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ARTICLE INFO ABSTRACT

Keywords: The present research focuses on the seasonal changes in the energy content and metabolic patterns of red porgy

Red porgy (Pagrus pagrus) sampled in a fish farm in North Evoikos Gulf (Greece). The study was designed in an effort to

1; agTUS pagrus evaluate the influence of seasonality in several physiological feauteres of high commercial importance that may
nergetics

affect feed intake and growth. We determined glycogen, lipids and proteins levels, and cellular energy allocation
(CEA) as a valuable marker of exposure to stress, which integrates available energy (Ea) and energy consumption
(Ec). Metabolic patterns and aerobic oxidation potential were based on the determination of glucose transporter
(GLU), carnitine transporter (CTP), L-lactate dehydrogenase (L-LDH), citrate synthase (CS), cytochrome C oxidase
subunit IV isoform 1 (COX1) and 3-hydroxyacyl CoA dehydrogenase (HOAD) relative gene expression. To integrate
metabolic patterns and gene expression, L-LDH, CS, COX and HOAD activities were also determined. For further
estimation of biological stores oxidized during seasonal acclimatization, we determined the blood levels of
glucose, lipids and lactate. The results indicated seasonal changes in energy content, different patterns in gene
expression and reorganization of metabolic patterns during cool acclimatization with increased lipid oxidation.
During warm acclimatization, however, energy consumption was mostly based on carbohydrates oxidation. The
decrease of E, and COX1 activity in the warm exposed heart seem to be consistent with the OCLTT hypothesis,
suggesting that the heart may be one of the first organs to be limited during seasonal warming. Overall, this study
has profiled changes in energetics and metabolic patterns occurring at annual temperatures at which P. pagrus is
currently farmed, suggesting that this species is living at the upper edge of their thermal window, at least during
summer.

Metabolic patterns
Seasonal changes

that fish lose appetite and stop ingesting food at temperatures well
before the ultimate low and high critical temperature for the species and
its lifestage are reached (Portner et al., 2004, 2017). On the other hand,

1. Introduction

Energy allocation and maintenance of balance between energy input

and energy expenditure contributes to the maintenance of basic cellular
functions and organism conservation. (Portner., 2006; Guderley and
Portner, 2010; Sokolova, 2013) However, constraints in energy supply
can be caused by the seasonal reduction in feeding rate, food availability
or changing energy assimilation from the food intake, and are also
related to fluctuating energy storages (Fernandes and McMeans, 2019).
Moreover, energy provision and consumption may be restricted when
fish are exposed beyond their optimum thermal limits. Usually, volun-
tary food intake increases with moderate elevation of temperature,
while it decreases when temperatures are outside the fish’s optimal
temperature range (Volkoff and Rgnnestad, 2020). It has been reported
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low temperature might affect and modulate several physiological pro-
cesses such as gut transit time, digestive enzyme activity and nutrient
digestibility (Miegel et al., 2010). Consequently, seasonal changes in the
temperature may determine how much energy fish should obtain
(through regulation of feeding behavior and food intake), how much of
that energy is acquired (through digestion and absorption), and how
much of it can be allocated to key processes such as activity, growth
(including development in larvae and juveniles), and reproduction.
These temperature-induced physiological changes are followed by
metabolic reprogramming and oxidation of energy stores (e.g. lipids,
carbohydrates), dependent on the energy demand of tissues. The latter
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aims to maintain energy balance and basal physiological functions
enabling fish to withstand thermal stress (Portner and Farrell, 2008;
Windisch et al., 2011; Jayasundara and Somero, 2013; Sokolova, 2013;
Jayasundara et al., 2015; Feidantsis et al., 2018; Sanchez-Nuno et al.,
2018a). However, limitation to aerobic performance and metabolic sift
to anaerobic component of metabolism when fish are exposed beyond
their lower and upper thermal limits causes reduction in ATP turnover
and eventually weakens their thermal tolerance and acclimatization
(Portner and Knust, 2007).

