
5 mmol 1 Naf^PCU, pH 8.0), and allowed to contract several times to clear remaining

68
blood. Tissues used for oxygen consumption measurements were immediately
homogenized on ice. Tissues used for qRT-PCR were either immediately flash frozen in
liquid nitrogen, or suspended in 9 volumes of RNAlater® solution (Ambion, Inc., Austin,
TX) and then flash frozen in liquid nitrogen. Frozen tissues were stored at -80 °C and
transported back to our lab at the University of Alaska, Fairbanks.

2.2.2 RNA Isolation
Approximately 30 mg of ventricle tissue C. aceratus, C. rastrospinosus, or N.
coriiceps was homogenized on ice with a 3 mL Duall homogenizer. Total RNA was
isolated using either TRIZOL® reagent (Invitrogen, Life Technologies, Carlsbad, CA) or
RNeasy® Fibrous Tissue Mini Kit (Qiagen, Valencia, CA). RNA samples used in real
time quantitative PCR (qRT-PCR) were treated with DNase I to remove genomic DNA
contamination. RNA quantity and quality was assessed with a Nanodrop® ND-1000
spectrophotometer or Perkin Elmer Lambda 25 UV/VIS spectrometer. Nucleic acids
absorb ultraviolet light at a wavelength of 260 nm, while proteins absorb UV light at a
wavelength of 280 nm, so a nucleic acid solution with a 260 nm/ 280 nm absorbtion ratio
below 1.8 is most likely contaminated with protein. Organic solvents, such as ethanol,
absorb UV light at a wavelength of 230 nm. Solutions with a 260 nm / 230 nm absorption
ratio below 1.6 are most likely contaminated with organic solvents. Samples with an
optical density (OD) ratio at 260 nm / 280 nm of 1.8 - 2.0 and an OD ratio at 260 nm /
230 nm o f 1.6 - 2.0 were considered high quality and used for cDNA synthesis (RNA).
0.5 pg - 1 pg of each RNA sample was separated on a 1% agarose gel and visualized by
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ethidium bromide staining. Samples showing distinct bands for 28S and 18S subunits,
with the 28S subunit being approximately twice as bright as the 18S subunit, were
considered intact and used for cDNA synthesis. RNA samples were stored at -80° C until
use.

2.2.3 Cloning and obtaining partial cDNA sequence for mitofilin
Partial sequences for mitofilin were obtained from the complementary DNA
(cDNA) of

Nototheniacoriiceps, Chaenocephalus aceratus, and Chionodraco

rastrospinosus. These sequences were used to design gene specific primers for real-time
quantitative PCR.

2.2.3.1 Reverse transcription
cDNA was synthesized from 600 ng - 3.9 pg of total RNA with random hexamer
primers, using either Superscript™ III reverse transcriptase (Invitrogen, Life
Technologies, Carlsbad, CA) or MultiScribe™ reverse transcriptase (Applied Biosystems,
Foster City, CA). All cDNA was stored at -20° C until use.

2.2.3.2 Degenerate primer design fo r mitofilin
Homologous amino acid sequences of mitofilin were obtained from the GenBank
database on the NCBI home page ('http://www.ncbi.nlm.nih.gov/sites/entrez). Amino acid
sequences from zebra fish (

Daniorerio), puffer fish (

gallus), and pig (Sus scrofa) sequences were aligned and degenerate primers were

rubripes), chicken (
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designed by entering the amino acid sequences into the online bioinformatics program
CODEHOP (http://bioinformatics.weizmann.ac.il/blocks/codehop.html) (Table 2.A-1).
Primers were 29 nucleotides (forward) and 31 nucleotides (reverse) in length, and
amplified 606 base pairs. Forward and reverse primer annealing temperatures were within
2° C of each other. Primers were designed to amplify regions that contained one or more
mRNA splice sites, so that qRT-PCR primers could be designed to span these sites.
Splice sites were estimated from annotated, homologous sequences

and

rubripes) listed in Ensembl (http://www.ensembl.org).

2.2.3.3 PCR using degenerate primers
PCR was carried out using the following conditions: IX PCR Buffer, 3.0 mmol I' 1
M gCh, 0.1 mmol I' 1 dNTP, 0.2 pmol f 1 to lpm ol f 1 forward and reverse primer, 2 to 4
pi cDNA template, 5 to 8 units Taq DNA polymerase (Invitrogen, Life Technologies,
Carlsbad, CA). A template-negative reaction was included with each PCR experiment to
control for contamination. PCR reactions were carried out in an iCycler thermal cycler
(Bio-Rad Laboratories, Hercules, CA) using a touch down protocol with an annealing
temperature of 58 °C. PCR products and a 1Kb ladder were separated on a 2% agarose
gel and visualized by ethidium bromide staining. Each product corresponding to the
expected size was excised and gel-purified using the QIAquick® Gel Extraction Kit
(Qiagen, Valencia, CA).
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2.2.3.4 Cloning o f PCR products
Mitofilin PCR products obtained with degenerate primers were cloned using a
TOPO TA Cloning® Kit (Invitrogen, Life Technologies, Carlsbad, CA). Products were
ligated into pCR®2.1-TOPO® plasmid vector using the following reaction conditions: 2
pi PCR product, 0.2 mol f 1 NaCl, 0.01 mol f 1 MgCl2, 1 pi pCR®2.1-TOPO® plasmid
vector, 5 pi H20 . One Shot® M achl™ -T1R chemically competent E. coli were then
transformed by adding 2 pi of plasmid vector to each vial of cells, incubating on ice for
15 min, heat-shocking at 42° C for 30 sec, and incubating at 37° C for one hr in a shaking
water bath. 25 - 50 pi transformed cells were spread on pre-warmed (37° C) LB-agar
plates (15 mg ml' 1 agar, 10 mg ml' 1 Bacto-tryptone, 5 mg ml' 1 NaCl, 5 mg ml' 1 yeast
extract, 1 mg ml' 1 glucose, 12.5 pg ml' 1 ampicillin) supplemented with 0.2 mg ml"1 X-Gal
(5-bromo-4-chloro-3-indolyl-(3-D-galactopyranoside) for identifying transformed
colonies. Plates were incubated overnight at 37° C. Individual colonies were selected by
their white color (as opposed to blue color of non-transformed colonies), and grown in 5
ml LB media (10 mg ml"1 Bacto-tryptone, 5 mg ml' 1 NaCl, 5 mg ml"1 yeast extract, 1 mg
ml' 1 glucose) containing 0.25 mg ml' 1 ampicillin to select for transformed cells. Cells
were grown for approximately 14 hours at 37° C in shaking water bath. Plasmids were
purified from transformed cells using QIAprep® Miniprep (Qiagen, Valencia, CA) kit.
Plasmid quantity was assessed by measuring optical density at 260 nm using a
Nanodrop® ND-1000 spectrophotometer.
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2.2.3.5 Sequencing cloned

