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Abstract: Protein turnover is highly energy consuming and overall relates to an organism’s growth
performance varying largely between species, e.g., due to pre-adaptation to environmental char-
acteristics such as temperature. Here, we determined protein synthesis rates and capacity of pro-
tein degradation in white muscle of the cold stenothermal Antarctic eelpout (Pachycara brachy-
cephalum) and its closely related temperate counterpart, the eurythermal common eelpout (Zoarces
viviparus). Both species were exposed to acute warming (P. brachycephalum, 0 ◦C + 2 ◦C day−1;
Z. viviparus, 4 ◦C + 3 ◦C day−1). The in vivo protein synthesis rate (Ks) was monitored after injection
of 13C-phenylalanine, and protein degradation capacity was quantified by measuring the activity
of cathepsin D in vitro. Untargeted metabolic profiling by nuclear magnetic resonance (NMR) spec-
troscopy was used to identify the metabolic processes involved. Independent of temperature, the
protein synthesis rate was higher in P. brachycephalum (Ks = 0.38–0.614 % day−1) than in Z. viviparus
(Ks= 0.148–0.379% day−1). Whereas protein synthesis remained unaffected by temperature in the
Antarctic species, protein synthesis in Z. viviparus increased to near the thermal optimum (16 ◦C)
and tended to fall at higher temperatures. Most strikingly, capacities for protein degradation were
about ten times higher in the Antarctic compared to the temperate species. These differences are
mirrored in the metabolic profiles, with significantly higher levels of complex and essential amino
acids in the free cytosolic pool of the Antarctic congener. Together, the results clearly indicate a highly
cold-compensated protein turnover in the Antarctic eelpout compared to its temperate confamilial.
Constant versus variable environments are mirrored in rigid versus plastic functional responses of
the protein synthesis machinery.

Keywords: protein synthesis rate; protein degradation; polar fish; NMR; metabolic profiling;
13C-phenylalanine; non-radioactive; fish physiology; acute warming

1. Introduction

Temperature strongly influences the performance of ectotherms such as in foraging,
reproduction and growth. The temperature optimum of fish growth is not only species-
specific and dependent on the temperature regime of its environment, it can also vary
within species depending on season, life stage and habitat characteristics [1]. Accordingly,
the range of temperatures that fish can thrive in, also known as the width of the thermal win-
dow, differs between species, life stages, regions and seasons [1–3]. Stenothermal organisms
(e.g., polar and tropical fish) are well adapted to narrow temperature windows, whereas
eurythermal organisms (e.g., fish from temperate zones) have a much wider thermal range
and are more tolerant to fluctuations in temperature [4]. Polar stenothermal fish are able
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to maintain all life functions at temperatures constantly below 0 ◦C. Some functions such
as growth are even slower in Antarctic ectotherms than would be expected on the basis
of the Q10 relationship [5,6]. It is assumed that slow growth is caused by the constantly
low temperatures (e.g., seasonal temperature range of Ryders Bay: −1.81–1.7 ◦C [7]) and
a limited food supply due to seasonal changes [5,8,9]. Mechanism-based explanations
include thermal tradeoffs between energy budget components such as ventilation and
circulatory capacity, muscular activity and cellular and mitochondrial energy costs [10].
Overall, the mechanisms that influence thermal performance and especially the growth of
polar ectotherms deserve further study for a deeper understanding of how temperature
shapes the functioning of stenothermal fishes as opposed to eurythermal fishes [11].

Growth performance is defined as weight gain per day, which is the result of many
different processes, usually measured over a long period of time (weeks to months) partic-
ularly in slow-growing Antarctic fish [12–14]. A highly important contributor to growth is
protein synthesis. It has been suggested that protein homeostasis is a crucial factor limiting
thermal performance in Antarctic organisms [6]. The protein synthesis rate can be mea-
sured in the whole organism (e.g., [15,16]) or, especially in fish, it can be approximated by
studying protein synthesis in white muscle which contributes up to 79% to fish growth [17].
The protein synthesis rate (Ks) can be determined as the percentage of an incorporated
labeled tracer (e.g., phenylalanine) into proteins per day. High Ks values in white muscle
have been found in juvenile fish (Ks = 4.4% day−1 [18]) and Ks values are low in fish from
Antarctica (Ks = 0.04–0.2% day−1 [19–21]). Measuring the protein synthesis rate alone may
already be indicative of growth performance, but in addition, protein degradation modifies
net protein gain. Thus, combined assessment of protein synthesis and protein degradation
will help to understand the temperature-dependent protein turnover for more accurate
predictions of ectothermal (muscle) growth.

Protein degradation can be calculated as the difference of protein synthesis, food
supply and weight gain [19,22]. While the protein degradation rates of fish from temperate
waters were found to be higher at the upper end of their thermal window (Lipophyrs pholis
acclimated for 28 days to minimum 3 ◦C and maximum 18 ◦C), fish from polar regions
(Harpagifer antarcticus, acclimated for 28 days to between −1 ◦C and 3 ◦C) did not display
any temperature-dependent changes in protein degradation [19]. Compared to protein
synthesis, protein degradation is more complex and involves several pathways which
may differ between species, life stages and tissue types [23]. Furthermore, the use of
pathways can shift, e.g., with temperature as shown in the liver of the Antarctic eelpout,
Pachycara brachycephalum, where warming induced a shift in protein degradation from the
mostly ubiquitin-dependent pathway in the cold towards the lysosomal pathway in the
warmth [14]. In contrast to fish liver and mammalian muscle tissue, degradation via the
proteasome is less dominant in white muscle of fish, where the main degradation pathway
is via the calcium-dependent protease calpain, closely followed by cathepsin (mainly
cathepsin D), which is a lysosomal protease [23]. The maximum protein degradation rate is
determined from the capacity of cathepsin D [24,25].

Both the measurements of protein synthesis and degradation quantify the use of a
specific pathway. Another approach is non-targeted metabolic profiling which reflects
metabolic differences or changes including in the levels of important amino acids, the
consequences of shifts in energy budget and the fate of compounds related to protein syn-
thesis and degradation. Metabolic profiling based on NMR (Nuclear magnetic resonance)
spectroscopy has been applied to several organisms and results indicate that changes in
protein synthesis and/or protein degradation are likely to occur under the influence of
various environmental pressures (e.g., [26–28])).

Here we studied all three proxies to assess growth-related metabolic shifts during
acute warming in the stenothermal Antarctic eelpout (Pachycara brachycephalum) and the
eurythermal common eelpout (Zoarces viviparus). The two species provide an ideal model
system to study evolutionary temperature adaptation due to their high genetic identity [29].
Both species belong to the family of Zoarcidae and most likely evolved in the North Pacific
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and reached the North Sea and Southern Ocean via the deep sea [30] and have evolved
to divergent species-specific thermal windows [12,31,32]. The Antarctic eelpout inhabits
the Southern Ocean at temperatures between −1 ◦C and 1 ◦C [33,34]. Besides very low
temperature variation over the year, high seasonality of primary production is given by the
extreme shift between permanent light and the Polar night. As the Antarctic eelpout is an
opportunistic feeder of the benthos, high variation in food supply can be anticipated [30,33].
Their optimal temperature of growth was found to be between 3 and 4 ◦C in whole-
animal [12,14] and cellular studies [35]. Antarctic eelpout can survive temperatures up to
12 ◦C in short-term experiments [36,37], but long-term acclimation indicates a tipping point
for successful acclimation at around 6 ◦C [14]. This narrow thermal window indicates a
low ability to adapt rapidly to thermal changes, and thus a low thermal plasticity, which
can be defined as rapid adaptation to new thermal conditions.

In contrast, the distribution of the common eelpout ranges from the White Sea in
the North, with winter temperatures as low as −1 ◦C, to the Wadden Sea in the South,
at summer temperatures beyond 18 ◦C [38,39]. In short-term experiments Z. viviparus
survived temperatures up to 24 ◦C and their thermal optimum (measured for the Wadden
Sea population) ranges between 12 ◦C and 15 ◦C indicating a much wider thermal window
and thus higher thermal plasticity [12,39,40]. Irrespective of species or habitat, studies
of temperature-dependent whole-organism growth performance reveal a kind of bell-
shaped curve [12,41–45]. Although growth is generally slow in Antarctic species, the
recent literature suggested a lower thermal sensitivity of protein metabolism (synthesis
and degradation rates) in Antarctic compared to temperate fish species when exposed to a
similar range of warming [19].

In this context, a complete and comparative understanding of the relationship between
protein synthesis and degradation rates as well as the associated metabolism in Antarctic
and temperate fish is missing. In this study we hypothesize that acute warming affects
protein synthesis and degradation rates in both eelpout species according to their thermal
window: at the species-specific thermal growth optimum, protein synthesis rates should be
high while protein degradation should be lowest.

2. Materials and Methods
2.1. Animals

Antarctic eelpout, Pachycara brachycephalum (Pappenheim, 1912), were caught in Admi-
ralty Bay, King George Island (62◦11′ S, 58◦20′ W), Antarctica, by baited fish traps between
430 and 530 m depth on RV Polarstern expedition PS112 in March 2018. The fish traps
were recovered after 52 h from the sea floor. On board, fish were kept at 0 ◦C for the
duration of the transport (2 months) to the Alfred Wegener Institute (AWI), Bremerhaven,
Germany. At AWI, fish were kept in well aerated, re-circulating seawater at 0.0 ± 0.5 ◦C
and 34 ± 1 practical salinity units (PSU) under a 12:12 light/dark cycle.