However, the environmental factors causing energetic constraints in
nature are complex in space and time and are species specific. Therefore,
field studies on the energetic changes in fish can make a significant
contribution to understanding whether they face energy constraints
seasonally. On the other hand, the Mediterranean Sea has been identi-
fied as a “hotspot’’ for climate change, while further increase in tem-
perature is expected within the next decades altering marine
biodiversity and productivity (Galli et al., 2017; IPCC, 2021). Accord-
ingly, taking global warming into account, the results from field studies
on the metabolic patterns and energetics can further contribute to the
assessment of thermal resistance in relation to their energy requirements
and consumption, especially in the high temperature season (Portner
et al., 2017; Sokolova, 2013). In this context, field studies on farmed fish
would be a useful tool to reveal warming-induced effects, as they cannot
avoid the seasonal changes in the environmental temperatures.
Although several laboratory studies have supported the establishment of
physiological mechanisms involved during various exposures and
acclimation to simulated field conditions (Portner and Knust, 2007;
Anestis et al., 2007, 2008), few studies have attempted to link laboratory
physiology experiments with ecologically relevant field data on
behavior, growth, bioenergetics, and fitness (Donaldson et al., 2008;
Reid et al., 1998).

Recent studies on the seasonal expression of several molecular and
metabolic indicators in farmed Sparus aurata indicated that this species
exhibits stress phenomena during prolonged exposure to elevated
summer temperatures (Feidantsis et al., 2018, 2021). Apart from
S. aurata, however, the red porgy Pagrus pagrus (Linnaeus, 1758) is also a
fish species of high commercial value (Makri et al., 2023) and culture
techniques for this economically important species have been developed
in the Mediterranean Sea (Hernandez-Cruz et al., 1999; Pavlidis and
Mylonas, 2011). Although intensive research has been conducted on
P. pagrus development, growth, and hatchery, limited knowledge is
available regarding its seasonal metabolic patterns and energy alloca-
tion in response to seasonal changes of temperature. Temperature levels
with a minimum of 11-12 °C and maximum of 26-27 °C are commonly
reached from winter to summer, respectively, at the area where this
species is farmed (Zgouridou et al., 2022). Similar to our studies on the
seasonal stress phenomena in S. aurata, the present work aimed to
integrate several physiological, biochemical and molecular indices in an
effort to examine whether P. pagrus exhibits seasonal energetic con-
straints as well. The latter can further contribute to estimating differ-
ences in the thermal tolerance between these two species and to make, in
the context of global warming, a better prediction regarding their
vulnerability to thermal stress. For the purpose of the present work, we
determined: a) the condition indices as it is the gonadosomatic index
(GSI), the hepatosomatic index (HSI), the Fulton’s condition index (k),
the specific growth rate (SGR) and the thermal growth coefficient (TGC).
The GSI is an indicator of reproductive activity, while the HSI is a
measure of the relative weight of the liver, often used as an estimate of
the energy store and energy status of the fish (Wootton et al., 1978).
Also, Fulton’s condition index (k) can provide information on fish body
physiological status reflecting lipid and protein content and may be used
for comparing populations living in certain feeding, climate, and other
regimes (Pangle and Sutton, 2005; Froese, 2006; Mozsar et al., 2015).
Therefore, this condition factor can be used to estimate the feeding ac-
tivity of species. The SGR is commonly used in fish aquaculture, and it is
a coefficient that measures the percentage increase in fish weight per
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day, while TGC is a measure of daily growth in a given period that takes
into account temperature; b) the RNA/DNA ratio since it is recognized as
a useful index of nutritional condition and growth of fish and it relates to
metabolic activity and protein synthesis at corresponding tissues
(Dahlhoff, 2004; Stevenson and Woods, 2006); c) the levels of glycogen,
lipids and proteins and the cellular energy allocation (CEA), which in-
tegrates the available energy (E,) and energy consumption (E.) of an
organism, and it has been established as a good marker of exposure to
stress (De Coen and Janssen, 1997, 2003); d) the relative gene expres-
sion of glucose transporter (GLUTZ2), carnitine transporter (CTP), L-lactate
dehydrogenase (L-LDH), citrate synthase (CS), cytochrome C oxidase subunit
IVisoform 1 (COX1), 3-hydroxyacyl CoA dehydrogenase (HOAD) and fatty
acids binding protein 2 (fabp2a and b subunits) as indicators of metabolic
patterns correlated with the glucose and fatty acid oxidation. Fabp2 is
reported to be able to facilitate the uptake and subsequent intracellular
transport of diet-derived fatty acids (Alpers et al., 2000; Venold et al.,
2013); e) the activities of L-LDH, CS, COX and HOAD in order to inte-
grate the gene expression to metabolic patterns; f) the levels of glucose,
lipids and lactate in the blood for further estimation of biological stores
oxidized during seasonal acclimatization.