PCR products

Cloned mitofilin PCR products were labeled for sequencing using BigDye®
Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA) with the
following reaction conditions: 400 ng cloned PCR product, IX BigDye, IX BigDye
buffer, H2O to 10 pi. Cycle sequencing reactions were carried out with an iCycler
thermal cycler (Bio-Rad Laboratories, Hercules, CA), with 1 cycle of 96° C for 1 min,
followed by 25 cycles of 96 °C for 10 sec, 50 °C for 5 sec, and 60 °C for 4 min. Cyclesequenced products were purified using Centri-Sep™ columns (Princeton Seperations,
Inc., Adelphia, NJ) packed with Sephadex® G-50 gel (Sigma-Aldrich, St. Louis, MO).
Purified products were sequenced using an ABI PRISM® 3100 Genetic Analyzer.
Sequenced products were identified using the Basic Local Alignment Search Tool
(BLAST) on the NCBI home page (http://www.ncbi.nlm.nih.gov/sites/entrez) and by
aligning with homologous sequences, including fish (T.
organisms (

D. rerio) and other

Gallusgallus, Mus musculus, Sus scrofa, Bos tauru, Rattus norvegicus).

2.2.4 Quantifying gene expression
2.2.4.1 Primer Design
Gene-specific primers for mitofilin were designed from partial gene sequences
using Primer Express® Software v2.0 (Applied Biosystems, Foster City, CA). Primers
were designed for regions of cDNA that were conserved among all three species of
interest (Table 2.A-2). Primers were designed to span mRNA splice sites to ensure that
only mature mRNA, and not genomic DNA, was amplified. Amplicon length was 50 bp.
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2.2.4.2 Quantitative PCR
Quantitative PCR reactions were run in triplicate in 384-well reaction plates using
an ABI PRISM® 7900HT Sequence Detection System with Power SYBR® Green PCR
Master Mix (Applied Biosystems, Foster City, CA). Template cDNA of mitofilin and
housekeeping genes, except 18S rRNA, was diluted 20 times to a final concentration of 1
ng/pl. Template cDNA used for measuring the expression of 18S rRNA was diluted 2000
times to a final concentration of 0.01 ng p i 1. This was done to compensate for the much
greater abundance of 18S rRNA message compared to target genes. Reaction efficiencies
were determined using a standard curve obtained from 2-fold serial dilutions of template
cDNA, pooled from all individuals. Reactions were carried out using: 10 pi Power
SYBR® Green PCR Master Mix, 300 nM forward and reverse primer, 0.05 ng (18S
rRNA) or 5 ng (all other genes) template cDNA, and H20 to bring the final volume to 20
pi. Dissociation curves were analyzed to determine the melting temperature (Tm) of PCR
products and to ensure that only a single product was amplified in each reaction mixture.
In some cases, products were verified on a 1% agarose gel and visualized by ethidium
bromide staining. To control for genomic contamination, reverse-transcriptase-negative
cDNA controls were run for each reaction. To control for contamination of primers and
SYBR green mastermix, F fO (cDNA-negative) controls were run for each primer set.
Results were normalized to 18S rRNA and the relative abundance of transcripts was
calculated using the comparative Ct method, corrected for primer efficiency as described
by Pfaffl (2001). The expression level o f mitofilin in the hearts of C.aceratus and C.
rastrospinosus was expressed relative to that in the hearts of N. coriiceps.
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2.2.5 Mitochondrial respiration assays
2.2.5.1

Isolation o f mitochondria
Heart ventricles were diced into 1-2 mm sized blocks on an ice-cold stage and

gently homogenized on ice in a Dounce homogenizer in 8-volumes of isolation buffer
(0.1 mol f 1 sucrose, 140 mmol l"1 KC1, 10 mmol I"1 EDTA, 5 mmol I"1 MgCl2, 20 mmol 1"
1 HEPES, 0.5% fatty-acid-free BSA, pH 7.3, 435 mOsm). Homogenate was centrifuged
at 1400 g for 5 min at 4° C. Supernatant was decanted and centrifuged at 9000 g for 10
min at 4° C, resulting in a mitochondrial p e lle t. The supernatant was removed and the
pellet was gently resuspended in 1 mL of isolation buffer. The suspension was then
diluted to 10 mL with isolation buffer and centrifuged at 1400 g for 5 min at 4° C. The
resulting supernatant was decanted and centrifuged at 11,000

for 10 min at 4° C. The

mitochondrial protein pellet was resuspended in assay buffer (173 mmol 1' sucrose, 135
mmol I’1 KC1, 5 mmol I 1 KH2P 0 4, 20 mmol I"1 HEPES, 0.5% fatty-acid-free BSA, pH
7.3, 435 mOsm) at a final concentration of approximately 10 - 15 pg pT1. The final
mitochondrial protein concentration was measured using the Lowry assay (Lowry et al.
1951) and mitochondrial protein concentration was calculated by subtracting the
concentration of BSA in the assay buffer from the total protein concentration.