The common eelpout, Zoarces viviparus (Linnaeus, 1758), were caught in the North
Sea near the island of Helgoland and brought to AWI by RV Uthörn in autumn 2020. The
fish were kept in well-aerated, re-circulating seawater at 12 ◦C for an acclimation period
of at least 3 months before cooling the water slowly to a temperature of 4.0 ± 0.5 ◦C.
For an additional three months, fish were maintained at 4 ◦C, at 34 ± 1 PSU on a 12:12
light/dark cycle.

Both species were fed frozen blue mussels, Mytilus edulis (Erdmann, Germany),
2–3 times weekly. Before the start of the experiments, fish were not fed for 5–7 days
to minimize/exclude possible side effects like specific dynamic action (SDA). Handling and
killing of the fish were conducted in compliance with the German legislation and in line
with the recommendations of the American Veterinary Medical Association (AVMA). The
work was approved by German authority (Freie Hansestadt Bremen, reference number 160;
500-427-103-7/2018-1-5).
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2.2. Acute Warming Experiment

P. brachycephalum was acclimated to 0 ◦C and exposed to an acute temperature increase
of +2 ◦C day−1 until 10 ◦C (total experimental duration: 5 days). The temperature of
Z. viviparus, which was acclimated to 4 ◦C, was increased by +3 ◦C day−1 until at 22 ◦C (to-
tal experimental duration: 7 days). These acute warming experiments have been performed
in other experiments with these fish and were therefore selected (e.g., [36,37]). At several
temperature steps (P. brachycephalum: 0, 2, 4, 6, 8, and 10 ◦C; Z. viviparus: 4, 10, 13, 16, 22 ◦C)
eelpouts of both species were weighed and injected with 0.7 mL/100 g body weight of
75 mM of 13C9H11

15N1O2 phenylalanine in PBS buffer (pH 7.4). Exactly after 1.5 h and 3 h
one fish from each species was sacrificed. At first the fish were stunned with a blow to the
head and then killed by cutting the spinal cord behind the head before collecting muscle
tissue. The collected tissue was flash-frozen in liquid nitrogen and stored at −80 ◦C until
further use. This experiment was repeated four times for P. brachycephalum (total n = 47, for
each measured temperature step n = 8 except of 10 ◦C n = 7) and three times for Z. viviparus
(total n = 30, for each measured temperature step n = 6).

2.3. Measurement of Protein Synthesis Rate

The protein synthesis rate was measured as described in Krebs et al. [20]. Briefly,
50 mg of white muscle tissue was homogenized and extracted with methanol and chlo-
roform to obtain three layers. The upper layer contained the cytosolic fraction in which
the free pool of unlabeled and labeled phenylalanine was measured. The middle layer
contained the protein fraction, which was subsequently hydrolyzed and used to measure
the protein-bound fraction of labeled and unlabeled phenylalanine, and the bottom layer,
containing the lipids, was not used for this analysis. Afterwards, the amount of free la-
beled and unlabeled phenylalanine as well as the amount of protein-bound labeled and
unlabeled phenylalanine were measured with liquid chromatography high resolution mass
spectrometry (LC-HRMS/MS).

The protein synthesis rate data were calculated with the phenylalanine concentrations
in the protein hydrolysate (bound) and the cytosolic fraction (free pool) using an internal
standard and a calibration curve for each analyte. Outliers (as identified by the Inter-
Quartile Range IQR) were eliminated.

Ks was calculated after Garlick et al., 1980 [46]

Ks (% day−1) =

(
Sb labeled[ pg

µg ]

(Sb labeled + Sb unlabeled)[ pg
µg ]

)
×
(

100
(Sa labeled[%])× t(days)

)
× 100

where Sb is the protein-bound pool and Sa the free pool of phenylalanine (pg phenylalanine
per µg fresh weight) and t the time in hours. Labeled phenylalanine describes the injected
13C9, 15N phenylalanine and unlabeled the naturally found 12C, 14N phenylalanine.

2.4. Protein Degradation via Measurements of Cathepsin D Activity

The determination of protein degradation and metabolic profiles was performed only
at certain temperature steps, for P. brachycephalum at 0, 4 and 10 ◦C and for Z. viviparus at 4,
10, 13, 16 and 22 ◦C.

First, 50 mg of frozen white muscle tissue was homogenized (1 mg/100 µL) in
50 mM Sodium Acetate buffer (pH 5.0) in 2 circles of 20 s at 6000 rpm at 4 ◦C (Pre-
cellys 24 tissue homogenizer, Bertin Instruments). Afterwards the activity of cathepsin
D was measured as described in Martinez-Alarcon et al., 2018. We used the fluorogenic
substrate 7-methoxycoumarin-4-acetyl-Gly-Lys-Pro-Ile-Leu-Phe-Phe-Arg-Leu-Lys-(DNP)-
DArg-amide (M0938, Sigma-Aldrich, St. Louis, MO, USA) and measured the activity of
cathepsin D at 26 ◦C. Data are expressed in units per mg of protein (U mg−1), with protein
content determined according to Bradford [47].
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2.5. Metabolic Profiling

Metabolic profiling was conducted as described in detail in Tripp-Valdez et al. (2017)
and Götze et al. (2020) [27,48]. In brief, we homogenized 50 mg muscle tissue (fresh weight)
and extracted the cytosolic fraction by Methanol–Chloroform extraction. Afterwards,
the cytosolic fraction was dried overnight in a vacuum centrifuge (Speedvac, Thermo
Fisher Scientific, Waltham, MA, USA). The pellet was resolved with D2O (deuterized
water + TSP; 0.075 wt%; Sigma Aldrich, St. Louis, MO, USA) in a 2-fold volume per
fresh weight (final concentration: 0.5 g ml−1). For the determination of metabolites an
ultra-shielded vertical 9.4 T NMR spectrometer (Avance III HD 400 WB, Bruker-BioSpin
GmbH, Ettlingen, Germany) was used. Samples were transferred to NMR needle tubes
(1.7 mm, Fisher Scientific, Schwerte, Germany) with a sample volume of 45 µL. 1H-NMR
spectra were acquired at 400 MHz in a 1.7 mm triple-tuned 1H-13C-15N NMR probe
using a Carr–Purcell–Meiboom–Gill (Bruker protocol cpmgpr1d, TopSpin 3.5) sequence
including water suppression at room temperature at the following parameters: acquisition
time (AQ), 4.01 s; sweep width (SW), 8802 Hz (22 ppm); delay (D1), 4 s; dummy scan (DS),
4; and number of scans (ns), 512.

Afterwards the spectra were baseline-, shim- and phase-corrected and calibrated to
the TSP signal at 0.0 ppm using the software Chenomx NMR suite 8.4 (Chenomx Inc.,
Edmonton, AB, Canada). Then, the metabolites were assigned and quantified by the
chemical shift of their NMR signals based on the TSP signal using Chenomx’s internal
database and previous NMR studies on polar and marine fish [28,49].

2.6. Statistical Analyses

The data for protein synthesis and degradation rate were normally (tested with
Shapiro–Wilk test) and homogeneously distributed (chi square test). Statistical differ-
ences at the level of 95% were tested by using an ordinary one-way ANOVA (analysis
of variance) followed by the Tukey’s multiple comparison test as post hoc. Interspecific
differences were tested with unpaired t-test identifying significant differences at the level
of 95% confidence interval.

The metabolomic data were analyzed with the online platform MetaboAnalyst 5.0 [50].
First, the data were normalized using the log2 transformation and outliers were identified
using unsupervised principal component analyses (PCA). Significant differences were
investigated by using SAM (Significance Analyses of microarray) [51] and the distinc-
tion between metabolic profiles are presented by using supervised partial least-square
discriminant analysis (PLS-DA).

3. Results
3.1. Protein Synthesis Rate

Overall, the range of protein synthesis rates in white muscle tissue over all tem-
peratures was higher in P. brachycephalum (Ks = 0.38–0.614% day−1) than in Z. viviparus
(Ks = 0.148–0.379% day−1) with significantly higher Ks values in the Antarctic species
at the common temperature of 4 ◦C (Figure 1). While the Ks of P. brachycephalum re-
mained unchanged during acute warming despite high individual variation, the Ks of
Z. viviparus displayed a clear temperature effect with the lowest protein synthesis rate at
4 ◦C (Ks = 0.148% ± 0.02 day−1) and the highest at 16 ◦C (Ks = 0.379% ± 0.12 day−1).
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Z. viviparus (red, data shown as mean ± standard deviation), protein synthesis differed significantly 
at 16 and 22 °C from that at acclimation temperature of 4 °C (One-Way ANOVA, A = p value < 0.05, 
n = 6). The protein synthesis rate was significantly higher in the Antarctic than the North Sea eelpout 
at 4 °C but not at 10 °C (unpaired t-test ** p < 0.01). 
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cephalum compared to Z. viviparus when measured at a common temperature (26 °C). 
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lum: 0, 4 and 10 °C; Z. viviparus: 4, 10, 13, 16 and 22 °C), no significant effect on cathepsin 
D activity (all samples measured at 26 °C) was found in either species (Figure 2), indicat-
ing enzyme quantity remaining unchanged during the temperature protocols. Studies of 
homogenates at various temperatures revealed a Q10 for cathepsin activity of 2.3 ± 0.33 (n 
= 6) for P. brachycephalum. No difference was found in Q10 values between samples from 
various temperatures (0, 4 and 10 °C) (see Supplementary, Table S1). 

