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Cardiacmitochondrial metabolismmay contribute to differences in
thermal tolerance of red- and white-blooded Antarctic notothenioid
fishes
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Karen Schlauch5, Rebekah Woolsey6, Megan Hoffman1 and Sean Merriman1

ABSTRACT
Studies in temperate fishes provide evidence that cardiac
mitochondrial function and the capacity to fuel cardiac work
contribute to thermal tolerance. Here, we tested the hypothesis that
decreased cardiac aerobicmetabolic capacity contributes to the lower
thermal tolerance of the haemoglobinless Antarctic icefish,
Chaenocephalus aceratus, compared with that of the red-blooded
Antarctic species, Notothenia coriiceps. Maximal activities of citrate
synthase (CS) and lactate dehydrogenase (LDH), respiration rates of
isolated mitochondria, adenylate levels and changes in mitochondrial
protein expression were quantified from hearts of animals held at
ambient temperature or exposed to their critical thermal maximum
(CTmax). ComparedwithC. aceratus, activityofCS,ATPconcentration
and energy charge were higher in hearts of N. coriiceps at ambient
temperature and CTmax. While state 3 mitochondrial respiration rates
werenot impairedbyexposure toCTmax in either species, state 4 rates,
indicative of proton leakage, increased following exposure to CTmax in
C. aceratus but not N. coriiceps. The interactive effect of temperature
and species resulted in an increase in antioxidants and aerobic
metabolic enzymes in N. coriiceps but not in C. aceratus. Together,
our results support the hypothesis that the lower aerobic metabolic
capacity ofC. aceratus hearts contributes to its low thermal tolerance.

KEY WORDS: Mitochondria, Aerobic metabolism, Cardiac muscle,
Antarctic fish

INTRODUCTION
The Western Antarctic Peninsula region is warming at an
unprecedented rate (Cheng et al., 2017; Clarke et al., 2007; King,
1994; Meredith and King, 2005; Turner et al., 2014). While the
impacts of warming on phytoplankton, invertebrates and penguin
populations have been documented (Atkinson et al., 2004; Ducklow
et al., 2007; Trivelpiece et al., 2011), the consequences for the fish
fauna are largely unknown. The extreme stenothermy of Antarctic
fishes was first described 50 years ago for several species of
notothenioids that displayed an upper incipient lethal temperature of

only ∼6°C (Somero and DeVries, 1967). More recent studies have
demonstrated that some, but not all, Antarctic fishes have a limited
capacity to adjust certain aspects of their physiology (e.g. aerobic
metabolic capacity and heart rate) in response to acclimation 6–7°C
above ambient temperature (−1.8°C) (Egginton and Campbell,
2016; Franklin et al., 2007; Jayasundara et al., 2013; Sandersfeld
et al., 2015; Seebacher et al., 2005). However, it is unknown
whether any of these malleable traits constrain thermal tolerance.
The capacity of the Antarctic fish fauna to persist as the climate
warms will ultimately depend upon the phenotypic plasticity and
adaptive capacity of key physiological traits limiting thermal
tolerance (Chevin et al., 2010; Seebacher et al., 2015). Therefore,
the identification of those traits is paramount to predicting the
potential for notothenioids to survive in a warming world.

Haemoglobinless Antarctic channichthyid icefishes have a lower
critical thermal maximum (CTmax) than red-blooded notothenioid
fishes inhabiting the Western Antarctic Peninsula region (Beers and
Sidell, 2011). While it is tempting to attribute this difference in
thermal tolerance to the approximately 90% lower arterial oxygen-
carrying capacity of icefishes compared with red-blooded fishes,
supplemental oxygen does not increase CTmax, indicating that
oxygen does not limit upper thermal tolerance as measured by
CTmax (Devor et al., 2016), as has also been shown for temperate
fishes (Ekström et al., 2016; Wang et al., 2014). Based on studies of
temperate fishes and invertebrates, cardiac performance appears to
influence thermal tolerance (Farrell, 2009; Stillman and Somero,
2000). Consistent with this, recent studies (Joyce et al. 2018; S. E.
Egginton, M. Axelsson, E. L. Crockett, K. M. O’Brien and A. P.
Farrell, unpublished) show that maximum cardiac performance is
also limited at warm temperatures in notothenioids.

Although the molecular mechanism(s) underlying cardiac failure
in fishes at elevated temperature has not been fully elucidated,
mitochondrial function is a strong candidate (Hilton et al., 2010;
Iftikar and Hickey, 2013; Iftikar et al., 2014; Leo et al., 2017).
Studies of both temperate and tropical fishes have shown that
mitochondrial function becomes impaired at temperatures less than
that of heart failure (THF) (Iftikar and Hickey, 2013; Iftikar et al.,
2014). In a temperate species, Notolabrus celidotus, the efficiency
of ATP production declines at assay temperatures lower than THF as
a result of a greater increase in the rate of proton leak compared with
flux through the electron transport system (ETS) as temperature
increases (Iftikar and Hickey, 2013). Exposure of fishes to acute
heat stress also increases mitochondrial membrane leakiness in N.
celidotus (Iftikar and Hickey, 2013), in its congener Notolabrus
fucicola and in the tropical Thalassoma lunare (Iftikar et al., 2014).
Similarly, cardiac mitochondria from Arctic polar cod (Boreogadus
saida) display an apparent decrease in the efficiency of ATP
synthesis and activity of cytochrome c oxidase, and an increase inReceived 22 January 2018; Accepted 4 June 2018
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mitochondrial membrane leakiness at temperatures lower than those
for the more thermally tolerant Atlantic cod (Gadus morhua) (Leo
et al., 2017). The capacity of mitochondria to synthesize ATP is
dependent not only on the integrity of the inner mitochondrial
membrane and activity of ETS complexes but also on the activity of
the Krebs cycle, which provides reducing equivalents (NADH and
FADH2) to the ETS. In hearts of the European perch (Perca
fluviatilis), the activity of citrate synthase (CS) is more thermally
sensitive than components of the ETS, declining in activity at
temperatures lower than the CTmax, potentially limiting cardiac
performance and hence thermal tolerance (Ekström et al., 2017).
In this study, we tested the hypothesis that mitochondrial function

and the capacity to synthesize ATP through aerobic metabolic
pathways in ventricular myocardium contribute to a lower thermal
tolerance of the icefishChaenocephalus aceratus comparedwith the
red-blooded nototheniid Notothenia coriiceps. We selected these
two species because their thermal tolerance has been well
characterized and differs by 3.2°C, and some aspects of their
cardiac metabolism have been described (Beers and Sidell, 2011;
Devor et al., 2016;Mueller et al., 2012; O’Brien et al., 2014; Urschel
and O’Brien, 2009). We measured cardiac mitochondrial function,
adenylate and lactate levels, and maximal activities of CS and lactate
dehydrogenase (LDH) in hearts of fishes either held at ambient
temperature or following exposure to their CTmax. The CTmax

protocol is commonly used to assess thermal tolerance in organisms
because it can be measured in a large number of animals within a
short period of time (Beitinger et al., 2000; Lutterschmidt and
Hutchinson, 1997). We also quantified changes in mitochondrial
protein expression in response to CTmax using mass spectrometry.
The results show that N. coriiceps hearts have a higher aerobic
metabolic capacity compared with those of C. aceratus at ambient
temperature and CTmax, which was correlated with higher ATP
levels and energy charge at both temperatures. While state 3
respiration rates in cardiac mitochondria were not impaired in either
species following exposure to CTmax, proton leakage (state 4 rate)
increased in C. aceratus but not N. coriiceps. Unlike C. aceratus
hearts, N. coriiceps hearts increased expression of several
mitochondrial proteins in response to CTmax, including aerobic
metabolic enzymes and antioxidants. Together, these adjustments
may contribute to the superior cardiac performance ofN. coriiceps at
elevated temperature and greater maximal sustainable temperature.