2.2.5.2 Oxygen consumption o f isolated mitochondria
Mitochondrial respiration assays were carried out using a Clark-type oxygen
electrode (Strathkelvin Instruments Oxygen Meter Model 782). Respiration rates were
measured in a total volume o f 2.6-2.75 mL, with 2.5 mL of assay buffer (173 mmol
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sucrose, 135 mmol KC1, 5 mmol KH2PO4, 20 mmol HEPES, 0.5% fatty-acid-free BSA,
pH 7.3). 1 mmol I"1 malate was added to spark the Kreb’s cycle, and 5 mmol I"1 pyruvate
and 0.6 - 1.0 mmol I"1 ADP were added to measure state III respiration. State III and state
IV (ADP-depleted) respiration rates were recorded for 3 - 5 min at 2 °C, 10 °C, 22 °C, 26
°C, 35 °C and 40 °C. The temperature was controlled by a circulating water bath. The
respiratory control ratio (RCR) was calculated at 2 °C, 10 °C, 22 °C, 26 °C, 35 °C and 40
°C as the ratio between state III and state IV respiration rates. To ensure that a decline in
RCR and state III oxygen consumption rates at high temperatures was not due to
degradation of mitochondria over time, the RCR was calculated at the beginning and end
of each experiment at 2°C. No difference was found between the two RCR values. The
number of individuals measured at each temperature ranged from 2-6.

2.2.5.3 Calculation o fA B T
The Arrhenius break temperature (ABT, temperature at which a sharp change in
the slope of state III oxygen consumption rate vs. temperature is observed ) of state III
oxygen consumption rates was calculated using the method of two-phase regression
(Nickerson et al. 1989). This method calculates two regression lines for each data point.
The first regression line is calculated based on all values less than the data point and the
second regression line is calculated from all values greater than the data point. The ABT
for each species was calculated as the temperature at which the two regression functions
that best describe the data (i.e., the set of functions with the smallest sum of squares
error) intersected. We calculated the ABT using all values measured at each temperature.
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2.2.6 Statistical analysis
Significant differences in mitofilin expression among the hearts of
C. rastrospinosus and

coriiceps,

C.aceratus, and significant differences in state E l oxygen

consumption and RCR among mitochondria from the hearts of G. gibberifrons, C.
rastrospinosus and

C.aceratus, were determined using an ANOVA followed by a Tuke

Kramer HSD test. Significance was set at P < 0.05. The 95% confidence limits of the
ABT were calculated from the intersection of the 95% confidence limits of the mean for
the best-fit linear regressions above and below the ABT.

2.3 Results
2.3.1 Mitofilin expression
Mitofilin expression was 2 .14-fold lower in hearts of

aceratus compared to N.

coriiceps (Fig. 2.1). The level of mitofilin expression in hearts of

rastrospinosus was

not different from that in hearts of N. coriiceps or C. aceratus.

2.3.2 Mitochondrial respiration rates
State IE oxygen consumption rates were 1.2-fold higher in G. gibberifrons
compared to C. aceratus at 2 °C, while oxygen consumption rates in mitochondria from
C. rastrospinosus were not significantly different from either

gibberifrons or C.

aceratus (Fig. 2.2).
State IE oxygen consumption rates increased in a similar fashion between 10 °C
and 26 °C in all three species and did not differ significantly among the three species
within this temperature range. However, state IE oxygen consumption rates declined
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sharply in mitochondria from

C.aceratus and

rastrospinosus at temperatures above 26

°C . Between 26 °C and 35 °C state III oxygen consumption rates declined 27% in
mitochondria from

C.aceratus and 19% in mitochondria from

rastrospinosus. In

contrast, state III oxygen consumption rates continued to increase within this temperature
range in mitochondria from hearts

G.gibberifrons. State HI oxygen con

also significantly declined between 35 °C and 40 °C in mitochondria from icefish hearts
(C. aceratus, 72% decrease; C. rastrospinosus, 68% decrease). Oxygen consumption also
declined in mitochondria from G. gibberifrons within this temperature range, but to a
lesser extent (a 23% decrease) compared to mitochondria from icefish. Overall, state III
oxygen consumption rates in G. gibberifrons were higher at both 35 °C (1.7-fold) and 40
°C (4.0-fold) compared to C. aceratus and C. rastrospinosus.

2.3.3 Respiratory control ratio (RCR)
The RCR was higher in mitochondria from G. gibberifrons between 10 °C and 26
°C compared to C. rastrospinosus and C. aceratus (Fig. 2.3). The RCR was higher in
mitochondria from G. gibberifrons compared to C. aceratus at 2 °C. The RCR was not
significantly different between C. aceratus and C. rastrospinosus at any temperature.
RCR declined in all three species as temperature increased.