 
Figure 2. Protein degradation of Pachycara brachycephalum and Zoarces viviparus measured by the 
maximum activity of Cathepsin D at 26 °C (data shown as mean ± standard deviation). Acute warm-
ing of the animals did not significantly alter the activity of cathepsin D (One-Way ANOVA, ns = p 
value > 0.05) in either P. brachycephalum (blue, n = 8 (4 °C), n = 7 (0 and 10 °C) or Z. viviparus (red, n 
= 6 (16 °C), n = 7 (4, 10, 13 and 22 °C). When measured at a common temperature (26 °C), Cathepsin 

Figure 1. Protein synthesis rate in white muscle during acute warming. The protein synthesis rate in
P. brachycephalum (blue, data shown as mean ± standard deviation) remained unchanged (One-Way
ANOVA, p value > 0.05, n = 8 (2, 6 and 8 ◦C), n = 7 (0, 4, 10 ◦C)) during acute warming. In Z. viviparus
(red, data shown as mean ± standard deviation), protein synthesis differed significantly at 16 and
22 ◦C from that at acclimation temperature of 4 ◦C (One-Way ANOVA, A = p value < 0.05, n = 6). The
protein synthesis rate was significantly higher in the Antarctic than the North Sea eelpout at 4 ◦C but
not at 10 ◦C (unpaired t-test ** p < 0.01).

3.2. Protein Degradation

Protein degradation was determined in white muscle tissue by measuring the max-
imum activity of cathepsin D. The cathepsin D activity was 10 times higher in P. brachy-
cephalum compared to Z. viviparus when measured at a common temperature (26 ◦C). When
comparing white muscle tissue collected at different temperatures (P. brachycephalum: 0, 4
and 10 ◦C; Z. viviparus: 4, 10, 13, 16 and 22 ◦C), no significant effect on cathepsin D activity
(all samples measured at 26 ◦C) was found in either species (Figure 2), indicating enzyme
quantity remaining unchanged during the temperature protocols. Studies of homogenates
at various temperatures revealed a Q10 for cathepsin activity of 2.3 ± 0.33 (n = 6) for
P. brachycephalum. No difference was found in Q10 values between samples from various
temperatures (0, 4 and 10 ◦C) (see Supplementary, Table S1).
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Figure 2. Protein degradation of Pachycara brachycephalum and Zoarces viviparus measured by the
maximum activity of Cathepsin D at 26 ◦C (data shown as mean ± standard deviation). Acute
warming of the animals did not significantly alter the activity of cathepsin D (One-Way ANOVA,
p value > 0.05) in either P. brachycephalum (blue, n = 8 (4 ◦C), n = 7 (0 and 10 ◦C) or Z. viviparus
(red, n = 6 (16 ◦C), n = 7 (4, 10, 13 and 22 ◦C). When measured at a common temperature (26 ◦C),
Cathepsin D activity in white muscle samples collected at 4 and 10 ◦C was significantly higher in
P. brachycephalum than in Z. viviparus (unpaired T-test; * p < 0.05; *** p < 0.005).
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3.3. Metabolites

A total of 47 metabolites mainly associated with protein turnover and energy allocation
were assigned in white muscle of both species, P. brachycephalum and Z. viviparus. The
metabolic response to acute warming differed between species and was more pronounced in
Z. viviparus than in P. brachycephalum, as reflected in more metabolites changing significantly.

3.3.1. Pachycara brachycephalum

The PLS-DA model indicated a clear separation of metabolic profiles in the white
muscle of P. brachycephalum between the lowest (0 ◦C, red), intermediate (4 ◦C, green) and
the highest (10 ◦C, blue) temperature (Figure 3a). Most importantly, the warming-induced
increase in N,N-dimethylglycine levels mainly shaped the PLS-DA, followed by a decrease
in acetylcholine levels and the increase in choline levels (Figure 3b) Additionally, mostly
amino acid levels changed with warming, with increasing levels in, e.g., asparagine, glycine
and histidine, and decreasing levels in, e.g., aspartate, leucine and isoleucine. Therefore,
SAM revealed that N,N-dimethylglycine levels increased significantly and linearly with
increasing temperature (Figure 4).
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Figure 4. N,N-dimethylglycine level in P. brachycephalum during acute warming. The level of
N,N-dimethylglycine increased linearly (Y = 0.002969x + 0.01681, R2 = 0.237, p-value < 0.05, data
shown as mean ± standard deviation) with temperature (significant difference using Significance
Analyses of Microarray SAM (Delta value 0.3, FDR 0.01, False 0.01, n = 8 (0 and 4 ◦C), n = 6 (10 ◦C))
with a p-value < 0.001.
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3.3.2. Zoarces viviparus

The PLS-DA model values for Z. viviparus did not show a clear separation at the lowest
temperatures of 4 ◦C and 10 ◦C, but they were separated at higher temperatures of 13 ◦C
(dark blue), 16 ◦C (light blue) and 22 ◦C (pink) (Figure 5a). Most importantly, warming
resulted in an increased dimethylamine content (Figure S1), contributing to the PLS-DA
patterns. Choline first increased and then decreased, forming a bell-shaped curve, while
the phosphocholine content decreased with increasing temperature (Figure 5b).
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Figure 5. PLS-DA of the metabolite profile of Zoarces viviparus. The PLS-DA viewed in a 3D model
included 43.2% of the data (a) and the VIP score described the loadings of the PLS-DA (b). There was
no clear separation between values at 4 ◦C (red, n = 5) and at 10 ◦C (green, n = 6), but those at 13 ◦C
(dark blue, n = 6), 16 ◦C (light blue, n = 4) and 22 ◦C (pink, n = 4) were clearly separated.

The concentration of choline and phosphocholine changed significantly with increas-
ing temperature. Choline doubled its concentration between 4 and 10 ◦C and remained
unchanged up to 13 ◦C. At higher temperatures the choline concentration decreased and
formed a bell-shaped curve (Figure 6a). In contrast, the phosphocholine concentration
decreased between 4 and 13 ◦C and reached a plateau at higher temperatures (Figure 6b).
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Figure 6. Changes in the concentration of choline and phosphocholine during acute warming
in Zoarces viviparus. Choline (a) first increased and then decreased forming a bell-shaped curve
(y = 0.0061x2 + 0.045x − 0.0020, R2 = 0.39, data shown as mean ± standard deviation) while phospho-
choline (b) decreased (Y = 0.134 − (0.134 − 0.78)(−0.25x), R2 = 0.39, data shown as mean ± standard
deviation) during acute warming (significant difference using Significance Analyses of Microarray
SAM (Delta value 0.5, FDR 0.188, False 0.46, (4 ◦C (n = 5), 10 ◦C (n = 6), 13 ◦C (n = 6), 16 ◦C (n = 4)
and 22 ◦C (n = 4)) with a p-value < 0.001 (Choline) and p < 0.05 (Phosphocholine).
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3.3.3. Comparison between the Antarctic and Common Eelpout

The metabolite profiles differed largely between the two species at the same tempera-
tures (4 ◦C and 10 ◦C, Figure 7).

The PLS-DA indicated a clear separation between P. brachycephalum and Z. viviparus
specimens at 4 and 10 ◦C (Figure 7a). The VIP score indicated that the main difference was
found in the concentration of methylamines (dimethylamine, trimethylamine and TMAO
(Trimethylamine-N-Oxide)) and amino acids (e.g., isoleucine, valine, leucine). While di-
and trimethylamine were significantly higher in Z. viviparus, the concentration of TMAO
was higher in P. brachycephlaum. Additionally, the concentration of most amino acids was
significantly higher in P. brachycephalum, but those of alanine, histidine and glycine were
significantly higher in Z. viviparus (Figure 7b). The SAM (Delta value 5.7, FDR 0.003,
False 0.13, p < 0.005) identified 23 metabolites that differed significantly between the two
eelpout species (Table S1). For better comparison, Table 1 summarizes the significant
differences between P. brachycephalum and Z. viviparus as fold difference between the means
at 4 and 10 ◦C for each species separately, as PLS-DA did not show a clear separation with
respect to temperature (Table 1).
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Figure 7. The PLS-DA of the metabolite profile of P. brachycephalum in comparison to Z. viviparus at 4
and 10 ◦C. The 3D model of the PLS-DA comprised 78% of the data (a) and the VIP score (b) describes
the metabolites used for the PLS-DA of P. brachycephalum (dark blue 4 ◦C, n = 8; light blue 10 ◦C,
n = 6) compared to Z. viviparus (red 4 ◦C, n = 5; green 10 ◦C, n = 6).

Table 1. Overview of the different levels of metabolites in Zoarces viviparus and Pachycara brachy-
cephalum: Fold differences between P. brachycephalum (PB) and Z. viviparus (ZV) were calculated
using mean values at 4 and 10 ◦C separately for each species. Metabolites not significantly different
according to SAM (see Supplementary, Table S2) or with fold differences below 2, and metabolites
with values changing within species between 4 and 10 ◦C, were not considered. Bold numbers
indicate a significantly higher concentration of the studied metabolite.