MATERIALS AND METHODS
Animal collection
Animals were collected in April–June 2015 off the southwestern
shore of Low Island (63°30′S, 62°42′W) and in Dallmann Bay
(64°08′S, 62°40′W). Specimens of C. aceratus (Lönnberg 1906)
(1540±448 g, mean±s.d.) were collected using otter trawls deployed
from the ARSV LaurenceM.Gould, whereasN. coriicepsRichardson
1844 (1157±449 g) were collected using both otter trawls and baited
fish traps. Animals were held in flow-through seawater tanks on board
the Laurence M. Gould and transferred to aquaria at the US Antarctic
research station, Palmer Station, where they were held in circulating
seawater tanks maintained at 0±1.0°C. Notothenia coriiceps were fed
once every 2–3 days a diet of chopped fish; icefish do not feed in
captivity so these animals were used within ∼10–14 days of capture.
All procedures were approved by the University of Alaska, Fairbanks
Institutional Animal Care Committee (570217-9).

Measuring CTmax
CTmax was measured as the temperature at which cardiac function
failed during warming or animals displayed loss of righting

response as described previously (Devor et al., 2016). For
measuring CTmax as loss of cardiac function, fish were
anaesthetized in MS222 (1:7500) dissolved in seawater and
placed dorsal-side up on a thoracic cradle. Gills were irrigated
with MS222 (1:10,000) dissolved in seawater. Electrocardiogram
(ECG) recording electrodes were inserted through the opercular
septum at the base of the left fourth gill arch using a hypodermic
needle, ensuring that the pericardial cavity was not compromised.
Bipolar ECG signals were recorded using a bioamplifier (ML 136)
interfaced with a digital recording system and LabChart v7
(PowerLab, ADInstruments, Colorado Springs, CO, USA)
(Fig. S1). Fish were allowed to recover for 24–48 h (according to
recovery of maximal heart rate variability determined from ECG)
before CTmax was measured by increasing the temperature at a rate
of 3.6°C h−1, as described previously (Devor et al., 2016). Animals
were held in a cradle to minimize movement; aquarium lights were
turned off for the duration of the experiments and animals were
observed under red light. Routine (minimum) heart rates of fish in
the cradle were similar to those obtained from unrestrained fish with
implantable heart rate data loggers (Campbell et al., 2008, 2007).
Temperature data loggers (HOBO, Onset Computer, Pocasset, MA,
USA) were deployed in each tank to continuously record water
temperature. Once cardiac function failed, animals were
immediately removed from the cradle and killed by a sharp blow
to the head followed by spinal transection. Heart ventricles were
rapidly excised and blood cleared from the ventricular lumen by
rinsing in ice-cold notothenoid Ringer’s solution (260 mmol l−1

NaCl, 2.5 mmol l−1 MgCl2, 5.0 mmol l−1 KCl, 2.5 mmol l−1

NaHCO3, 5.0 mmol l−1 NaH2PO4, pH 8.0). Fresh tissue was used
for isolating mitochondria. Enzyme activity was measured using
tissues flash frozen in liquid nitrogen. Adenylate and lactate levels
were measured in freeze-clamped heart ventricles. All frozen tissues
were stored at −70 to −80°C.

Mitochondrial function
Heart ventricles were minced into 1–2 mm blocks on an ice-cold
stage and then gently homogenized with 6 passes of a pestle in a
Tenbroeck homogenizer in 8 volumes of isolation buffer (0.1 mol l−1

sucrose, 140 mmol l−1 KCl, 10 mmol l−1 EDTA, 5 mmol l−1

MgCl2, 20 mmol l−1 Hepes, 0.5% fatty acid-free BSA, pH 7.3 at
4°C, 435 mOsm) as described in Urschel and O’Brien (2009). The
homogenate was then centrifuged at 1400 g for 5 min at 4°C. The
supernatant was collected and centrifuged at 9000 g for 10 min at 4°
C. The resulting pellet was gently resuspended in 1 ml of isolation
buffer and then diluted to 10 ml with isolation buffer and centrifuged
at 1400 g for 5 min at 4°C. The supernatant was then decanted and
centrifuged at 11,000 g for 10 min at 4°C. The mitochondrial pellet
was gently resuspended in assay buffer (173 mmol l−1 sucrose,
135 mmol l−1 KCl, 5 mmol l−1 KH2PO4, 20 mmol l−1 Hepes, 0.5%
BSA, pH 7.3 at 4°C, 435 mOsm).Mitochondriawere frozen in liquid
nitrogen and stored at −70 to −80°C until used to measure ATP
synthase and succinate dehydrogenase activities or were used
immediately to measure mitochondrial respiration rate. In some
cases, hearts from two N. coriiceps were pooled for mitochondrial
isolation. Protein concentration was determined using the Bradford
assay (Bradford, 1976).

Mitochondria used to quantify protein expression by mass
spectrometry were isolated as described in Urschel and O’Brien
(2009), except that the isolation buffer lacked BSA, and when
resuspended the second time the isolation buffer was supplemented
with one tablet of Complete Mini Protease Inhibitor (Roche
Diagnostics, Indianapolis, IN, USA) per 10 ml buffer. The final

2

RESEARCH ARTICLE Journal of Experimental Biology (2018) 221, jeb177816. doi:10.1242/jeb.177816