2.3.4 Arrhenius break temperature (ABT) of state III oxygen consumption rate

The ABT of state HI oxygen consumption was similar among mitochondria from
the hearts of G. gibberifrons, C. aceratus and C. rastrospinosus and occurred at 31.03 °C
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(95% CL: 29.83 °C - 32.29 °C), 28.66 °C (95% CL: 26.67 °C - 30.27 °C) and 28.57 °C
(95% CL: 25.92 °C - 30.05 °C), respectively (Pig. 2.4).

2.4 Discussion
Differences in mitochondrial structure are correlated with the expression of Hb
and Mb in Antarctic notothenioids (O ’Brien and Sidell 2000; Johnston et al. 1998; Archer
and Johnston 1991). To date, nothing is known about how these differences in
mitochondrial structure are maintained, or if these differences impact mitochondrial
function. Results presented here indicate that mitofilin, a key protein in determining
cristae morphology, may mediate differences in mitochondrial ultrastructure between
hearts of red- and white-blooded notothenioids. In addition, differences in mitochondrial
morphology between red- and white-blooded fishes appear to impact some aspects of
mitochondrial function.

Mitofilin expression is lower in the hearts o f the icefish C. aceratus, compared to the
red-blooded notothenioid, N. coriiceps
The expression of mitofilin is approximately 2-fold lower in hearts of

aceratus

compared to N. coriiceps. This difference in mitofilin expression is associated with
decreased lamellar cristae structure in mitochondria from the hearts of C. aceratus,
compared to N. coriiceps, suggesting that mitofilin may play a role in controlling inner
membrane structure in these fishes. While many proteins are known to regulate
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mitochondrial morphology, these results suggest that decreased expression of mitofdin
may be one factor affecting mitochondrial structure in the hearts of C. aceratus.

Differences in mitochondrial architecture are correlated with differences in
oxygen consumption rates o f isolated mitochondria between red- and white-blooded
notothenioids
We measured the state III oxygen consumption rate at 2 °C in mitochondria from
the hearts of the red-blooded notothenioid G. gibberifrons, and the icefish C.
rastrospinosus and

C.aceratus to determine whether differing mitochondrial

morphologies among these fish are associated with differences in mitochondrial
respiratory function. The state III oxygen consumption rate at 2 °C of mitochondria from
hearts of G. gibberifrons (46.67 nmol mg-1 mitochondrial protein min-1) is similar to
previous measurements of state III oxygen consumption in mitochondria isolated from
the oxidative skeletal muscle of the red-blooded notothenioids Trematomus newnesi (32
nmol mg-1 mitochondrial protein min-1 at -1 °C), Lepidonotothen nudifrons (30 nmol
mg-1 mitochondrial protein min-1 at -1 °C), and Notothenia coriiceps (25 nmol mg-1
mitochondrial protein min-1 at 2.5 °C) (Johnston et al. 1998). However, the state HI
oxygen consumption rate of mitochondria isolated from the hearts of C. aceratus is 18%
lower than that of G. gibberifrons at 2 °C. This suggests that alterations in mitochondrial
architecture in hearts of

C.aceratus, compared to G. gibberifrons, may result in

decreased respiratory function in icefish mitochondria.
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Mitochondria from the hearts o f icefishes are more sensitive to increases in
temperature compared to red-blooded species
We measured state III oxygen consumption rates in mitochondria from the hearts
of G. gibberifrons, C. rastrospinosus and C. aceratus at increasing temperatures to
determine whether differences in mitochondrial structure impact mitochondrial thermal
tolerance. State III oxygen consumption rates are similar among G. gibberifrons, C.
rastrospinosus and C. aceratus between 10 °C and 26 °C. However, oxygen consumption
rates decline dramatically in mitochondria from icefishes at 35 °C and above. The state III
oxygen consumption rates of mitochondria from the hearts of C. aceratus and C.
rastrospinosus are 44 % and 40 % lower at 35 °C, respectively, compared to those in G.
gibberifrons. This disparity is even more dramatic at 40 °C, at which point state III
oxygen consumption rates of mitochondria from the hearts of C. aceratus and C.
rastrospinosus are 77 % and 73 % lower than those in G. gibberifrons .
Previous studies in Antarctic invertebrates and other marine invertebrates have
demonstrated that reactive oxygen species (ROS) formation during state III oxygen
consumption increases in response to heat stress (Heise et al. 2003; Abele et al. 2002).
Moreover, the higher dissolved oxygen content of lipid-rich tissues may increase the
susceptibility of membrane lipids to oxidative damage in polar ectotherms (see Abele and
Puntarulo 2004 for review). The higher lipid-to-protein ratio in icefish mitochondria may
lead to the decrease in state III oxygen consumption rates at high temperatures.
The ABTs of mitochondria isolated from the hearts of G.gibberifrons, C. aceratus
and C. rastrospinosus are higher than those previously reported for notothenioids. We
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found that the state III ABTs of

C.aceratus, C. rastrospinosus and G. gibb

28.66 °C, 28.57 °C and 31.03 °C respectively, compared to 20.3 °C for the Antarctic
notothenioid Trematomus bem achii (Weinstein and Somero 1998). These ABTs fall
within or slightly below the range of state III ABTs reported for the temperate teleosts
Sebastes cam atus and Sebastes mystinus. These results are not consistent with previous
studies, which have determined that state III ABTs correlate with habitat temperature
(Weinstein and Somero 1998; Dahlhoff and Somero 1993; Dahlhoff et al. 1991). These
studies have attributed lower state III ABTs in ectotherms living in chronically cold,
stenothermic environments (e.g. Antarctic fish) to a high degree of specialization to cold
and decreased exposure to fluctuating temperatures (Weinstein and Somero 1998).
Although our findings contradict this view, they are consistent with recent research
demonstrating that the red-blooded notothenioid Pagothenia borchgrevinkin is capable of
adjusting metabolic enzyme activity and cardiac performance in response to warm
acclimation (Franklin et al. 2007). .