Metabolite (Name) Concentration in
Z. viviparus (mM)

Concentration in
P. brachycephalum (mM)

Fold Difference of Means
between PB and ZV

Amino acids
Isoleucine 0.08 ± 0.04 0.69 ± 0.34 9.1

Valine 0.14 ± 0.07 1.11 ± 0.55 8
Leucine 0.12 ± 0.05 0.90 ± 0.43 7.2

Asparagine 0.11 ± 0.06 0.56 ± 0.20 5.6
Methionine 0.07 ± 0.03 0.31 ± 0.14 4.6
Tryptophan 0.03 ± 0.01 0.11 ± 0.04 3.4
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Table 1. Cont.

Metabolite (Name) Concentration in
Z. viviparus (mM)

Concentration in
P. brachycephalum (mM)

Fold Difference of Means
between PB and ZV

Lysine 0.67 ± 0.26 1.62 ± 0.59 2.4
Glycine 14.59 ± 5.43 2.43 ± 0.78 0.17
Alanine 5.96 ± 1.30 1.11 ± 0.34 0.19

Histidine 0.86 ± 0.32 0.38 ± 0.14 0.44
Methylamine

TMAO 7.54 ± 4.62 23.15 ± 3.49 3.1
Dimethylamine 1.93 ± 1.32 0.09 ± 0.05 0.05
Trimethylamine 0.21 ± 0.13 0.014 ± 0.003 0.07

Others
Hypotaurine 0.002 ± 0.001 0.0007 ± 0.0003 0.35

Taurine 8.96 ± 2.42 3.94 ± 0.92 0.44

4. Discussion

In the following, thermal plasticity is discussed separately for both eelpout species,
starting with P. brachycpehalum and then continuing with Z. viviparus. In the last part,
the differences between the two species are interpreted to represent consequences of
thermal adaptation.

4.1. Thermal Plasticity of the Cold-Stenothermal Pachycara brachycephalum

The protein synthesis rate (Ks) in white muscle of Pachycara brachycephalum did not change
during acute warming but varied highly between individuals at Ks = 0.5 +/− 0.25% day−1.
Most strikingly, it was 10 times higher than in our previous in vivo study [20]. Compared
to the former study, we increased the food supply from once a week [20] to 2–3 times a
week in the present study, 3–6 weeks before the experiment started. In the Southern Ocean,
food such as plankton is abundant in summer (December to March), while it decreases
dramatically in winter (June to September) [52]. P. brachycephalum appears to be adapted
to these drastic seasonal changes in food supply by up-regulating protein synthesis in
white muscle when food is abundant and drastically reducing protein synthesis in white
muscle when less food is available to conserve energy. Smith and Haschemeyer reported
a reduction in the Ks by a factor of between 3 (Trematomus bernacchii) to 5.5 (Trematomus
hansoni) in Antarctic fish due to a starvation period of 5 (Trematomus bernacchii) to 15 days
(Trematomus hansoni) at −1.5 ◦C [21]. Although P. brachycephalum was not starved in our
previous study, the higher feeding rate used here likely increased the Ks.

Acute warming did not affect the protein synthesis rate in white muscle of P. brachy-
cephalum, resulting in a Q10 of about 1, far below a Q10 value commonly expected at 2–3.
This contrasts expectations from long-term studies in thermally acclimated Antarctic organ-
isms where growth below their thermal optimum follows a Q10 above 3 [6]. It is important
to distinguish results obtained in acute warming experiments from those obtained after
acclimation to different temperatures over weeks to months. To our knowledge, this is the
first study to investigate protein synthesis rates in vivo in white muscle during acute warm-
ing in Antarctic fish. Our finding of protein synthesis being non-responsive to temperature
is consistent with in vitro findings obtained from 3-months-acclimated P. brachycephalum,
where the capacity for protein synthesis did not respond to temperature changes [32]. In
fact, recent in vivo measurements on the Antarctic fish Harpagifer antarcticus, in which the
protein synthesis rate was measured similarly, by use of a flooding dose of phenylalanine,
did not reveal any change in the protein synthesis rate as a result of increased temperature,
although the fish were acclimatized for 28 days at different temperatures and the protein
synthesis rate was measured for the whole fish [19].

Our present results argue that the protein synthesis machinery remains unchanged
after acute warming (+2 ◦C day−1) and operates at low Q10. Further experiments would
need to clarify whether protein synthesis capacity is increased by protein expression
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during long-term cooling or reduced during long-term warming. This leaves the question
open whether protein synthesis in white muscle can be thermally compensated in any
Antarctic species.

Lysosomal degradation of proteins via cathepsin D did not differ significantly in white
muscle samples at 0, 4 and 10 ◦C when measured at a common temperature (26 ◦C), indi-
cating unchanged enzyme quantities. When cathepsin D activity was measured at different
temperatures (∆T = 19 ◦C) the Q10 value averaged at 2.3 ± 0.33 (n = 6). Additionally,
cathepsin D prefers a pH below 5 as found in the lysosome, even though it is also active at
higher pH in extracellular space and cytoplasm [53]. In P. brachycephalum, acute warming
has been shown to lower intracellular pH [37], which could further increase the cathepsin
D activity during acute warming. It is therefore likely that lysosomal degradation in vivo
was about 2.3 times lower at 0 ◦C than at 10 ◦C. This would need to be confirmed by in vivo
studies, as many regulatory processes of cathepsin D are not yet fully understood, which
could further influence cathepsin D activity in vivo [54].

To gain a deeper understanding of the metabolic changes, especially those involved
in protein degradation, we performed untargeted metabolic profiling of white muscle
tissue and identified 47 different metabolites at 0, 4 and 10 ◦C. A PLS-DA discriminant
analysis shows a shift of metabolites towards warmer temperatures, with the metabolite
N,N-dimethylglycine responding most strongly to elevated temperatures, as also con-
firmed by SAM. N,N-dimethylglycine is a derivate of glycine and an intermediate of
choline metabolism. It enhances immune responses in salmonid fish [55] and prevents
oxidative stress by scavenging free radicals that would otherwise damage cells, proteins
and DNA [56]. N,N-dimethylglycine can be formed from choline via betaine to glycine;
however, none of these three metabolites changed significantly during acute warming. In
addition, PLS-DA revealed the neurotransmitter acetylcholine to decrease, and choline
to increase, with acute warming. Acetylcholine is used by the nervous system as a trans-
mitter to activate movement and can rapidly be converted to choline [57]. However,
there is no evidence of increased protein degradation as the associated metabolites such
as, e.g., 1-methylhistidine and 3-methylhistidine do not change with temperature (see
supplementary, Figure S2).

In summary, acute warming has limited effects on P. brachycephalum white muscle
as neither protein synthesis nor metabolites associated with protein degradation or the
maximum protein degradation capacity changed. Similarly, protein degradation, calculated
as the difference between protein synthesis, food supply and weight gain, did not change
in the thermally acclimated (28 days) Antarctic fish Harpagifer antarcticus [19]. Both protein
synthesis and protein degradation rates being thermally non-responsive in white muscle,
points to other factors that may then lead to reduced growth rates at temperatures above
the thermal optimum. For example, in a systemic to molecular hierarchy of thermal
tolerance [58], energy-dependent protein synthesis and growth would increasingly be
constrained according to OCLTT [1] while degradation might continue unabated. Clearly,
further studies are necessary to clarify the limited effect of warming on Antarctic fish within
its thermal range. In total, long-term temperature-dependent growths in the Antarctic
eelpout [12,14] and other species cannot be explained from the present results of acute
thermal changes.

4.2. Thermal Response of the Eurythermal Zoarces viviparus

In contrast to P. brachycephalum, the protein synthesis rate (Ks) in Z. viviparus white
muscle increased with temperature to a maximum value of 0.38% day−1 at 16 ◦C resulting in
a Q10 of about 2.2. At higher temperatures (22 ◦C), protein synthesis did not increase further
but decreased slightly (Ks = 0.31% day−1). This suggests that, similar to P. brachycephalum,
mechanisms such as OCLTT are involved to constrain the thermally induced increase
in processes, to within the thermal window. Overall protein synthesis in white muscle
responds to acute warming, supporting previously measured in vivo growth maxima
between 12 and 15 ◦C [12,39,40].
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As in P. brachycephalum, the maximum activity of cathepsin D measured at a common
temperature (26 ◦C) of white muscle exposed to acute warming did not change, indicating
that protein expression levels and thus enzyme quantities did not change. In Z. viviparus
as in P. brachycephalum, a simple Q10 effect may have increased protein degradation via
cathepsin at high temperatures. In fact, a study by Fraser et al. (2022), comparing an
Antarctic and a temperate fish, found calculated rates of degradation in the temperate fish
to increase towards the upper thermal limit after an acclimation period of 28 days similar
to our acute warming approach [19]. Another important protein degradation pathway via
calpain was not measured and may have been altered at high temperatures.