Jo
u
rn
al

o
f
Ex

p
er
im

en
ta
lB

io
lo
g
y

http://jeb.biologists.org/lookup/doi/10.1242/jeb.177816.supplemental


mitochondrial pellet was resuspended in RIPA buffer (50 mmol l−1

Tris-HCl, 150 mmol l−1 NaCl, 1% Triton X-100, 0.5% sodium
deoxycholate, 0.1% SDS, 1 mmol l−1 EDTA, 1 mmol l−1 PMSF,
pH 7.4 at 4°C), frozen in liquid nitrogen and stored at−70 to−80°C.
Mitochondrial respiration rates were measured at 2 and 10°C in

duplicate (when possible) using an SI130 microcathode oxygen
electrode with a SI782 dual channel meter and RC300 respiration
cell (all from Strathkelvin, North Lanarkshire, UK) cooled with a
circulating water bath. Electrodes were calibrated daily at each
temperature; pH of the assay buffer was adjusted to 7.4 for 2 and
10°C. Respiration rates were measured in 1 ml of assay buffer with
25–40 µl of mitochondrial protein for measurements at 2°C (average
of 400 µg) and 15–30 µl for measurements at 10°C (average of
330 µg). All rates were monitored for 3 min. The Krebs cycle was
initiated by addition of 1 mmol l−1 malate and 5 mmol l−1 pyruvate
to measure state 2 respiration rates; 0.5 mmol l−1 of ADP was then
added to measure state 3 respiration rates. Following depletion of
ADP, state 4 respiration rates were monitored. A second aliquot of
ADP was added to measure state 3 and 4 rates a second time. Then,
1 µg ml−1 of oligomycin was added to inhibit ATP synthase,
followed by 10 µmol l−1 FCCP to measure maximal rate of
respiration (ETS). Next, 12.5 µmol l−1 of rotentone, 15 mmol l−1

malonate and 10 µmol l−1 antimycin was added to inhibit
complexes I, II and III, respectively; 0.5 mmol l−1 TMPD and
2 mmol l−1 ascorbate was then added to measure the activity of
cytochrome c oxidase (COX) (Fig. S2). N=4–6 for measurements at
2°C, and N=3–6 for measurements at 10°C. Protein concentration
was determined using the Bradford assay (Bradford, 1976). All
biochemicals were purchased from Sigma-Aldrich (St Louis, MO,
USA) for these assays and measurements of enzyme activity
(described below).

Enzyme assays
The maximal activity of all enzymes was measured at 5±0.5°C
using a PerkinElmer Lambda 35 spectrophotometer (Waltham, MA,
USA) equipped with a circulating water bath.
Maximal activity of ATP synthase (EC 3.6.3.14) was quantified

in isolated mitochondria as described previously (Galli et al., 2013).
Mitochondria were frozen and thawed at least once prior to
measuring activity. The final reaction mixture contained
20 mmol l−1 Hepes, 5 mmol l−1 MgCl2, 100 mmol l−1 KCl,
1 mmol l−1 KCN, 2.5 mmol l−1 PEP, 0.2 mmol l−1 NADH,
10 U ml−1 PK and 15 U ml−1 LDH, adjusted to pH 7.8 at 5°C.
ATP was added at a final concentration of 2.5 mmol l−1 and the
mixture was incubated for 6 min to allow conversion of any residual
ADP to ATP. Then, 100 mg of mitochondrial protein was added to
initiate the reaction. Absorbance at 340 nm was monitored for
5 min. Samples containing 2.5 µmol l−1 oligomycin to determine
background rate of oxidation of NADH were run in parallel. All
measurements were made in duplicate with n=6–8.
Succinate dehydrogenase (SDH; EC 1.3.5.1) was measured in

mitochondria isolated as described above and thawed at least once
prior to measuring activity as described by Janssen et al. (2007) and
Barrientos et al. (2009). The final reaction mixture contained
80 mmol l−1 K2HPO4, 1 g l−1 BSA, 2 mmol l−1 EDTA,
0.2 mmol l−1 ATP, 80 μl 2,6-dichlorophenolindophenol (DCPIP),
10 mmol l−1 succinate, 50 μmol l−1 decylubiquinone, 0.3 mmol l−1

KCN, 1 μmol l−1 antimycin A and 3 μmol l−1 rotenone, pH 7.8 at
5°C. The mixture was allowed to incubate for 10 min after addition
of 600 μg of mitochondrial protein and succinate. Decylubiquinone
was then added to initiate the reaction and absorbance at 600 nm
was measured for 5 min. Background activity was measured by

adding 10 mmol l−1 malonate and monitoring absorbance for an
additional 5 min. All measurements were made in duplicate with
n=5–6.

For assays of CS (EC 2.3.3.1) and LDH (EC 1.1.1.27), heart
ventricles were homogenized (10% w/v) on ice using a Tenbroek
ground glass homogenizer in an ice-cold buffer solution of
40 mmol l−1 Hepes, 1 mmol l−1 EDTA, 2 mmol l−1 MgCl2 and
2 mmol l−1 dithiothreitol (DTT) adjusted to a pH of 7.8 at 1°C.
Maximal activity of CS was measured using a slight variation of a
protocol originally described by Srere et al. (1963), following the
reduction of 5,5′-dithiobis-(2-nitrobenzoic acid) (DTNB) at
412 nm. The final reaction mixture contained 75 mmol l−1 Tris,
0.25 mmol l−1 DTNB, 0.4 mmol l−1 acetyl CoA and 0.5 mmol l−1

oxaloacetate, adjusted to pH 8.0 at 5°C; 10 μl of tissue homogenate
was added and background activity measured for 5 min. The
reaction was then initiated by the addition of oxaloacetate and
activity was monitored for 5 min. All measurements were made in
duplicate with n=6–7.

Maximal activity of LDH was measured using a method
described by Hansen and Sidell (1983). The final reaction
mixture contained 50 mmol l−1 imidazole, 0.8 mmol l−1 KCN,
0.2 mmol l−1 NADH and 2 mmol l−1 pyruvate, adjusted to pH 7.7
at 1°C. The oxidation of NADH was monitored at 340 nm for 3 min
in the absence of pyruvate. The reaction was then initiated by
addition of pyruvate and the change in absorbance at 340 nm
monitored for 3 min. All measurements were made in duplicate
with n=6.

Quantification of adenylates
Adenylates were quantified by HPLC using methods previously
described (Manfredi et al., 2002). AMP was purchased from Fluka
(Mexico City, Mexico) and ADP and ATP were purchased from
Sigma-Aldrich.

Approximately 25 mg of ventricle tissue was homogenized in
1 ml ice-cold 6% TCA using a Teledyne Tekmar Tissumizer
(Tekmar, Cincinnati, OH, USA). Protein concentration was
determined using the Bradford assay (Bradford, 1976). The
homogenate was centrifuged for 10 min at 12,000 g at 4°C and
then adjusted to a pH of 7.0–8.0 with 4 mol l−1 KOH. The
supernatant was filtered by centrifuging for 15 min at 10,000 g at
4°C in Costar Spin-X® Centrifuge tube 0.22 µm cellulose acetate
filter columns (Corning, Corning, NY, USA). Samples were stored
on ice until they were injected into the HPLC system. Each sample
was run in duplicate with n=7–10.