Increased uncoupling in mitochondria from the hearts o f C. aceratus and C.
rastrospinosus may decrease ROS production
We measured the respiratory control ratio (RCR) of state III oxygen consumption
in mitochondria isolated from the hearts of G. gibberifrons, C. aceratus and C.
rastrospinosus at temperatures of 2 °C, 10 °C, 22 °C, 26 °C, 35 °C and 40 °C to determine
whether differences in expression of mitofilin and inner mitochondrial membrane
morphology are associated with differences in the degree of mitochondrial uncoupling in
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these fish. RCR ranged from 18.4 to 1.4 at temperatures from 2 °C to 40 °C in
and

aceratus

C.rastrospinosus, compared to a range of 29.6 to 1.7 over the same temperatures in

G. gibberifrons. These RCR values are similar to the range of 4.2 to 10.0, which has been
considered to be indicative of well-coupled mitochondria in previous studies of RCR in
notothenioids (Johnston et al. 1998). However, RCRs are consistently lower at all
temperatures measured below 35 °C in C. aceratus and C. rastrospinosus, compared to G.
gibberifrons. These results indicate that mitochondria in the hearts of C. aceratus and C.
rastrospinosus are uncoupled to a greater degree than those in the hearts of G.
gibberifrons.
Mitochondrial uncoupling may minimize the formation of ROS (Papa and
Skulachev 1997). ROS are produced in mitochondria when electrons are inefficiently
transferred between electron transport chain proteins (see Turrens 2003, for review) and
react with oxygen to form the superoxide anion (O2 *). Superoxide production leads to
the formation of additional reactive oxygen species, such as hydrogen peroxide (H2O2)
and hydroxyl radicals (OH*) (Fridovich 1995). ROS formation increases when the rate of
electron flow through the electron transport chain decreases (e.g., during state IV
respiration) (Boveris et al. 1972). Mild uncoupling increases the rate of electron flow
through the electron transport chain, thereby reducing ROS formation (for review, see
Brand et al. 2004). In addition, studies have demonstrated that the uncoupling protein
UCP2 may be involved in the reduction of ROS formation in mammals (Arsenijevic et al.
2000; Garlid and Jaburek 1998), as evidenced by increased ROS production in UCP2knockout mice. Moreover, UCP2 is expressed in the hearts of fish (Coulibaly et al. 2006).
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Increased susceptibility to oxidative damage of mitochondria in the ventricle tissue of C.
aceratus and

C.rastrospinosus, compared to G. gibberifrons, may require an increase in

mitochondrial uncoupling to minimize ROS production.

2.5 Conclusions
In conclusion, our results demonstrate that less lamellar cristae structure in
mitochondria from the hearts of the Mb- icefish C. aceratus, compared to red-blooded
notothenioids, is associated with decreased mitofilin expression. This suggests that
mitofilin may be one protein affecting mitochondrial structure in the hearts of C.
aceratus. Moreover, differences in inner mitochondrial membrane architecture between
the hearts of the red-blooded notothenioid G. gibberifrons, and the icefish C.
rastrospinosus and C. aceratus, are associated with decreased rates of state III oxygen
consumption in icefish, compared to G. gibberifrons. These results suggest that
differences in mitochondrial architecture may impact mitochondrial function at low
temperatures in Mb- icefish, and may increase mitochondrial thermal sensitivity in icefish
hearts. We suggest that increased mitochondrial thermal sensitivity in hearts of icefish
may be due to increased oxidative damage to mitochondrial membranes caused by
increased lipid-to-protein ratio in these membranes, compared to G. gibberifrons. In
addition, mitochondria from hearts of icefish are uncoupled to a greater degree than those
from G. gibberifrons. This may be a strategy to minimize ROS production in these
mitochondria. Finally, ABTs for all three notothenioids are consistent with those
previously measured in temperate teleosts (Weinstein and Somero 1998), indicating that

84

mitochondria in the hearts of notothenioids may function at higher temperatures than
previously suggested.
Further experiments are required to confirm and characterize the role of mitofilin
in regulating mitochondrial inner membrane morphology in Mb- icefish hearts. The
specific mechanism by which changes in inner mitochondrial membrane morphology
impact state III oxygen consumption in Mb- icefish hearts should also be characterized.
In addition, future studies should investigate potential differences in ROS production and
oxidative damage to mitochondrial membranes among the hearts of red- and whiteblooded notothenioids.
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2.7 Figures

1.4

N. coriiceps C. rastrospinosus C. aceratus

Figure 2 .1 .Expression level of mitofilin in heart ventricular tissue of C. aceratus (Hb
- / Mb -), C. rastrospinosus (Hb - / Mb +), and N. coriiceps (Hb + / Mb +). Expression
level of mitofilin was measured in ventricle tissue by real time quantitative PCR (p <
0.05, N = 8). Letter a, ab, and b denote significant differences among species.
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Figure 2.2. State III oxygen consumption rate of isolated mitochondria from heart
ventricles of C. aceratus (Hb - / Mb -), C. rastrospinosus (Hb - / Mb +), and G.
gibberifrons (Hb + / Mb +). Letters a, and b denote significant differences among
species at a particular temperature (p < 0.05, N = 2-6).