2. Materials and methods
2.1. Animals, experimental procedures, and tissue sampling

The study was conducted in an aquaculture installation at Larymna,
Evoikos Gulf, in Greece (Fig. 1A). Based on the annual changes in sea
water temperature (Fig. 1Ba), the seasonal profile of sea water tem-
perature was divided into two periods, the first one characterized by
decreasing temperatures or cold acclimatization (Sep 15, 2020 until Feb
29, 2021) and the second one by increasing temperature or warm
acclimatization (Feb 29, 2021 until Jul 20, 2021) (Fig. 1Bb). Accord-
ingly, individuals were collected within these two periods. In brief,
farmed P. pagrus grown at the area of aquaculture up to sampling size
(mean + SD weight of 545 + 6.5 g, N = 10) were collected monthly from
the cages and were placed in sea water containing MS-222 to a final
concentration of 0.15 g 17! for euthanasia. Fish body weight was
measured before dissection. Afterwards fish were dissected, and tissue
(heart, liver, white and red muscle) samples were collected and then
immediately frozen in liquid nitrogen, transported to the laboratory and
maintained at —80 °C until gene expression, biochemical and metabolic
analyses. Liver weight was measured after dissection For further ana-
lyses, i.e. RNA/DNA, gene expression analysis and protein levels con-
centration, 10 samples (1 from each animal, N = 10) were employed for
each tissue and time point. Using the same sampling scheme, blood
sampling was performed to obtain plasma for glucose, lactate, and tri-
glycerides measurements. In order to obtain plasma, whole blood sam-
ples were centrifuged at 2000 g, for 10 min at 4 °C.

Animals received proper care in compliance with the “Guidelines for
the Care and Use of Laboratory Animals” published by US National In-
stitutes of Health (NIH publication No 85-23, revised in 1996) and the
“Principles of laboratory animal care” published by the Greek Govern-
ment (160/1991) based on EU regulations (86/609). The protocol as
well as surgery and sacrifice conditions were approved by the Com-
mittee on the Ethics of Animal Experiments of the Directorate of Vet-
erinary Services of the Prefecture of Thessaloniki, Greece under the
license number EL 54 BIO 05.

2.2. Analytical procedures
2.2.1. Condition indices
The gonadosomatic index (GSI), hepatosomatic index (HSI) and

Fulton’s condition index (k) were estimated as follows.

o GSI = (Wy/Wp) x 100, where W, and Wy correspond to the gonad and
the gonad-free body weight, respectively.



V. Makri et al.

Journal of Thermal Biology 123 (2024) 103894

A Pagrus pagrus B

Mean monthly
temperature, Y
»

(- ¥ o Q > O
S8858539%58 3§
SLE=<=5"20n09=zn0

Month

(b)| Decreasing | Increasing |
28 temperatures | temperatures |

Temperature,OC

R 2 & o o
67 O AT e e

Day of sampling

Fig. 1. (A) Study area in Larymna - North Euboean Gulf, Greece; B (a) seasonal variations of sea water temperatures in the study area and B (b) sea water tem-
perature during fish sampling. Light blue rectangle depicts decreasing sea water temperature, while light red rectangle depicts increasing sea water temperature.

e HSI = (Wy/W) x 100, where W; and W is the liver weight and total
weight of the fish (in g), respectively.

e Fulton’s condition index (k) was calculated as K = 100 X W/L3,
where W is the fish weight (g) and L the total length (cm).

The thermal growth coefficient (TGC) and specific growth rate (SGR)
were measured with following formulas:

3 _ 3
TGC= {u x 1000
Txt

InW, — InWo}
t

SGR = { x 100

where T is temperature in °C, W; is the fish body weight (g), Wy the
initial body weight (g), and t the number of days between each weigh-
ing. SGR and TGC were calculated using the average body weight of the
10 fish sampled at each time point.