HPLC was performed using a 1525 HPLC Binary Pump
equipped with an In-Line Degasser AF and a 2996 Photodiode
Array Detector (Waters Corporation, Milford, MA, USA).
Separation was achieved using a reverse-phase XSelect HSS T3
3.5 µm 4.6×150 mm column with an XSelect HSS T3 3.5 µm
VanGuard cartridge and holder. Two buffers were used with a
constant flow rate of 1 ml min−1. Buffer A contained 0.3 mmol l−1

tetrabutylammonium hydrogen sulfate (TBA-SO4) and
20 mmol l−1 Na2HPO4 adjusted to pH 5.0 with 2 mol l−1 H3PO4.
Buffer B contained 0.3 mmol l−1 TBA-SO4, 200 mmol l−1

Na2HPO4 and 10% (v/v) acetonitrile, adjusted to pH 5.0 with
2 mol l−1 H3PO4. Each run lasted 30 min with 100% buffer A from
0 to 5 min, 100% buffer A to 100% buffer B from 5 to 20 min, 100%
buffer B to 100% buffer A from 20 to 22.5 min, and 100% buffer A
from 22.5 to 30 min; 50 µl of the sample or standard was injected
into the HPLC system and absorbance was monitored at 254 nm.
Analytes were identified by comparing retention times with
standards.
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Concentrations of adenylates were determined using standard
curves of each adenylate between 0 and 100 µmol l−1 run in
duplicate, with peak area and height determined at 254 nm. A line of
best fit was established for each analyte with R2≥0.96, and used to
calculate the amount of analyte in each sample. Energy charge was
calculated as follows (Atkinson and Walton, 1967):

Energy charge =
½ATP� þ 0:5½ADP�

½ATP� þ ½ADP� þ ½AMP� :

Quantification of lactate
Heart ventricles were homogenized on ice in 0.5 mol l−1 Tris
(pH 8.3) using a Tekmar Tissuemizer (Tekmar). Homogenates were
centrifuged for 30 min at 16,100 g at 4°C. Supernatants were
collected and a 300–500 μl aliquot was centrifuged in an Amicon
Ultra filtration unit (0.5 ml, 10K ultracel) at 14,000 g for 45 min at
4°C. Filtrates were stored at −80°C until use.
Lactate levels were measured as described previously (Devor

et al., 2016). The assay buffer contained 5 mmol l−1 NAD+ and 1:50
dilution stock of WST-1 cell proliferation reagent (Roche
Diagnostics). Filtrates were diluted 1:2 in 0.5 mol l−1 Tris
(pH 8.3) and 100 µl of filtrate was added to individual wells of a
microplate; 30 µl of assay buffer was then added to each well.
Absorption at 440 nm was measured in kinetic mode for 3 min
using a SpectraMax Plus 384 plate reader (Molecular Devices,
Sunnyvale, CA, USA) and the software SoftMax Pro 6.3 to obtain
an initial time point (time=0). Then, 20 µl of lactate dehydrogenase
solution (0.083 U μl−1) was added to each well. The absorbance of
WST-1 was measured at 440 nm after 60 min, by which time
absorbance had reached a maximum value. To determine lactate
levels, initial absorbance values were subtracted from those
obtained at 60 min. The final concentration of lactate was
determined from a standard curve of sodium-L-lactate (Sigma-
Aldrich) with nine concentrations between 0 and 1000 µmol l−1,
measured on each plate in triplicate. Samples were measured in
triplicate with n=7–9.

Proteomics
Samples were digested and desalted according to Lundby and Olsen
(2011) (n=4–5). Protein concentration was determined using a
bicinchoninic acid (BCA) assay (Thermo-Fisher Scientific, San
Jose, CA, USA). Proteins were reduced and alkylated and subjected
to methanol–chloroform precipitation prior to digestion with
endoproteinase Lys-C (Wako, Richmond, VA, USA) at an
enzyme to protein ratio of 1:50. The samples were then further
digested with trypsin at an enzyme to protein ratio of 1:100
(Promega, Madison, WI, USA) and desalted and concentrated using
C18 Sep-Pak Cartridges (Waters Corporation).
Peptides were mass tagged using a TMT isobaric label kit (cat.

no. 90061, Thermo-Fisher Scientific), following the manufacturer’s
protocol and then combined. Methods for quantifying differences in
protein expression using multiplexed quantification with isobaric
tags are based on McAlister et al. (2014).
Pooled TMT-labelled peptides were subjected to basic pH

reversed-phase fractionation on an Ultimate 3000 HPLC (Thermo-
Fisher Scientific) using an integrated fraction collector. Elution was
performed with a 10 min gradient of 0–20% solvent B followed by a
50 min gradient of solvent B from 20% to 45% (solvent A: 5.0%
acetonitrile, 10 mmol l−1 ammonium bicarbonate, pH 8.0; solvent
B: 90.0% acetonitrile, 10 mmol l−1 ammonium bicarbonate,
pH 8.0) on a Zorbax 300 Extend-C18 column (Agilent) at a flow

rate of 0.4 ml min−1. A total of 24 fractions were collected at 37 s
intervals in a looping fashion for 60 min and then combined.
Peptide elution was monitored at a wavelength of 220 nm using a
Dionex Ultimate 3000 variable wavelength detector (Thermo-
Fisher Scientific). Each fraction was centrifuged to near dryness and
desalted using C18 Sep-Pak Cartridges followed by centrifugation to
near dryness and reconstituted with 20 µl of 5% acetonitrile and
0.1% formic acid.

Peptide fractions were separated using an UltiMate 3000
RSLCnano system (Thermo-Fisher Scientific) on a self-packed
UChrom C18 column (100 μm×35 cm). Elution was performed
using a 90 min gradient of solvent B from 2% to 27% (solvent A:
0.1% formic acid; solvent B: acetonitrile, 0.1% formic acid) at 50°C
using a digital Pico View nanospray source (New Objectives,
Woburn, MA, USA) that was modified with a custom-built column
heater and an ABIRD background suppressor (ESI Source
Solutions, Woburn, MA, USA). Briefly, the self-packed column
tapered tip was pulled with a laser micropipette puller P-2000
(Sutter Instrument Co., Novato, CA, USA) to an approximate i.d. of
10 µm. The column was then packed with 1–2 cm of 5 µm Magic
C18 (Michrom Bioresources, Auburn, CA, USA), followed by
35 cm of 1.8 μm UChrom C18 (120A) at 9000 psi using a nano LC
column packing kit (nanoLCMS, Gold River, CA, USA).

Mass spectral analysis was performed using an Orbitrap Fusion
mass spectrometer (Thermo-Fisher Scientific). TMT analysis was
performed using an MS3 multi-notch approach (McAlister et al.,
2014). TheMS1 precursor selection rangewas from 400 to 1400 m/z
at a resolution of 120k and an automatic gain control (AGC) target of
2.0×105 with a maximum injection time of 100 ms. Quadrupole
isolation at 0.7 Th for MS2 analysis using CID fragmentation in the
linear ion trap with a collision energy of 35%. The AGC was set to
4.0×103 with a maximum injection time of 150 ms. The instrument
was set in a top speed data-dependent mode with a most intense
precursor priority. Dynamic exclusion was set to an exclusion
duration of 60 s with a 10 ppm tolerance. MS2 fragment ions were
then captured in theMS3 precursor population. TheseMS3 precursors
were isolated within a 2.5 Da window and subjected to high energy
collision-induced dissociation with a collision energy of 55%. The
ions were then detected in the Orbitrap at a resolution of 60,000 with
an AGC of 5.0×104 and a maximum injection time of 150 ms.