87

Temp (°C)

Figure 2.3. Respiratory control ratio (RCR) of isolated mitochondria from heart
ventricles of C. aceratus (Hb - / Mb -), C. rastrospinosus (Hb - / Mb +), and G.
gibberifrons (Hb + / Mb +). Mitochondrial oxygen consumption was measured in
ventricle tissue at increasing temperatures. RCRs for each temperature were calculated as
the ratio of state III oxygen respiration rate to state IV oxygen respiration rate. Letters a
and b denote significant differences among species at a particular temperature (p < 0.05,
N = 2-6).
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Figure 2.4. Arrhenius break temperatures (ABTs) of state III oxygen consumption
rates in C. aceratus (Hb - / Mb -), C. rastrospinosus (Hb - / Mb +), and G.
gibberifrons (Hb + / Mb +). Mitochondrial oxygen consumption was measured in
ventricle tissue at increasing temperatures. ABT’s were calculated using two-phase
regression technique (Nickerson et al. 1989).
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Appendix 2. A
Primers used for Degenerate and real-time quantitative PCR.

TABLE 2.A-1
Degenerate primers used to obtain partial gene sequence for mitofilin.*
Gene

Primer (5’-3’)

Mitofilin Forward: AACATGATCGTGGACCTGGAYAANGTNGT
Reverse: TGTCCAGTGTGAAGTTGTCCAVYTGYTCYTG

PCR product
Size (bp)
606

* N, R, and Y indicate nucleotides that are different (degenerate) between homologous
sequences (N = A+C+G+T, R = A+G, Y=C+T)

TABLE 2.A-2
Primers used for real time quantitative PCR
Gene

Primer (5’-3’)

Mitofilin

Forward: AGCAGGAGAGGAAGCTGTCTGA
Reverse: TCCTCATCTCCGCCTCCAT

PCR product
Size (bp)
50

ace ratus
coriiceps
rastrospinosus
aculeatus
rubripes
latipes
re rio

108 --------------------------------------------------acatgatcgt
108 -------------------------------------------------aacatgatcgt
108 ------------------------------------------------ aacatgatcgt
108 ggtctctgctgttcgcccactggttctagcggcagaggagaacctccataacatggtggt
108 ggtagctgctgttcgccctctgattttagcagcagaggagaacctccacaacatgacggt
108 ggtggccgccgtccgcccgctggtcctggcagctgaagagaacctgcataagatggtggt
108 gattgattcggcgagaccgcagatcctggccgctgaggagaacttgcacagcatgattgt

C.
N.
C.
G.
T.
o.
D.

aceratus
coriiceps
rastrospinosus
aculeatus
rubripes
latipes
re rio

114
114
114
114
114
114
114

ggacctggacaaagtcgtaactaaggtgcagtcatcagagtcagaagctaagattgtctc
ggacctggataaggtggtaactaaggtgcagtcatcagagtcagaagctaagattgtctc
ggacctggacaatgtcgtaactaaggtgcagtcatcagagtcagaagctaagattgtctc
ggacttggaccgagtggtgactaagttgcagtctgcagagtccgaatctaagattgtcag
ggacttggacaaagtggttacgaaagttcaaaccgcagagtcggaagctaaaattgtctc
ggacctggacagagtcgtggctcaggtgcagtcggctgaggtggagtccaagatcgtgtc
ggatctggacaaagttgtaaccaaggtgcagacggcacagtccgaggccaagatcgtgtc
* is*
* * isis
isis isis is is is isis is is is is is is is isis isis isis
C. aceratus
120 ccagtacagtgagctggttaatgaagccaaactacagttccagagggaggtgaccagcct
N. coriiceps
120 ccagtacagtgagctggttaatgaagccaaactacagttccagagggaggtgaccagcct
C. rastrospinosus 120 ccagtacagtgagctggttaatgaagccaaactacagttccagagggaggtgaccagcct
G. aculeatus
120 ccagtacagtgacctggttaatgaagccaaactacagttccagagggaagtaagcagcct
T. rubripes
120 ccagtacagtgaactgcttaaagaggccaaacagcagttccagagggaagtaagcagcct
O. latipes
120 ccagtacagtgacctggtccaggaagccaagcagcagttccagaaggaggtcagcagcct
D. re rio
120 tcagtacagtgagctggtaaatgaagctaaagctcagttccagcaggagcttgccaacat
* * * isisisisisisisis isisis is
is isis isis isis
isisisisisisis is is isis is is
isis is is
C. aceratus
126 cactccagagatccaggccaactggaaggggctca--------------ctggtaagct
N. coriiceps
126 cactccagagatccaggccaactggaaggggctca-------------- ctggtaagct
C. rastrospinosus 126 cactccagagatccaggccaactggaaggggctca--------------ctggtaagct
G. aculeatus
126 cactccagagatccaggccaactggaagggcctca--------------ctggtaaact
T. rubripes
126 aactccagagatccaggccaactggaagggactca--------------ctggtaagct
O. latipes
126 gactccagagatccaagccaactggaaaggcctcagtgagtcagacttagcggggaagct
D. re rio
126 cacacctgagatccaggccaactggaaaggactat--------------cgggaaagct
☆ is isis isisisis isisisis is isisisisisisisisisis isis isis
is isis isis isis

Fig. 2.B-1 Mitofilin sequence obtained with PCR from C. aceratus, C. rastrospinosus and
coriiceps
aligned with published homologous sequence from four other fish species. Numbering is based on
longest sequence (D. rerio). Asterisks indicate nucleotides conserved between all seven species (60 %
sequence identity). Colored regions indicate sequences where the forward (dark grey) and reverse
(light grey) qRT-PCR primers anneal. Gaps indicate nucleotides in primer sequences that are not
conserved between the three fish studied and a particular species. Vertical bar indicates splice site.