2.2.2. RNA/DNA ratio

For the determination of RNA/DNA ratio, 0.2 g sample of the
examined tissues was placed in buffer RLT Plus (Qiagen, Germany) and
AllPrep DNA/RNA Mini Kit (Qiagen, Germany) was used for the
simultaneous extraction of total RNA and genomic DNA in each ho-
mogenized tissue sample. The homogenate was embedded in lysis buffer
and passed through two columns: at first through a silica column that
binds DNA and secondly through a second column in order for the RNA
to be selectively bind. In this manner, the identical sample was utilized
for the extraction of both nucleic acids, eliminating erroneous results in
case of different tissue parts examination. Flow through the DNA column
was eventually diluted in 50 pL of Qiagen elution buffer, whereas flow
through of the RNA column was diluted in 50 pL ultrapure water and
their concentrations were measured in a UV-Vis spectrophotometer
(Quawell Q5000, Quawell Technology, China). Each measurement
carried out used mean value for the estimation of the RNA/DNA ratio.

2.2.3. Cellular energy allocation (CEA)
CEA, which results from the E,/E. ratio, represents the organism’s
net energy budget, is vital for understanding the organism’s metabolic

balance (Verslycke et al., 2004). For CEA calculation, we determined the
available energy (E,, as the sum of energy reserves such as carbohy-
drates, lipids, and proteins) and aerobic energy consumption (E,,
measured as ETS activity). ETS capacity as an attempt at correlates of in
vivo energy use was determined according to the protocol described by
Haider et al. (2017), while total energy reserve was determined ac-
cording to the protocol described by Gnaiger (1983) according to which
measured protein, lipid and carbohydrate were transformed the into
energy equivalents (respective energy of combustion, i.e., 24 kJ g1 for
proteins, 39.5 kJ g~! for lipids and 17.5 kJ g~ for carbohydrates).

2.2.4. Gene expression analyses

Quantitative real-time PCR for an estimation of gene expression
profiles was performed on all four examined tissues for eight different
genes. Initially, RNA was extracted from homogenized tissues using the
Nucleozol purification kit (Macherey-Nagel, Germany) following the
manufacturer’s recommended protocol. Furthermore, one pL of extrac-
ted RNA of approximate concentration 100 ng puL~! were subjected to
first strand cDNA synthesis using the Prime Script kit (Takara, Japan)
applying the oligodT primers option. The expression levels of GLUT2,
CTP, L-LDH, CS, COX, HOAD and Fabp2a/2b were determined in a real
time PCR and primer pairs for each amplified gene are presented in
Table 1. Since the newly designed primers were based on closely related
species, PCR products were also run in an agarose gel after electropho-
resis to confirm the validity of the product.