Peptides were analysed using Sequest (Thermo-Fisher Scientific)
to validate protein identification and provide quantification using
the ratio of TMT reporter ions within the isobarically labelled
peptides. Peptides were identified by searching perciform sequences
available from Uniprot (www.uniprot.org).

Statistical analyses
Significant differences in enzyme activity, and adenylate and lactate
levels between species and in response to temperature treatment
were determined using a two-way ANOVA followed by a post hoc
Tukey’s test. Differences in mitochondrial function between
species, assay temperature and temperature treatments were
determined using a three-way ANOVA followed by a post hoc
Holm–Sidak test. Significance for all tests was set at P<0.05. Data
were log transformed as needed to meet assumptions of normality,
determined using a Shapiro–Wilks test, and equal variance. Data
were analysed with Sigma Plot 11.0 (Systat Software, San Jose, CA,
USA) and JMP 7 (SAS Institute, Cary, NC, USA). Values are
presented as means±s.e.m.

Protein abundance levels were first normalized using the
maximum values of pooled samples for across-species
comparison. Abundance levels were normalized by dividing by
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the sample-specific normalization factor, following the TMT
Thermo-Fisher Scientific protocol (Thermo Proteome Discoverer
User Guide, software version 2.1). The 630 proteins identified
in all species were extracted for further study, and a 2-way
ANOVA performed following log2-transformation using the
Protein∼Species×Temperature linear model to include interaction
effects. A false discovery rate correction for multiple comparisons
was applied to reduce the likelihood of false positives (Benjamini
and Hochberg, 1995). A Tukey’s post hoc test was performed on
any protein with a statistically significant species effect (adjusted
P<0.05) to identify changes. Similarly, a Tukey’s post hoc test was
performed on any protein with a statistically significant
Species*Temperature effect (adjusted P<0.05).

RESULTS
CTmax is higher in red-blooded N. coriiceps
The CTmax, measured as the temperature at which hearts failed, was
higher in N. coriiceps (16.31±0.46°C; n=6) than in C. aceratus
(12.55±0.70°C; n=8) (P<0.05). Because of the smaller heart size of
N. coriiceps compared with that of C. aceratus, additional samples
were needed to complete all biochemical measurements and so
CTmax was measured in additional N. coriiceps as the loss of the
righting response (Devor et al., 2016), which was not significantly
different from the CTmax measured as the temperature at which
hearts failed (15.92±0.22°C; n=14).

Mitochondrial function is affected by exposure to CTmax
State 2–4 respiration rates, ETS rate and COX activity were all
higher in cardiac mitochondria when measured at 10°C versus 2°C
for both N. coriiceps and C. aceratus (Fig. 1). The Q10 ranged
between 2.4 for COX activity and 4.0 for state 3 rate of respiration
(average of both species). State 2 respiration rate was not
significantly different between the two species (F=3.338,
P=0.078) and was unaffected by exposure to CTmax (F=0.447,
P=0.495) (Fig. 1A). State 3 respiration rate was also equivalent
between species (F=0.245, P=0.624). Exposure to CTmax increased
state 3 respiration rate (F=0.017, P<0.001; Fig. 1B), which was
largely driven by the increase in state 3 rate in C. aceratus by 1.1-
and 1.3-fold when measured at 2 and 10°C, respectively (P=0.013)
(Fig. 1B). When measured at 2°C, state 4 respiration rate, which
approximates the rate of proton leakage, was lower in C. aceratus
than in N. coriiceps at ambient temperature (P=0.004), and
increased in C. aceratus following exposure to CTmax (P=0.018)
but not in N. coriiceps (Fig. 1C).
Uncoupled rates of mitochondrial respiration (ETS) were 1.25-

fold higher at 2°C and 1.18-fold higher at 10°C in mitochondria of
N. coriiceps versus C. aceratus (F=7.068, P=0.013) and were
higher in animals at CTmax than at ambient temperature (F=8.527,
P=0.007; Fig. 1D) as the result of an increase in C. aceratus
(P=0.018).
COX activity was on average 1.8-fold higher in mitochondria

from N. coriiceps versus C. aceratus (F=51.453, P<0.001), but was
not affected by exposure to CTmax (F=0.593, P=0.447; Fig. 1E).
The ratio of COX to state 3 respiration was also higher in N.
coriiceps than in C. aceratus (F=65.542, P<0.001) but did not
change with exposure to CTmax in either species (F=1.798,
P=0.190; Fig. 1F).
The respiratory control ratio (RCR), quantified as the ratio

between state 3 and state 4 rates of respiration, ranged between
16.1±3.4 (N. coriiceps at 2°C) and 39.1±7.5 (C. aceratus at 2°C).
The RCR did not differ between the two species (F=1.850,
P=0.185), nor was there an effect of assay temperature (F=0.124,

P=0.727) or exposure to CTmax (F=0.105, P=0.748). There was,
however, an effect of the interaction between species and
temperature so that the RCR was higher in C. aceratus than
N. coriiceps at ambient temperature when measured at 2°C
(P=0.047, F=4.319).

Maximal activityofATP synthase did not differ among species, nor
did it change in response to exposure to CTmax (F=2.634,P=0.118 for
species; F=0.866, P=0.362 for temperature; and F=0.0711, P=0.792
for interaction between species and temperature; Fig. 2A). Activities
ranged between 0.090±0.010 µmol min−1 mg−1 in C. aceratus
at ambient temperature and 0.116±0.012 µmol min−1 mg−1 in
N. coriiceps at CTmax.

Maximal SDH activity did not significantly differ between species
(F=3.312, P=0.085) or with exposure to CTmax (F=0.639, P=0.435;
Fig. 2B). There was, however, a significant interaction between
species and temperature (F=7.489, P=0.014). Activity was
significantly higher in N. coriiceps (1.97±0.07 nmol min−1 mg−1)
than in C. aceratus (1.24±0.14 nmol min−1 mg−1) at ambient
temperature and significantly declined in N. coriiceps in response
to CTmax (1.40±0.22 nmol min−1 mg−1) (Fig. 2B; P<0.05).

Aerobic metabolic potential is higher in N. coriiceps hearts
and anaerobic metabolic capacity is higher in C. aceratus
hearts
Maximal activity of CS was, on average, 1.5-fold higher in N.
coriiceps hearts than in C. aceratus hearts (F=2.394, P<0.001;
Fig. 3A), and increased in response to exposure to CTmax (F=4.360,
P=0.049; Fig. 3A). In contrast, maximal activity of LDH was 1.6-
fold higher in C. aceratus hearts than in N. coriiceps hearts
(F=39.400, P<0.001; Fig. 3B), and there was no effect of exposure
to CTmax (F=1.980, P=0.175; Fig. 3B). Although the mean body
mass of C. aceratus was larger than that of N. coriiceps used for
these assays, body mass was not significantly correlated with either
CS or LDH activity in either species (P<0.05), as has been found for
the activity of these enzymes in glycolytic muscles of teleosts
(Somero and Childress, 1980).