Appendix 2.B
Sequence alignment of mitofilin from C. aceratus, C. rastrospinosus and N. coriiceps
with homologous gene sequences.

C.
N.
C.
G.
T.
O.
D.

IB 7 gtcggaggatgacctgaactcgctgatcgcccacgctcaccggcgcatcgaccagctgaa
132 gtcggaggatgacctgaacgcgctgatcgcccacgctcaccggcgcatcgaccagctgaa
132 gtcggaggatgacctgaactcgctgatcgcccacgctcaccggcgcatcgaccagctgaa
132 gtcagcggacgacctgaacgccctgatcgcgcacgcacaccgtcgcattgaccagctgaa
132 gtcggaggatgacctgaatgctctgatagcccacgcacaccgtcgcatcgaccagctgaa
132 gtccacggacgacctgaacgccctgattgcccacgctcaccgccggatcgaccagctgaa
132 gagcgcagatgatctgaactctctgattgctcatgcccaccggcgcatcgaccagctaaa
it
* * * * * *** *
* * * * * * * * * it * * it it * it it it it it it it it it it it it it * * *
C. aceratus
138 ccgagagctggcggagcagagggtcagggagcagatccacatcgacgcctcgctggagca
N. coriiceps
138 ccgagagctggcggagcagagggtcagggagcagatccacatcgacgcctcgctggagca
C. rastrospinosus 138 ccgagagctggcggagcagagggtcagggagcagatccacatcgacgcctcgctggagca
G. aculeatus
138 tcgggagcttgctgagcagagagtcagagagcagatccacatcgatgcatcgctggagca
T. rubripes
138 ccgagagctggctgagcagagagtgactgaacagatccacatcgatgcagcgctggaaca
O. latipes
138 ccgagagctggcagagcagagagtccgggagcaggtccacatcgatgcggctctgcagca
D. re rio
138 ccgagagctggcagagcagcgcgtgagggagcagatccacattgaagtggctctagagca
* * it it it it it it it it it it it it it it it it
it it it it it it it itit it itit it it it
it it it it it it
C. aceratus
144 gcagaggctggaggaccagaaggccctggagaaggccgtgagcaccgccctgcagcacgt
N. coriiceps
144 gcagaggctggaggaccagaaggccctgaagaaggccatgagcaccgccctgcagcacgt
C. rastrospinosus 144 gcagaggctggaggaccagaaggccctggagaaggccgtgagcaccgccctgcagcacgt
G. aculeatus
144 gcagaagctggaggaccagaaagccctggagaaggccgtcctcaccgccgtgcagcacat
T. rubripes
144 gcagaaactagagcaccaaaagtccttgagcaaaaccgtcaatactgccttgcagcacgt
O. latipes
144 gcagaagctggaggaccagagagtgctggagagggccgtcagctcctcactgcagcacgt
D. re rio
144 gcagaagctggaggatcagaaagcgcaggagagagccgtgatttctgctctggagcacag
***** ** *** * ** *
*
*
** *
* * ** *****
C. aceratus
150 caaggaggaggcccggctggp
Oga'ag ctgtctgjgaatgagggaggtgatgga
N. coriiceps
150 caaggaggaggcccggctggl
aatgagggaagtgatgga
C. rastrospinosus 150 caaggaggaggcccggctggl
cfgtctgaaatgagggaggtgatgga
G. aculeatus
150 caaggaggacacgcggctggldcc
ctgtctgaattgagggaagtgatgga
T. rubripes
150 cacggaggaggctcgcttggagcaggagagga
ctgtctgagttgagggaagtgatgga
O. latipes
150 gaaggaggaggcccggctggfeigeaagaaagaa
atgaacgaagtgagggaggtgatgga
D. re rio
150 ccgagaggacatgagactcg|
jttcaggaggtgcgtgaagtgatgga
it it it it it
it it it itit it it it it it it it it it
C. aceratus
N. coriiceps
C. rastrospinosus
G.
aculeatus
T. rubripes
0.
latipes
D. re rio

Fig. 2.B-1 cont.