Untargeted metabolic profiling revealed several changes in cellular processes during
acute warming in Z. viviparus. At lower temperatures (4 and 10 ◦C) the metabolic profile
did not change, but at higher temperatures (13, 16 and 22 ◦C) the metabolic profiles
separated the treatment groups from each other (Figure 5). The PLS-DA identified the
key metabolites causing this difference to be dimethylamine, choline and phosphocholine
as well as metabolites involved in energy production (e.g., IMP, citraconate, inosine and
fumarate). The SAM revealed only two metabolites to be changed significantly, namely
choline and phosphocholine.

The micronutrient and intermediate choline initially increased between 4 and 10 ◦C,
then stabilized up to 13 ◦C and decreased thereafter, thereby closely following the long-term
temperature-dependent growth curve of Z. viviparus [12,39,40]. In skeletal muscle, choline
provides its methyl group as a micronutrient for several processes including protein and
lipid metabolism as well as autophagy [59]. In contrast to choline, O-phosphocholine,
which can be directly synthesized from choline by phosphorylation and is an important
precursor of membrane lipids, was found highest in the cold (4 ◦C) and decreased with
increasing temperature. High phosphocholine content was found to improve cold tolerance
by increasing the ability to modify phospholipids in membranes to maintain their fluidity
in cold conditions [60,61]. In agreement with our results, lipid analyses of acclimatized
Z. viviparus indicated a high lipid content in the cold, especially for lipids important for
membrane fluidity [62].

While all other metabolites did not differ significantly between treatments according
to SAM, several metabolites of interest were identified in the PLS-DA indicating metabolic
trends relating to energy metabolism. Increasing levels of citraconate could indicate an
enhanced Krebs Cycle as it inhibits Cis-Aconitate from leaving the Krebs Cycle [63]. Slightly
increasing glutamine and aspartate levels and decreasing alanine levels, as well as an
increasing concentration of IMP, a degradation product of ATP, reflect increasing energy
deficiency; however, future studies would need to confirm this interpretation. Amino acids
of skeletal muscle proteins can be used to fuel other tissues such as the liver as shown for
starving mammals [64] as well as migrating and spawning salmon [65,66].

In summary, in the North Sea eelpout, the increased energy demand of white-muscle
protein synthesis is within the thermal performance curve, as indicated by minor changes
of metabolites associated with energy production between 4 and 16 ◦C. The rate of protein
synthesis in white muscle of Z. viviparus decreasing beyond 22 ◦C indicates limited energy
supply to protein synthesis and growth, in line with the consequences of OCLTT at thermal
limits (e.g., [1]). Experiments on gene expression during acute warming (0.08 ◦C min−1) of
the eurythermal fish Gillichthys mirabilis support our findings, as genes related to the cell
cycle and cell proliferation were reduced in the white muscle, possibly reflecting reduced
energy expenditures [67].

4.3. Comparison between the Antarctic and Common Eelpout

When comparing P. brachycephalum from the Southern Ocean with closely related
Z. viviparus from the North Sea at the same temperatures, potentially large differences in
protein metabolism became apparent.

The protein synthesis rate was two to three times higher in P. brachycephalum, at the
same temperatures and feeding rates, indicating cold-compensated in vivo activities at their
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lower optimum temperature. Even more striking, the capacity of the lysosomal protease
cathepsin D, an indicator of protein degradation, was found to be more than ten times
higher in P. brachycephalum compared to Z. viviparus, indicating a cold-compensated capac-
ity in the Antarctic species. This also indicates a higher protein turnover in the Antarctic
species compared to its temperate confamilial. Higher protein turnover is also indicated
from the comparison of metabolic profiles as especially the complex amino acids including
branched chain amino acids (leucine, isoleucine and valine) together with asparagine,
methionine, tryptophan and lysine are found at significantly higher concentrations in the
cytosol of P. brachycephalum. These amino acids, which include essential amino acids and
are energetically expensive to synthesize, may preferably be recycled and not undergo final
oxidation via the Krebs Cycle. Higher cytosolic concentrations as seen in the Antarctic
eelpout may indeed enable a higher turnover of proteins. In contrast, glucogenic amino
acids like glycine and alanine, which can be synthesized quite simply from the glucogenic
pathways, were found at much higher levels in Z. viviparus. Storch et al. (2005) found
higher concentrations of glycine bound in proteins in Z. viviparus compared to P. brachy-
cephalum [32], which may be a consequence of its higher abundance in the cytosol. Alanine
is an important nitrogen carrier and a major gluconeogenic precursor in fish [68]. Depend-
ing on the metabolic state, it is released from skeletal muscle and often a precursor of other
non-essential amino acids [69]. Together, these amino acids and their high concentrations
may indicate a higher metabolic turnover and a different use of fuels in the two eelpouts,
as described earlier [12].

The only essential amino acid found at higher concentration in the temperate eelpout
is histidine, but the factorial change is quite low in comparison to the other complex amino
acids. The histidine concentration acts as a buffer against changing pH values. For example,
it increased in white muscle in salmon before migration to prepare them for the intense
exercise [68,70]. Higher histidine concentrations in the temperate eelpout may thus be
helpful in the more variable environment of the North Sea including temperature, oxygen
and salinity. Overall, the differences in cytosolic amino acids between Z. viviparus and
P. brachycephalum may reflect differences in environmental variability. Z. viviparus has a
high proportion of simple amino acids that can be metabolized quickly under more variable
conditions. In contrast, P. brachycephalum experiences stable temperatures and almost no
seasonal variation, but food scarcity may occur. When a high level of food is available,
it seems to respond quickly by increasing protein turnover and enhancing growth (as
discussed above).

Alternatively, the increased protein turnover rates in Antarctic fish may be due to
proteins being less stable in the cold [71], as a consequence of structural flexibility [72].
Several Antarctic fish species possess high levels of ubiquitin-conjugated proteins, sug-
gesting a higher rate of degradation [73]. The hypothesis of higher protein instability
would be supported by high level of TMAO in P. brachycephalum, while trimethylamine
and dimethylamine are higher in Z. viviparus. TMAO is an osmolyte important for protein
stabilization in marine organisms at depth [74]. P. brachycephalum can be found at much
greater depth than Z. viviparus from the shallow North Sea. Whether TMAO is higher in
polar organisms for stabilizing proteins in the cold needs to be investigated in the future.

5. Conclusions

The two eelpout species from the North Sea and the Southern Ocean respond dif-
ferently to acute warming. The protein synthesis rate in the common eelpout Zoarces
viviparus was increased between 4 and 16 ◦C according to the Q10 rule, a phenomenon not
observed in the Antarctic eelpout. At 22 ◦C, the protein synthesis rate in white muscle
was reduced in the temperate species. As protein synthesis is the largest energy consumer
in ectotherms [75] our earlier findings [39] indicate that whole-animal constraints, e.g.,
through OCLTT, may have set in at upper thermal limits and reduced white-muscle growth.
Within the thermal range of the Antarctic eelpout Pachycara brachycephalum, the rate of
protein synthesis did not respond to acute warming. The increased protein synthesis rate,
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possibly due to an increased feeding rate (10-fold higher than in our previous study [20],
might have masked the thermal response.

Regardless of temperature, protein turnover is significantly higher in P. brachycephalum
compared to Z. viviparus despite the same feeding rate. This indicates cold compensation
in P. brachycephalum, which can maintain higher metabolic rates than Z. viviparus at temper-
atures around 0 ◦C. Cold compensation is defined as “the maintenance of an appropriate
physiological rate in the face of temperature change” [8]. While protein synthesis and
degradation are cold-compensated, other functions such as reproduction and development
may appear suppressed in order to enable metabolic down-regulation (cf. [7]). The present
study indicates clear cold compensation of both protein synthesis rate and degradation in
Antarctic fish. The functional background of this compensation needs further attention.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/biom13101507/s1, Table S1: Q10 values of cathepsin D activity in muscle
homogenates at various temperatures in P. brachycephalum; Table S2: SAM analysis comparison be-
tween metabolic profiles of P. brachycephalum and Z. viviparus; Figure S1: Changes of the concentration
of dimethylamine during acute warming in Zoarces viviparus; Figure S2: Changes of the concentration
of 1-Methylhistidine and 3-Methylhistidine during acute warming in Pachycara brachycephalum.

Author Contributions: Conceptualization, N.K., C.B., J.T., F.C.M., M.L., G.L. and H.-O.P.; performing
experiments, N.K. and M.L.; methodology, N.K., J.T. and C.B.; data curation, N.K., C.B., G.L. and J.T.;
writing—original draft preparation, N.K., visualization, N.K.; writing—review and editing, N.K.,
J.T., C.B., F.C.M., M.L., G.L. and H.-O.P.; supervision, N.K., C.B., F.C.M., M.L., G.L. and H.-O.P. All
authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by the research program “Changing Earth—Sustaining our
Future” in the program-oriented funding periods (PoF IV subtopic 6.2—Adaptation of marine life:
from genes to ecosystems) of the Helmholtz Association.

Institutional Review Board Statement: The work was approved by the German authority (Freie
Hansestadt Bremen, reference number 160; 500-427-103-7/2018-1-5).

Informed Consent Statement: Not applicable.

Data Availability Statement: Data will be uploaded to the public repository PANGEA after accep-
tance of the manuscript.