Cardiac ATP levels decline in response to CTmax in both
species but are always higher in N. coriiceps hearts than in
C. aceratus hearts
ATP levels and energy charge were significantly higher in N.
coriiceps hearts than in C. aceratus hearts (F=24.058 for ATP,
F=48.334 for energy charge, P<0.001 for both; Table 1). At
ambient temperature, ATP concentration was 1.7-fold higher, and
ADP and AMP levels were 1.2- and 17-fold lower, respectively, in
N. coriiceps hearts compared with C. aceratus hearts (P<0.001 for
ATP and AMP, P=0.027 for ADP; Table 1). As a result, energy
charge was 1.2-fold higher in N. coriiceps hearts than in C. aceratus
hearts.

In response to exposure to CTmax, ATP levels decreased
(F=18.249, P<0.001) and AMP levels increased (F=77.071,
P<0.001) in hearts of both N. coriiceps and C. aceratus, resulting
in a decrease in energy charge of both species (F=70.614; P<0.001;
Table 1). Despite this decline, hearts of N. coriiceps maintained a
1.7-fold higher level of ATP at CTmax compared with those of C.
aceratus (P=0.018; Table 1). Energy charge decreased to a similar
extent in C. aceratus and N. coriiceps hearts in response to CTmax

(1.4- and 1.3-fold, respectively) but remained higher in N. coriiceps
hearts (Table 1).

Lactate levels were significantly higher in hearts of N. coriiceps
compared with those of C. aceratus (F=41.097, P<0.001) and
increased in both species in response to CTmax (F=51.281, P<0.001,
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Table 1), but to a lesser extent in hearts of N. coriiceps (1.5-fold),
compared with those of C. aceratus (2.4-fold).

The interaction between temperature and species affects
mitochondrial protein expression in N. coriiceps hearts
While there were many differences in protein expression between
the two species, there was no significant effect of temperature alone
on mitochondrial protein expression. However, there were many

peptides that differed in expression as a result of the
temperature × species interaction; 96 of these peptides differed in
response to exposure to CTmax in cardiac mitochondria of N.
coriiceps, and one in C. aceratus (P<0.05). Many of these peptides
were not identifiable, including the one in C. aceratus. Of the 96
peptides in N. coriiceps, 63 were not identifiable and many were
peptides from the same protein, resulting in 24 unique proteins
identified in N. coriiceps (P<0.05; Table 2). Twenty proteins
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Fig. 1. Mitochondrial function in Notothenia coriiceps and Chaenocephalus aceratus held at ambient temperature and exposed to CTmax. State 2
(A), state 3 (B), state 4 (C) and uncoupled respiration rate (electron transport system, ETS; D), and the activity of cytochrome c oxidase (COX; E) weremeasured at
assay temperatures of 2°C (n=4–6) and 10°C (n=3–6). The ratio of COX activity to state 3 activity was also calculated (F). Values are means±s.e.m.
*Significant difference between species; ‡significant difference in response to exposure to CTmax within a species (P<0.05).
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involved in aerobic metabolism, antioxidant defence and protein
homeostasis increased in response to exposure to CTmax, whereas
levels of three cytoskeletal proteins declined (P<0.05). The fold
increases in protein expression ranged between 1.38 (α-subunit of
ATP synthase) and 2.32 (subunit of Tim13).

DISCUSSION
Results from this study suggest that the lower thermal tolerance of
the icefish C. aceratus versus N. coriiceps may be due to the lower
aerobic metabolic potential of its myocardium, limiting the capacity
to fuel cardiac work.

Mitochondrial function may impair ATP supply at elevated
temperature in hearts of icefishes
Cardiac mitochondria of notothenioids are exceptionally well
coupled, as reflected by their high RCR values, which are ∼2- to
5-fold higher than those of temperate fishes (Iftikar et al., 2014;
Rodnick et al., 2014). Prior in vitro studies have shown that cardiac
mitochondrial proton leak is 10-fold higher in rainbow trout at 15°C
(Leary et al., 2003) compared with that in N. coriiceps measured at

2°C, and mitochondria from icefishes are even more tightly coupled
than those of red-blooded notothenioids (Mueller et al., 2011).
Additionally, proton leak is temperature sensitive and increases
between assay temperatures of 2 and 10°C in cardiac mitochondria
of both C. aceratus and N. coriiceps with a Q10≥20 (Mueller et al.,
2011). Consistent with this, we found an increase in state 4
respiration rate, though not state 2, in response to an increase in
assay temperature in both species.

Exposure to CTmax also increased the rate of proton leak
(as measured by state 4 respiration rate) in cardiac mitochondria of
C. aceratus but not inN. coriiceps. The increase in proton leak in the
icefish is partially offset by an increase in state 3 respiration rate.
However, because the thermal sensitivity is greater for state 4 than
state 3 respiration in C. aceratus, the capacity to fuel cardiac work
may be more impaired inC. aceratus than in N. coriiceps at elevated
temperatures. When rates of respiration were compared between
ambient animals measured at 2°C and those exposed to CTmax and
measured at 10°C to approximate in vivo temperature conditions,
state 3 rate increased 2.8-fold between 2 and 10°C in C. aceratus,
whereas state 4 rate increased 4.6-fold. In contrast, in N. coriiceps,
state 3 rate increase 2.3-fold and state 4 rate only 1.5-fold. The loss
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of efficiency of mitochondrial ATP production in hearts of
C. aceratus may be compensated in part, by its greater anaerobic
metabolic capacity. LDH activity was significantly higher in
C. aceratus hearts than in N. coriiceps hearts and there was a
greater increase in lactate levels in C. aceratus (2.4-fold) than in
N. coriiceps (1.5-fold) following exposure to CTmax.
It is important to note that state 2 rate, indicative of proton leak in

the absence of ATP, is not significantly different between
C. aceratus and N. coriiceps. The higher rate of proton leak in the
presence of ATP (state 4) may be attributable to the lack of
mitochondrial creatine kinase (CK) in C. aceratus hearts (O’Brien
et al., 2014). In contrast, both the sarcomeric and ubiquitous
mitochondrial CK isoforms are abundant in N. coriiceps hearts
(O’Brien et al., 2014). Mitochondrial CK is important for
maintaining low concentrations of ATP in mitochondria,
maintaining flux through the respiratory chain, decreasing
membrane potential and minimizing the formation of reactive
oxygen species (Wallimann et al., 1992).
Both state 3 and ETS (uncoupled) rates of mitochondrial