VO
O n

C.
N.
C.
G.
T.
O.
D.

aceratus
coriiceps
rastrospinosus
aculeatus
rubripes
latipes
re rio

156
156
156
156
156
156
156

C.
N.
C.
G.
T.
O.
D.

aceratus
coriiceps
rastrospinosus
aculeatus
rubripes
latipes
re rio

174
174
174
174
174
174
174

ggcggagatgaggactcagctgcggcggcaggcagcggctcacaccgaccacgtccagga
ggcggagatgaggactcagctgcggcggcaggcagcggctcacaccgaccacgtccagga
ggcggagatgaggactcagctgcggcggcaggcagcggctcacaccgaccacgtccagga
ggcagagettgaggactcagctccggcgtcaggcagcggctcacacagaccatgtccaaga
ggcagagatgagaactcagctccggcgccaagctgccgctcacaccgaccacgtccgtga
ggcggagatgaggactcagctgcggcgtcaagcggcggctcacacggaccacgtccgaga
ggctgatjitgaggactcagttgcgtcgtcaggctgctgcacacacagatcacctgcggga
*** ******** **** ** * ** ** ** ** ** ** ***** ** ** * * **
C. aceratus
162 cgtcctgaaggtgcaggagacggagctgagggccgacgctgagcag-tgctgatcaggaa
N. coriiceps
162 cgtcctgaaggtgcaggagacggagctgagggccgacgctgagcaggtgctgatcaggaa
C. rastrospinosus 162 cgtcctgaaggtgcaggagacggagctgagggccgacgcggagcaggtgctgatcaggaa
G. aculeatus
162 tgtcctcaaagtccaggagcaggagctgagagctgatgctgagcaggtcctgggcagtaa
T. rubripes
162 cgtgattaaagtccaggagcaggagctgagatctgaggctgaacaggtcttgagcagtaa
O. latipes
162 tgtgctgaaggtccaggagcaggagctgcgagctgaagctgagcagattctgagcagtaa
D. re rio
162 cgtgctcaaggttcaggaacaggagctgcgtgaagaggctcaagagattctgaacagtaa
it it it it it it it
* * * * * * * * iV* * *
* ** * * * * *
* ** * *
* -A* *
C. aceratus
168 gctgctggagca--gagaccagctacaggcagctgagccaggagcagctggacaacttca
N. coriiceps
168 gctgctggagcagggagaccagctacaggcagctgagccaggagcaagtggacaacttca
C. rastrospinosus 168 gctgctggagca-ggagaccagctacaggcagctgagccaggagcagctggacaacttca
G. aculeatus
168 gttgctggagca-ggagacaagctaccgccagctgagccaagaacagctggataacttca
T. rubripes
168 gatgctcgaaca-ggagaccaaattccgtcagctcagccaggagcagctggataacttta
O. latipes
168 actcctggagca-ggacactctgcaccgtcagctgacccaggaacagctggacagcttca
D. re rio
168 gatgatggagca-agaaactcattaccgcagactgactcaagaacagctggacaccttca
*

*

*

Fig. 2.B-1 cont.

sV*

* *

* * * *

*

*

* *

*

* * * * *

*

***

*

* ** * *

cactggac--------------------------------------------------cactggacaa------------------------ ------------------------cactggacaa------------------------------------------------ctctggatatgaacacggcctacgcaaggctcaaggggatggaggaggccatagacagcc
ctctggacatgaacacagcctatgcaagactgaagggggtggaagaagccatagacagcc
ctctggacatgaatgctgcatatgctcgcctgaagggggtggaggaggccatcgacagtc
ccctggacatgaacgcagcttacgctcgtctgaaaggcattgaagaggccatagacagtc
* * * * *

TABLE 2.B-1
Accession numbers for homologous fish gene sequences used in alignments.
Gene
Mitofilin

Species
Danio rerio
Gasterosteus aculeatus
Oryzias latipes
Takifugu rubripes
Notothenia coriiceps

* Sequence obtained from Ensembl database.

Number
BC057438.1
ESGACT00000025961 *
ES ORLT00000025573*
SINFRUT00000148612*
AY520118.1

99
General Conclusions
In conclusion, our results show that increased mitochondrial density in the heart
ventricles of the icefish C. aceratus, compared to the red-blooded N. coriiceps, are not
correlated with changes in the expression of P G C -la and NRF-1, or with changes in the
levels of downstream products of mitochondrial biogenesis (mtDNA and CS expression).
Previous studies demonstrated a decreased surface-to-volume ratio of mitochondria in
icefish, compared to some red-blooded notothenioids (O'Brien and Sidell, 2000; Urschel
and O ’Brien, 2008). Taken together, these results indicate that high mitochondrial
densities in the hearts of Mb- icefish are maintained by a novel pathway leading to an
increase in the size of individual mitochondria, rather than an increase in the number of
mitochondria. To our knowledge, this is the first example in any organism, in which the
synthesis of mitochondrial membranes is decoupled from protein synthesis and mtDNA
replication during mitochondrial biogenesis.
Moreover, we found that less lamellar cristae structure in mitochondria from the
hearts of white-blooded notothenioids, compared to red-blooded notothenioids, is
correlated with a decrease in the expression of mitofilin, a protein which has been
implicated in the remodeling of the mitochondrial inner membrane (John et al., 2005).
These results suggest that mitofilin may be involved in the regulation of inner
mitochondrial membrane morphology in these fish.
Measurements of mitochondrial oxygen consumption in the hearts of G.
gibberifrons, C. aceratus and C. rastrospinosus revealed lower oxygen consumption rates
*

and increased uncoupling at some temperatures in the icefish, compared to G.
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gibberifrons. We suggest that lower mitochondrial oxygen consumption rates in icefish at
high temperatures may be due to increased oxidative damage to mitochondrial
membranes caused by higher mitochondrial lipid densities (O ’Brien and Sidell, 2000).
Furthermore, increased uncoupling in icefish may be a mechanism for controlling ROS
formation in these fish. Finally, ABTs for all three notothenioids are consistent with those
previously measured in temperate teleosts (Weinstein and Somero, 1998), indicating that
mitochondria in the hearts of notothenioids may function at higher temperatures than
previously suggested. These results are consistent with those of recent studies which have
demonstrated that Antarctic notothenioids are capable of acclimating to higher
temperatures than previously thought (Weinstein and Somero, 1998; Dahlhoff and
Somero, 1993; Dahlhoff et al., 1991).
Future studies should focus on identifying factors involved in regulating
mitochondrial membrane biosynthesis and morphology in the hearts of Antarctic icefish.
Potential signal transduction pathways that may control the expression and/or function of
these proteins should also be investigated. Specifically, the role of NO in regulating
mitochondrial membrane proliferation, if any, should be examined. Further experiments
are needed to confirm the involvement of mitofilin in regulating inner mitochondrial
membrane morphology in the hearts of icefish. Moreover, the specific biochemical
function of mitofilin in the remodeling of inner mitochondrial membranes in icefish
hearts, and the specific mechanism by which this remodeling affects mitochondrial
function, should be characterized. Potential differences in ROS production and oxidative

damage to mitochondrial membranes among the hearts of red- and white-blooded
notothenioids should also be investigated.
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