Acknowledgments: We would like to acknowledge the technical support of Sandra Götze, Amirhos-
sein Karamyar, Isabel Ketelsen, Nils Koschnick and Fredy Veliz Moraleda during the experiments.
Additionally, we would like to thank Sandra Götze, Anette Tillmann and Nicole Vogt for their help
during the extraction and measurement of the NMR samples. We would also like to thank Christian
Zurhelle for his help in measuring protein synthesis rates and Reinhard Saborowski for his assistance
and expertise in the analysis of cathepsin D.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Pörtner, H.O. Climate Impacts on Organisms, Ecosystems and Human Societies: Integrating OCLTT into a Wider Context. J. Exp.

Biol. 2021, 224, jeb238360. [CrossRef] [PubMed]
2. Dahlke, F.T.; Wohlrab, S.; Butzin, M.; Pörtner, H.-O. Thermal Bottlenecks in the Life Cycle Define Climate Vulnerability of Fish.

Science 2020, 369, 65–70. [CrossRef] [PubMed]
3. Ern, R.; Andreassen, A.H.; Jutfelt, F. Physiological Mechanisms of Acute Upper Thermal Tolerance in Fish. Physiology 2023, 38,

141–158. [CrossRef]
4. Pörtner, H.O.; Farrell, A.P. Physiology and Climate Change. Science 2008, 322, 690–692. [CrossRef]
5. Peck, L.S. Antarctic Marine Biodiversity: Adaptations, Environments and Responses to Change; Taylor & Francis: Oxfordshire, UK,

2018; Volume 56, ISBN 9781138318625.
6. Peck, L.S. A Cold Limit to Adaptation in the Sea. Trends Ecol. Evol. 2016, 31, 13–26. [CrossRef]
7. Clarke, A.; Meredith, M.P.; Wallace, M.I.; Brandon, M.A.; Thomas, D.N. Seasonal and Interannual Variability in Temperature,

Chlorophyll and Macronutrients in Northern Marguerite Bay, Antarctica. Deep Sea Res. Part II Top. Stud. Oceanogr. 2008, 55,
1988–2006. [CrossRef]

8. Clarke, A. What Is Cold Adaptation and How Should We Measure It? Integr. Comp. Biol. 1991, 31, 81–92. [CrossRef]

https://www.mdpi.com/article/10.3390/biom13101507/s1
https://www.mdpi.com/article/10.3390/biom13101507/s1
https://doi.org/10.1242/jeb.238360
https://www.ncbi.nlm.nih.gov/pubmed/33627467
https://doi.org/10.1126/science.aaz3658
https://www.ncbi.nlm.nih.gov/pubmed/32631888
https://doi.org/10.1152/physiol.00027.2022
https://doi.org/10.1126/science.1163156
https://doi.org/10.1016/j.tree.2015.09.014
https://doi.org/10.1016/j.dsr2.2008.04.035
https://doi.org/10.1093/icb/31.1.81


Biomolecules 2023, 13, 1507 15 of 17

9. Clarke, A.; Ern, R.; Andreassen, A.H.; Jutfelt, F.; Pörtner, H.O.; Scholes, R.J.; Arneth, A.; Barnes, D.K.A.; Burrows, M.T.; Diamond,
S.E.; et al. Growth of Marine Ectotherms Is Regionally Constrained and Asymmetric with Latitude. Trends Ecol. Evol. 2023, 34,
502–509. [CrossRef]

10. Pörtner, H.O. Climate-Dependent Evolution of Antarctic Ectotherms: An Integrative Analysis. Deep. Res. Part II Top. Stud.
Oceanogr. 2006, 53, 1071–1104. [CrossRef]

11. Pörtner, H.O.; Peck, L.; Somero, G. Thermal Limits and Adaptation in Marine Antarctic Ectotherms: An Integrative View. Philos.
Trans. R. Soc. B Biol. Sci. 2007, 362, 2233–2258. [CrossRef]

12. Brodte, E.; Knust, R.; Pörtner, H.O. Temperature-Dependent Energy Allocation to Growth in Antarctic and Boreal Eelpout
(Zoarcidae). Polar Biol. 2006, 30, 95–107. [CrossRef]

13. Enzor, L.A.; Hunter, E.M.; Place, S.P. The Effects of Elevated Temperature and Ocean Acidification on the Metabolic Pathways of
Notothenioid Fish. Conserv. Physiol. 2017, 5, cox019. [CrossRef]

14. Windisch, H.S.; Frickenhaus, S.; John, U.; Knust, R.; Pörtner, H.-O.; Lucassen, M. Stress Response or Beneficial Temperature
Acclimation: Transcriptomic Signatures in Antarctic Fish (Pachycara brachycephalum). Mol. Ecol. 2014, 23, 3469–3482. [CrossRef]
[PubMed]

15. Langenbuch, M.; Bock, C.; Leibfritz, D.; Pörtner, H.O. Effects of Environmental Hypercapnia on Animal Physiology: A 13C NMR
Study of Protein Synthesis Rates in the Marine Invertebrate Sipunculus nudus. Comp. Biochem. Physiol. A Mol. Integr. Physiol. 2006,
144, 479–484. [CrossRef] [PubMed]

16. Wittmann, A.C.; Schröer, M.; Bock, C.; Steeger, H.U.; Paul, R.J.; Pörtner, H.O. Indicators of Oxygen- and Capacity-Limited
Thermal Tolerance in the Lugworm Arenicola Marina. Clim. Res. 2008, 37, 227–240. [CrossRef]

17. Houlihan, D.F.; McMillan, D.N.; Laurent, P. Growth Rates, Protein Synthesis, and Protein Degradation Rates in Rainbow Trout:
Effects of Body Size. Physiol. Zool. 1986, 59, 482–493. [CrossRef]

18. Foster, A.R.; Houlihan, D.F.; Gray, C.; Medale, F.; Fauconneau, B.; Kaushikj, S.J.; Le Bail, P.Y. The Effects of Ovine Growth
Hormone on Protein Turnover in Rainbow Trout. Gen. Comp. Endocrinol. 1991, 82, 111–120. [CrossRef]

19. Fraser, K.P.P.; Peck, L.S.; Clark, M.S.; Clarke, A.; Hill, S.L. Life in the Freezer: Protein Metabolism in Antarctic Fish. R. Soc. Open
Sci. 2022, 9, 211272. [CrossRef]

20. Krebs, N.; Tebben, J.; Bock, C.; Mark, F.C.; Lucassen, M.; Lannig, G.; Pörtner, H. Protein Synthesis Determined from Non-
Radioactive Phenylalanine Incorporated by Antarctic Fish. Metabolites 2023, 13, 338. [CrossRef]

21. Smith, M.A.K.; Haschemeyer, A.E.V. Protein Metabolism and Cold Adaptation in Antarctic Fish. Physiol. Zool. 1980, 53, 373–382.
[CrossRef]

22. McCarthy, I.D.; Moksness, E.; Pavlov, D.A.; Houlihan, D.F. Effects of Water Temperature on Protein Synthesis and Protein Growth
in Juvenile Atlantic Wolffish (Anarhichas lupus). Can. J. Fish. Aquat. Sci. 1999, 56, 231–241. [CrossRef]

23. Nemova, N.N.; Lysenko, L.A.; Kantserova, N.P. Degradation of Skeletal Muscle Protein during Growth and Development of
Salmonid Fish. Russ. J. Dev. Biol. 2016, 47, 161–172. [CrossRef]

24. Cassidy, A.A.; Driedzic, W.R.; Campos, D.; Heinrichs-Caldas, W.; Almeida-Val, V.M.F.; Val, A.L.; Lamarre, S.G. Protein Synthesis
Is Lowered by 4EBP1 and EIF2-a Signaling While Protein Degradation May Be Maintained in Fasting, Hypoxic Amazonian
Cichlids Astronotus Ocellatus. J. Exp. Biol. 2018, 221, jeb167601. [CrossRef] [PubMed]

25. Martínez-Alarcón, D.; Saborowski, R.; Rojo-Arreola, L.; García-Carreño, F. Is Digestive Cathepsin D the Rule in Decapod
Crustaceans? Comp. Biochem. Physiol. Part B Biochem. Mol. Biol. 2018, 215, 31–38. [CrossRef] [PubMed]

26. Deborde, C.; Hounoum, B.M.; Moing, A.; Maucourt, M.; Jacob, D.; Corraze, G.; Médale, F.; Fauconneau, B. Putative Imbalanced
Amino Acid Metabolism in Rainbow Trout Long Term Fed a Plant-Based Diet as Revealed by 1H-NMR Metabolomics. J. Nutr. Sci.
2021, 10, e13. [CrossRef]

27. Götze, S.; Bock, C.; Eymann, C.; Lannig, G.; Steffen, J.B.M.; Pörtner, H.-O. Single and Combined Effects of the “Deadly Trio”
Hypoxia, Hypercapnia and Warming on the Cellular Metabolism of the Great Scallop Pecten Maximus. Comp. Biochem. Physiol.
Part B Biochem. Mol. Biol. 2020, 243–244, 110438. [CrossRef] [PubMed]

28. Rebelein, A.; Pörtner, H.-O.; Bock, C. Untargeted Metabolic Profiling Reveals Distinct Patterns of Thermal Sensitivity in Two
Related Notothenioids. Comp. Biochem. Physiol. Part A Mol. Integr. Physiol. 2018, 217, 43–54. [CrossRef]