respiration increase following exposure to CTmax and may be
attributable to post-translational modifications such as acetylation
and/or phosphorylation of ETC proteins (Papa et al., 2008; Rardin
et al., 2013). This is in contrast to studies in temperate fishes (e.g.
Iftikar and Hickey, 2013; Iftikar et al., 2014; Iftikar et al., 2015),
where acute temperature stress causes a decline in mitochondrial
function. For example, New Zealand wrasses exposed to THF show a
decrease in ETS activity, COX and/or complex I of cardiac
mitochondria (Iftikar and Hickey, 2013; Iftikar et al., 2014).
Interestingly, the greater resilience of notothenioid mitochondria to
temperature stress compared with these temperate fishes is also
reflected in their greater thermal scope, calculated as the difference
between CTmax (or THF) and habitat (or acclimation) temperature, of
∼13°C for icefishes and ∼17°C for red-blooded notothenioids but
only 5.8–9.5°C for the wrasses (Iftikar et al., 2014). An increase in
assay temperature also did not elicit a decline in mitochondrial
function. Prior studies have shown the Arrhenius break temperature
(ABT) of state 3 respiration rate for notothenioids ranges between
28.7°C (C. aceratus) and 31.4°C (Gobionotothen gibberifrons)
(Urschel and O’Brien, 2009), which, althoughmarkedly higher than
their habitat temperature, falls within the range of predicted ABTs of

several marine organisms from differing thermal habitats
(Weinstein and Somero, 1998).

Despite similar rates of state 3 respiration between N. coriiceps
and C. aceratus, the activity of COX was 1.8-to 1.9-fold higher per
mg mitochondrial protein in cardiac mitochondria of N. coriiceps,
resulting in a higher ratio of COX activity to state 3 respiration rate
(1.4 in C. aceratus versus 2.5 in N. coriiceps at ambient
temperature). Excess COX activity relative to state 3 respiration
rate is characteristic of highly aerobic tissues such as the mammalian
heart (Brand et al., 2003; Porter et al., 1996), and oxidative muscle
of the Arctic charr, Salvelinus alpinus (Benard et al., 2006). Excess
COX activity corresponds with a low flux control coefficient (Blier
and Lemieux, 2001), which allows COX activity to be inhibited to a
large extent without affecting mitochondrial respiration rates
(Gnaiger et al., 1998). This may afford protection against the
deleterious effects of mitochondrial DNA mutations that
accumulate during ageing and could decrease COX activity
(Letellier et al., 1993). Excess COX activity in cardiac muscle of

Table 1. Adenylate and lactate levels in heart ventricles of notothenioids
at ambient temperature (0±1°C) and critical thermal maximum (CTmax)

Chaenocephalus aceratus Notothenia coriiceps

Ambient
(n=10)

CTmax

(n=7)
Ambient
(n=8)

CTmax

(n=8)

ATP
(µmol g−1

tissue)

1.25±0.12 0.81±0.11* 2.12±0.20‡ 1.34±0.13*,‡

ADP
(µmol g−1

tissue)

0.99±0.06 1.04±0.07 0.80±0.06‡ 1.10±0.05*

AMP
(µmol g−1

tissue)

0.27±0.02 0.79±0.11* 0.02±0.01‡ 0.46±0.09*

Energy
charge

0.69±0.02 0.50±0.04* 0.85±0.02‡ 0.65±0.03*,‡

Lactate
(µmol g−1

tissue)

3.90±0.45 9.50±0.95* 8.98±0.75‡ 13.44±0.69*,‡

*Significant difference in response to exposure to CTmax within a species
(P<0.05). ‡Significant difference between species at ambient temperature or
CTmax (P<0.05).

Table 2. Mitochondrial proteins that change significantly as a result of
the interaction between temperature and species in N. coriiceps

Protein
Accession no.
(Uniprot)

Fold-
change

P-
value

Metabolism
Acetyl-coenzyme A
acyltransferase

C1K9I6 1.50 <0.05

Citrate synthase G3P9V8, G3P9W8 1.54 <0.05
Malate dehydrogenase G3NRT5 1.60 <0.05
Isocitrate dehydrogenase G3PVW7 1.79 <0.001
Acetyltransferase component
of pyruvate dehydrogenase

G3QBP3 1.46 <0.001

ATP synthase subunit α G3NTA3 1.40 <0.05
ATP synthase subunit β G3PLE8 1.40 <0.05

Antioxidants
Superoxide dismutase C3KK50 1.70 <0.05
Prdx3 protein F8U043 1.91 <0.05

Protein homeostasis
Mitochondrial import inner
membrane translocase subunit
Tim 13

C3KI47 1.41 <0.001

Lon protease homolog G3NBB5 1.55 <0.05
Aspartate aminotransferase G3PTN7,

G3PTN8,
G3PTN9,
G3PTP1

1.73 <0.05

Elongation factor Tu G3PHS6 1.50 <0.05
Succinyl-CoA ligase subunit β G3NZA3,

G3NZC6,
G3NZ84

1.46 <0.05

Dihydrolipoyl dehydrogenase G3P046 1.54 <0.05
α-Aminoadipic semiladehyde
dehydrogenase

F1C7F5 1.68 <0.05

3-Hydroxyisobutyrate
dehydrogenase

G3NVX5 1.75 <0.05

Myofibrillar proteins
Actin, α skeletal muscle F6KMN8 0.19 <0.05
β-Actin Q5DPW8 0.44 <0.05
Tropomyosin D6PVP3 0.14 <0.05

Miscellaneous
Transmembrane emp24
domain-containing protein 2

F1C7A3 0.68 <0.05

Hydroxysteroid
dehydrogenase-like protein 2

C3KK81 1.46 <0.05

5′-Nucleotidase G3NA97 1.77 <0.05
CDGSH iron sulfur domain-
containing protein

C3KI36 1.65 <0.05

n=4–5.

8

RESEARCH ARTICLE Journal of Experimental Biology (2018) 221, jeb177816. doi:10.1242/jeb.177816

Jo
u
rn
al

o
f
Ex

p
er
im

en
ta
lB

io
lo
g
y



the intertidal New Zealand triplefin fish Bellapiscis medius
compared with that of the subtidal triplefin species Forsterygion
varium and Forsterygion malcomi, is associated with their greater
hypoxia tolerance (Hilton et al., 2010). Excess COX activity also
permits an increase in flux through the respiratory chain when
demand warrants, such as during exposure to elevated temperature
(Payne and Chinnery, 2015), which may contribute to the greater
cardiac performance of N. coriiceps versus C. aceratus.