29. Windisch, H.S.; Lucassen, M.; Frickenhaus, S. Evolutionary Force in Confamiliar Marine Vertebrates of Different Temperature
Realms: Adaptive Trends in Zoarcid Fish Transcriptomes. BMC Genom. 2012, 13, 1–16. [CrossRef]

30. Anderson, M.E. Systematics and Osteology of the Zoarcidae (Teleostei: Perciformes); Rhodes University: Makhanda, South Africa, 1994.
31. Lannig, G.; Storch, D.; Pörtner, H.O. Aerobic Mitochondrial Capacities in Antarctic and Temperate Eelpout (Zoarcidae) Subjected

to Warm versus Cold Acclimation. Polar Biol. 2005, 28, 575–584. [CrossRef]
32. Storch, D.; Lannig, G.; Pörtner, H.O. Temperature-Dependent Protein Synthesis Capacities in Antarctic and Temperate (North

Sea) Fish (Zoarcidae). J. Exp. Biol. 2005, 208, 2409–2420. [CrossRef]
33. Brodte, E.; Knust, R.; Pörtner, H.O.; Arntz, W.E. Biology of the Antarctic Eelpout Pachycara Brachycephalum. Deep. Res. Part II

Top. Stud. Oceanogr. 2006, 53, 1131–1140. [CrossRef]
34. Gon, O.; Heemstra, P.C. (Eds.) Fishes of the Southern Ocean; South African Institute for Aquatic Biodiversity: Makhanda,

South Africa, 1990; 462p.
35. Lannig, G.; Tillmann, A.; Howald, S.; Stapp, L.S. Thermal Sensitivity of Cell Metabolism of Different Antarctic Fish Species

Mirrors Organism Temperature Tolerance. Polar Biol. 2020, 43, 1887–1898. [CrossRef]

https://doi.org/10.1016/j.tree.2019.02.003
https://doi.org/10.1016/j.dsr2.2006.02.015
https://doi.org/10.1098/rstb.2006.1947
https://doi.org/10.1007/s00300-006-0165-y
https://doi.org/10.1093/conphys/cox019
https://doi.org/10.1111/mec.12822
https://www.ncbi.nlm.nih.gov/pubmed/24897925
https://doi.org/10.1016/j.cbpa.2006.04.017
https://www.ncbi.nlm.nih.gov/pubmed/16753322
https://doi.org/10.3354/cr00763
https://doi.org/10.1086/physzool.59.4.30158601
https://doi.org/10.1016/0016-6480(91)90302-M
https://doi.org/10.1098/rsos.211272
https://doi.org/10.3390/metabo13030338
https://doi.org/10.1086/physzool.53.4.30157875
https://doi.org/10.1139/f98-171
https://doi.org/10.1134/S1062360416040068
https://doi.org/10.1242/jeb.167601
https://www.ncbi.nlm.nih.gov/pubmed/29212844
https://doi.org/10.1016/j.cbpb.2017.09.006
https://www.ncbi.nlm.nih.gov/pubmed/29032300
https://doi.org/10.1017/jns.2021.3
https://doi.org/10.1016/j.cbpb.2020.110438
https://www.ncbi.nlm.nih.gov/pubmed/32251734
https://doi.org/10.1016/j.cbpa.2017.12.012
https://doi.org/10.1186/1471-2164-13-549
https://doi.org/10.1007/s00300-005-0730-9
https://doi.org/10.1242/jeb.01632
https://doi.org/10.1016/j.dsr2.2006.02.011
https://doi.org/10.1007/s00300-020-02752-w


Biomolecules 2023, 13, 1507 16 of 17

36. Mark, F.C.; Bock, C.; Pörtner, H.O. Oxygen-Limited Thermal Tolerance in Antarctic Fish Investigated by MRI and 31P-MRS. Am. J.
Physiol. Regul. Integr. Comp. Physiol. 2002, 283, 1254–1262. [CrossRef]

37. Van Dijk, P.L.M.; Tesch, C.; Hardewig, I.; Pörtner, H.O. Physiological Disturbances at Critically High Temperatures: A Comparison
between Stenothermal Antarctic and Eurythermal Temperate Eelpouts (Zoarcidae). J. Exp. Biol. 1999, 202, 3611–3621. [CrossRef]
[PubMed]

38. Zakhartsev, M.V.; De Wachter, B.; Sartoris, F.J.; Pörtner, H.O.; Blust, R. Thermal Physiology of the Common Eelpout (Zoarces
viviparus). J. Comp. Physiol. B Biochem. Syst. Environ. Physiol. 2003, 173, 365–378. [CrossRef]

39. Pörtner, H.O.; Knust, R. Climate Change Affects Marine Fishes Through the Oxygen Limitation of Thermal Tolerance. Science
2007, 315, 920–921. [CrossRef]

40. Fonds, M.; Jaworski, A.; Iedema, A.; Puyl, P.V.D. Metabolsim, Food Consumption, Growth and Food Conversion of Shorthorn
Sculpin (Myoxocephalus scorpius) and Eelpout (Zoarces viviparus). J. Chem. Inf. Model. 1989, 53, 1689–1699.

41. Fonds, M.; Cronie, R.; Vethaak, A.D.; Van Der Puyl, P. Metabolism, Food Consumption and Growth of Plaice (Pleuronectes platessa)
and Flounder (Platichthys flesus) in Relation to Fish Size and Temperature. Neth. J. Sea Res. 1992, 29, 127–143. [CrossRef]

42. Fly, E.K.; Hilbish, T.J. Physiological Energetics and Biogeographic Range Limits of Three Congeneric Mussel Species. Oecologia
2013, 172, 35–46. [CrossRef]

43. Gräns, A.; Jutfelt, F.; Sandblom, E.; Jönsson, E.; Wiklander, K.; Seth, H.; Olsson, C.; Dupont, S.; Ortega-Martinez, O.; Einarsdottir,
I.; et al. Aerobic Scope Fails to Explain the Detrimental Effects on Growth Resulting from Warming and Elevated CO2 in Atlantic
Halibut. J. Exp. Biol. 2014, 217, 711–717. [CrossRef]

44. Pörtner, H.-O.; Bock, C.; Mark, F.C. Oxygen- and Capacity-Limited Thermal Tolerance: Bridging Ecology and Physiology. J. Exp.
Biol. 2017, 220, 2685–2696. [CrossRef]

45. Barton, S.; Yvon-Durocher, G. Quantifying the Temperature Dependence of Growth Rate in Marine Phytoplankton within and
across Species. Limnol. Oceanogr. 2019, 64, 2081–2091. [CrossRef]

46. Garlick, P.J.; McNurlan, M.A.; Preedy, V.R. A Rapid and Convenient Technique for Measuring the Rate of Protein Synthesis in
Tissues by Injection of [3H]Phenylalanine. Biochem. J. 1980, 192, 719–723. [CrossRef] [PubMed]

47. Bradford, M.M. A Rapid and Sensitive Method for the Quantitation of Microgram Quantities of Protein Utilizing the Principle of
Protein-Dye Binding. Anal. Biochem. 1976, 72, 248–254. [CrossRef]

48. Tripp-Valdez, M.A.; Bock, C.; Lucassen, M.; Lluch-Cota, S.E.; Sicard, M.T.; Lannig, G.; Pörtner, H.O. Metabolic Response and
Thermal Tolerance of Green Abalone Juveniles (Haliotis Fulgens: Gastropoda) under Acute Hypoxia and Hypercapnia. J. Exp.
Mar. Bio. Ecol. 2017, 497, 11–18. [CrossRef]

49. Schmidt, M.; Windisch, H.S.; Ludwichowski, K.U.; Seegert, S.L.L.; Pörtner, H.O.; Storch, D.; Bock, C. Differences in Neurochemical
Profiles of Two Gadid Species under Ocean Warming and Acidification. Front. Zool. 2017, 14, 1–13. [CrossRef]

50. Pang, Z.; Zhou, G.; Ewald, J.; Chang, L.; Hacariz, O.; Basu, N.; Xia, J. Using MetaboAnalyst 5.0 for LC–HRMS Spectra Processing,
Multi-Omics Integration and Covariate Adjustment of Global Metabolomics Data. Nat. Protoc. 2022, 17, 1735–1761. [CrossRef]
[PubMed]

51. Tusher, V.G.; Tibshirani, R.; Chu, G. Significance Analysis of Microarrays Applied to the Ionizing Radiation Response. Proc. Natl.
Acad. Sci. USA 2001, 98, 5116–5121. [CrossRef] [PubMed]

52. Hosie, G.W.; Fukuchi, M.; Kawaguchi, S. Development of the Southern Ocean Continuous Plankton Recorder Survey. Prog.
Oceanogr. 2003, 57, 263–283. [CrossRef]

53. Mijanovic, O.; Petushkova, A.I.; Brankovic, A.; Turk, B.; Solovieva, A.B.; Nikitina, A.I.; Bolevich, S.; Timashev, P.S.; Parodi, A.;
Zamyatnin, A.A. Cathepsin D—Managing the Delicate Balance. Pharmaceutics 2021, 13, 837. [CrossRef]

54. Zaidi, N.; Maurer, A.; Nieke, S.; Kalbacher, H. Cathepsin D: A Cellular Roadmap. Biochem. Biophys. Res. Commun. 2008, 376, 5–9.
[CrossRef]

55. Muona, M.; Virtanen, E. Effect of Dimethylglycine and Trimethylglycine (Betaine) on the Response of Atlantic Salmon
(Salmo salar L.) Smolts to Experimental Vibrio Anguillarum Infection. Fish Shellfish Immunol. 1993, 3, 439–449. [CrossRef]

56. Bai, K.; Xu, W.; Zhang, J.; Kou, T.; Niu, Y.; Wan, X.; Zhang, L.; Wang, C.; Wang, T. Assessment of Free Radical Scavenging Activity
of Dimethylglycine Sodium Salt and Its Role in Providing Protection against Lipopolysaccharide-Induced Oxidative Stress in
Mice. PLoS ONE 2016, 11, e0155393. [CrossRef]

57. Gibb, A.J. Choline and Acetylcholine: What a Difference an Acetate Makes! J. Physiol. 2017, 595, 1021–1022. [CrossRef]
58. Pörtner, H.O. Physiological Basis of Temperature-Dependent Biogeography: Trade-Offs in Muscle Design and Performance in

Polar Ectotherms. J. Exp. Biol. 2002, 205, 2217–2230. [CrossRef]
59. Moretti, A.; Paoletta, M.; Liguori, S.; Bertone, M.; Toro, G.; Iolascon, G. Choline: An Essential Nutrient for Skeletal Muscle.

Nutrients 2020, 12, 2144. [CrossRef] [PubMed]
60. Jiang, M.; Chavarria, T.E.; Yuan, B.; Lodish, H.F.; Huang, N.J. Phosphocholine Accumulation and PHOSPHO1 Depletion Promote

Adipose Tissue Thermogenesis. Proc. Natl. Acad. Sci. USA 2020, 117, 15055–15065. [CrossRef]
61. Williams, C.M.; Watanabe, M.; Guarracino, M.R.; Ferraro, M.B.; Edison, A.S.; Morgan, T.J.; Boroujerdi, A.F.B.; Hahn, D.A. Cold

Adaptation Shapes the Robustness of Metabolic Networks in Drosophila Melanogaster. Evolution 2014, 68, 3505–3523. [CrossRef]
62. Brodte, E.; Graeve, M.; Jacob, U.; Knust, R.; Pörtner, H.O. Temperature-Dependent Lipid Levels and Components in Polar and

Temperate Eelpout (Zoarcidae). Fish Physiol. Biochem. 2008, 34, 261–274. [CrossRef]

https://doi.org/10.1152/ajpregu.00167.2002
https://doi.org/10.1242/jeb.202.24.3611
https://www.ncbi.nlm.nih.gov/pubmed/10574738
https://doi.org/10.1007/s00360-003-0342-z
https://doi.org/10.1126/science.1135471
https://doi.org/10.1016/0077-7579(92)90014-6
https://doi.org/10.1007/s00442-012-2486-6
https://doi.org/10.1242/jeb.096743
https://doi.org/10.1242/jeb.134585
https://doi.org/10.1002/lno.11170
https://doi.org/10.1042/bj1920719
https://www.ncbi.nlm.nih.gov/pubmed/6786283
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1016/j.jembe.2017.09.002
https://doi.org/10.1186/s12983-017-0238-5
https://doi.org/10.1038/s41596-022-00710-w
https://www.ncbi.nlm.nih.gov/pubmed/35715522
https://doi.org/10.1073/pnas.091062498
https://www.ncbi.nlm.nih.gov/pubmed/11309499
https://doi.org/10.1016/j.pocean.2003.08.007
https://doi.org/10.3390/pharmaceutics13060837
https://doi.org/10.1016/j.bbrc.2008.08.099
https://doi.org/10.1006/fsim.1993.1043
https://doi.org/10.1371/journal.pone.0155393
https://doi.org/10.1113/JP273666
https://doi.org/10.1242/jeb.205.15.2217
https://doi.org/10.3390/nu12072144
https://www.ncbi.nlm.nih.gov/pubmed/32708497
https://doi.org/10.1073/pnas.1916550117
https://doi.org/10.1111/evo.12541
https://doi.org/10.1007/s10695-007-9185-y


Biomolecules 2023, 13, 1507 17 of 17

63. Chen, F.; Elgaher, W.A.M.; Winterhoff, M.; Büssow, K.; Waqas, F.H.; Graner, E.; Pires-Afonso, Y.; Casares Perez, L.; de la Vega,
L.; Sahini, N.; et al. Citraconate Inhibits ACOD1 (IRG1) Catalysis, Reduces Interferon Responses and Oxidative Stress, and
Modulates Inflammation and Cell Metabolism. Nat. Metab. 2022, 4, 534–546. [CrossRef]

64. Brosnan, J.T. Interorgan Amino Acid Transport and Its Regulation. J. Nutr. 2003, 133, 2068S–2072S. [CrossRef] [PubMed]
65. Mommsen, T.P.; French, C.J.; Hochachka, P.W. Sites and Patterns of Protein and Amino Acid Utilization during the Spawning

Migration of Salmon. Can. J. Zool. 1980, 58, 1785–1799. [CrossRef]
66. Kiessling, A.; Larsson, L.; Kiessling, K.H.; Lutes, P.B.; Storebakken, T.; Hung, S.S.S. Spawning Induces a Shift in Energy Metabolism

from Glucose to Lipid in Rainbow Trout White Muscle. Fish Physiol. Biochem. 1995, 14, 439–448. [CrossRef]
67. Buckley, B.A.; Gracey, A.Y.; Somero, G.N. The Cellular Response to Heat Stress in the Goby Gillichthys Mirabilis: A CDNA

Microarray and Protein-Level Analysis. J. Exp. Biol. 2006, 209, 2660–2677. [CrossRef] [PubMed]
68. Li, P.; Mai, K.; Trushenski, J.; Wu, G. New Developments in Fish Amino Acid Nutrition: Towards Functional and Environmentally

Oriented Aquafeeds. Amino Acids 2009, 37, 43–53. [CrossRef]
69. Owen, O.E.; Kalhan, S.C.; Hanson, R.W. The Key Role of Anaplerosis and Cataplerosis for Citric Acid Cycle Function. J. Biol.

Chem. 2002, 277, 30409–30412. [CrossRef]
70. Mommsen, T.P. Paradigms of Growth in Fish. Comp. Biochem. Physiol. B Biochem. Mol. Biol. 2001, 129, 207–219. [CrossRef]
71. Fields, P.A.; Dong, Y.; Meng, X.; Somero, G.N. Adaptations of Protein Structure and Function to Temperature: There Is More than

One Way to ‘Skin a Cat’. J. Exp. Biol. 2015, 218, 1801–1811. [CrossRef]
72. Feller, G. Protein Stability and Enzyme Activity at Extreme Biological Temperatures. J. Phys. Condens. Matter 2010, 22, 323101.

[CrossRef]
73. Todgham, A.E.; Hoaglund, E.A.; Hofmann, G.E. Is Cold the New Hot? Elevated Ubiquitin-Conjugated Protein Levels in Tissues

of Antarctic Fish as Evidence for Cold-Denaturation of Proteins in Vivo. J. Comp. Physiol. B Biochem. Syst. Environ. Physiol. 2007,
177, 857–866. [CrossRef]

74. Treberg, J.R.; Driedzic, W.R. Elevated Levels of Trimethylamine Oxide in Deep-Sea Fish: Evidence for Synthesis and Intertissue
Physiological Importance. J. Exp. Zool. 2002, 293, 39–45. [CrossRef] [PubMed]

75. Fraser, K.P.P.; Rogers, A.D. Protein Metabolism in Marine Animals: The Underlying Mechanism of Growth. Adv. Mar. Biol. 2007,
52, 267–362. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/s42255-022-00577-x
https://doi.org/10.1093/jn/133.6.2068S
https://www.ncbi.nlm.nih.gov/pubmed/12771367
https://doi.org/10.1139/z80-246
https://doi.org/10.1007/BF00004344
https://doi.org/10.1242/jeb.02292
https://www.ncbi.nlm.nih.gov/pubmed/16809457
https://doi.org/10.1007/s00726-008-0171-1
https://doi.org/10.1074/jbc.R200006200
https://doi.org/10.1016/S1096-4959(01)00312-8
https://doi.org/10.1242/jeb.114298
https://doi.org/10.1088/0953-8984/22/32/323101
https://doi.org/10.1007/s00360-007-0183-2
https://doi.org/10.1002/jez.10109
https://www.ncbi.nlm.nih.gov/pubmed/12115917
https://doi.org/10.1016/S0065-2881(06)52003-6
https://www.ncbi.nlm.nih.gov/pubmed/17298892

	Introduction 
	Materials and Methods 
	Animals 
	Acute Warming Experiment 
	Measurement of Protein Synthesis Rate 
	Protein Degradation via Measurements of Cathepsin D Activity 
	Metabolic Profiling 
	Statistical Analyses 

	Results 
	Protein Synthesis Rate 
	Protein Degradation 
	Metabolites 
	Pachycara brachycephalum 
	Zoarces viviparus 
	Comparison between the Antarctic and Common Eelpout 


	Discussion 
	Thermal Plasticity of the Cold-Stenothermal Pachycara brachycephalum 
	Thermal Response of the Eurythermal Zoarces viviparus 
	Comparison between the Antarctic and Common Eelpout 

	Conclusions 
	References