Cardiac aerobic metabolic capacity is higher in N. coriiceps
than in C. aceratus
While there were no differences in state 3 or ETS rates between N.
coriiceps and C. aceratus, maximal activity of CS (per g tissue) was
nearly 2-fold higher inN. coriiceps hearts than inC. aceratus hearts,
suggesting that the capacity to provide reducing equivalents
(NADH and FADH2) to mitochondria may be limiting cardiac
performance at elevated temperature in C. aceratus. Similarly, a
recent study of cardiac metabolism in the European perch, Perca
fluviatilis, revealed that thermal sensitivity of CS was greater than
that of the mitochondrial respiratory chain complexes, with
maximal activity of CS declining at 32.5°C, close to the CTmax

(29.8–33.0°C), and that of complexes I and I and III combined
declining above CTmax, at 36°C (Ekström et al., 2017).
The higher aerobic metabolic capacity (as measured by CS

activity) of N. coriiceps hearts is consistent with their higher levels
of ATP and energy charge. While cardiac ATP levels declined in
hearts of both N. coriiceps and C. aceratus in response to exposure
to CTmax, levels were always higher in N. coriiceps hearts, despite
the longer duration of warming (4 versus 3 h) and higher CTmax (16
versus 13°C). The greater activity of LDH in C. aceratus hearts
suggests that the icefish may rely on anaerobic metabolic pathways
to fuel the work of the heart more so than N. coriiceps, yet most
teleosts are unable to sustain cardiac work by anaerobic metabolic
pathways, with an estimated 2% of ATP regenerated through
anaerobic metabolic pathways in teleost hearts under normoxic
conditions (Driedzic, 1983; Sidell et al., 1987). The higher lactate
levels in N. coriiceps hearts probably reflect their greater cardiac
work at ambient temperature and with warming versus C. aceratus
hearts. Alternatively, the higher LDH activity and lower lactate
levels in hearts of C. aceratusmay reflect their usage of lactate as an
aerobic fuel. The activity of CS increased in response to acute
warming, supporting the supposition that the activity of the Krebs
cycle is crucial to maintaining cardiac performance and ATP levels
at elevated temperature. Similarly, CS activity increased in hearts of
rainbow trout shifted from 10°C to 16°C within 1 day of acclimation
(Pichaud et al., 2017).
The greater activity of CS (and higher energy charge) in N.

coriiceps hearts compared with C. aceratus hearts is supported by
high levels of the intracellular oxygen-binding protein myoglobin
(Mb), which is absent in C. aceratus hearts (Moylan and Sidell,
2000; O’Brien et al., 2018; Sidell et al., 1997). In vitro studies have
shown that hearts of icefishes that express Mb are capable of
maintaining cardiac output at higher afterload pressures compared
with those lackingMb (Acierno et al., 1997), and we have found that
Chionodraco rastrospinosus, whose heart expresses Mb, achieves
higher heart rates in situ compared with C. aceratus (S. E. Egginton,
M. Axelsson, E. L. Crockett, K. M. O’Brien and A. P. Farrell,
unpublished). While high mitochondrial densities in hearts of
icefishes that lack Mb may enhance oxygen diffusion rates between
the ventricular lumen and mitochondria (O’Brien and Sidell, 2000),
the lower aerobic metabolic capacity of –Mb icefish hearts suggest
compensation may be incomplete.

Changes in mitochondrial protein expression may sustain
cardiac performance
The interaction between temperature and species significantly
affected mitochondrial protein expression, primarily in hearts of N.
coriicepswhere the expression of 20 proteins increased significantly
in response to exposure to CTmax. This may reflect species-specific
differences in the thermal sensitivity of protein expression or
differences in the duration of warming. The 3–4°C higher CTmax of
N. coriiceps resulted in a warming duration of ∼4 h compared with
only 3 h for C. aceratus. The majority of proteins that increased in
expression were those involved in energy homeostasis, protection
against oxidative stress and protein homeostasis. Only one other
study to date has quantified changes in protein expression in
response to warming in fish hearts (Jayasundara et al., 2015), with
warm acclimation of the goby, Gillichthys mirabilis, resulting in
changes in protein levels within the same categories as N. coriiceps.
Several enzymes of the Krebs cycle increased in cardiac
mitochondria of N. coriiceps in response to warming, including
CS, malate dehydrogenase and isocitrate dehydrogenase. Consistent
with this, maximal activity of CS also increased in response to
exposure to CTmax. The α and β subunits of ATP synthase,
comprising the F1 region of the enzyme (the catalytic head), also
increased in response to warming in N. coriiceps, and perhaps with
extended warming, levels of these ATP synthase subunits would
increase sufficiently to increase activity of the enzyme.

Exposure to elevated temperature increases oxidative stress in
fishes (e.g. Almroth et al., 2015; Banh et al., 2016; Cheng et al.,
2015; Jeffries et al., 2014). Prior work in our lab has shown that
levels of oxidized proteins and lipids increase in C. aceratus hearts
but not N. coriiceps hearts in response to CTmax exposure (Mueller
et al., 2012). The current data suggest that an increase in levels of the
antioxidants superoxide dismutase (SOD) and peroxiredoxin 3 in
response to CTmax may decrease oxidative damage in N. coriiceps
hearts during exposure to CTmax. Although total SOD activity does
not increase in N. coriiceps hearts in response to CTmax (Mueller
et al., 2012), an increase in levels of the Mn mitochondrial isoform,
localized to the mitochondrial matrix and measured here, may be
more effective in preventing ROS-mediated damage because
mitochondria are a major source of ROS production (Boveris,
1977). Elevated levels of α-aminoadipic semialdehyde
dehydrogenase, which metabolizes derivatives of lipid
peroxidation (Brocker et al., 2010), may also help ameliorate
oxidative damage.

The increase in enzymes and proteins related to protein synthesis
(elongation factor Tu, aspartate aminotransferase), mitochondrial
import (Tim13 subunit) and degradation (Lon protease) suggest
there is an increase in the rate of protein turnover in mitochondria in
response to exposure to CTmax. Acute warming increases ATP
demand, which may stimulate mitochondrial biogenesis (O’Brien,
2011). Hence, increased levels of CDGSH iron sulfur domain-
containing protein (mitoNEET), which imports iron into
mitochondria, may contribute to the biogenesis of ETC protein
complexes (Tamir et al., 2015).

Taken together, changes in cardiac mitochondrial protein
expression indicate that N. coriiceps hearts have the capacity to
enhance aerobic metabolic capacity and defences against oxidative
stress during warming, whereas C. aceratus hearts do not, probably
contributing to differences in cardiac performance during warming.

Conclusions and perspectives
The lower aerobic metabolic capacity, enhanced mitochondrial
proton leakage and lack of plasticity in mitochondrial protein
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expression at elevated temperature may hinder cardiac performance
of the icefish C. aceratus and contribute to their lower thermal
tolerance compared with that of N. coriiceps. Consistent with this,
the maximum power output of N. coriiceps hearts is significantly
higher than that of C. aceratus hearts at both 1 and 4°C
(S. E. Egginton, M. Axelsson, E. L. Crockett, K. M. O’Brien and
A. P. Farrell, unpublished). Future experiments will be aimed at
determining the thermal plasticity of cardiac performance, which
will be crucial to the survival of the fish fauna as the Southern Ocean
warms.
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