PCR was performed in a PCR max Eco 48 instrument using the
AMPLIFYME SYBR Universal Mix kit (blirt, Poland) in 10-pL reactions
containing 5 pL 2x AMPLIFYME ready for use, 0.3 pmol of each forward
and reverse primer, 1 pL cDNA of approximate concentration 50 ng pL’l
and ultrapure water up to the final volume of 10 pL. Conditions were all
the same, i.e., 2 min at 95 °C and 40 cycles of 5 s at 94 °C, 10 s at 60 °C
and 20 s at 72 °C. Housekeeping genes used as reference for quantifi-
cation were the elongation factor (EF-1) and the ribosomal gene L13a
(Table 1). Relative quantification was calculated from the comparison of
the investigated target genes cycle threshold values (Ct) with the two
aforementioned genes 2722t quantification methodology (Livak and
Schmittgen, 2001).
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Table 1
Primer pairs used for the gene expression analysis.
Gene targeted Primer sequence (5-3") Amplified product length Reference
glut2 F: GCTTGGTTGGATGCCTATGT 88 bp This study (NCBI Reference Sequence: XM030416074)
R: AGGACTCTGTTGCCGCTTT
ctp F: AACCTCATCAACTTCCACATC 168 bp This study (NCBI Reference Sequence: XM_030426203.1
R: TCCAAATTCGTCTCAATCATCC
I-ldh F: ATCCCGAACATCATCGTCAAGTA 368 bp This study (NCBI Reference Sequence: XM_030425767.1)
R: TTGATAACCTCGTAGGCTCC
cs F: TCCAGGAGGTGACGAGCC 51 bp Bermejo-Nogales et al. (2014)
R: GTGACCAGCAGCCAGAAGAG
cox F: ACCCTGAGTCCAGAGCAGAAGTCC 187 bp Bermejo-Nogales et al. (2014)
R: AGCCAGTGAAGCCGATGAGAAAGAAC
hoad F: TCACTTCTTCAACCCAGTCC 154 bp This study (NCBI Reference Sequence: XM_030431227.1)
R: GTTGACAATGAATCCCGGTG
Fabp2a F: GCTGGCTGCTCACGACAAC 325 bp Kaitetzidou et al. (2015)
R: CGTGATCAGTTTGGTCTAAGC
Fabp2b F: CCGCAACGACAACTATGATAAG 131 bp Kaitetzidou et al. (2015)
R: TGGACTCTTTGATGTGAAACTTG
ef-1 F: CCCGCCTCTGTTGCCTTCG 135 bp Bermejo-Nogales et al. (2014)
R: CAGCAGTGTGGTTCCGTTAGC
113a F: TCTGGAGGACTGTCAGGGGCATGC 148 bp Kaitetzidou et al. (2015)

R: AGACGCACAATCTTAAGAGCAG

2.2.5. Determination of enzyme activities in the tissue homogenates

The enzymatic activities (Vo) of L-LDH (EC 1.1.1.27), CS (EC
4.1.3.7), and HOAD (EC1.1.1.35) and cytochrome c oxidase (CIV, EC
1.9.3.1) were spectrophotometrically determined at 18 °C according to
well-established protocols for fish tissues (Moon and Mommsen, 1987;
Sidell et al., 1987; Singer and Ballantyne, 1989; Driedzic and
Almeida-Val, 1996; Hunter-Manseau et al., 2019).

2.2.6. Determination of glucose, lactate and triglycerides in the plasma
Lactate, glucose and triglycerides were determined in plasma
sampled from fish using commercial kits from Spinreact, Spain.

2.3. Statistics

The statistical analysis of results was performed using SPSS 22.0.
Comparisons among samples were made by one-way analysis of vari-
ance (ANOVA), attributing significance to 5% confidence level (p <
0.05). The Bonferroni test, followed by Dunn’s post-test, was employed
to perform post-hoc comparisons.

3. Results
3.1. Seasonal profile of sea water temperature

Fig. 1Ba depicts the mean monthly sea water temperature recorded
during the last decade in the fish farm where the samplings were per-
formed. As shown, temperature decreases up to the middle of March and
starts increasing after the middle of April until July and August. During
seasonal samplings, the lowest temperature of sea water was recorded in
February (12.9 °C), while the highest temperature was recorded in July
(26,2 °C) (Fig. 1Bb).

3.2. Seasonal changes in condition and biochemical indices

The annual change in the (SGR) seems to follow that of sea water
temperature, exhibiting a significant decrease up to mid-March. How-
ever, a continuous and sharp increase was observed afterwards, with the
highest annual values observed in mid-July and August (Fig. 2).

Similar to SGR, the TGC followed the changes in the sea water
temperature during cooling. In contrast to SGR, however, the changes in
TGC seem to follow two distinct periods of increase. A sharp increase up
to early May was followed by a slower increase up until August.

HSI exhibited no changes (Fig. 3a), while the Fulton’s Factor
exhibited a gradual decrease from September to February. Thereafter, it
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Fig. 2. Seasonal changes in specific growth rate (SGR) and thermal growth
coefficient (TGC) of Pagrus pagrus in comparison to mean monthly sea water
temperature.

progressively increased from February until June (Fig. 3b). Regarding
GSI, it exhibited a significant increase from December until the middle of
April, followed by a significant decrease from June to July (Fig. 3c).
The RNA/DNA ratio in the heart exhibited two different significant
peaks. An increase was observed between September and December,
followed by a decrease in February. Thereafter, it progressively
increased again until June, followed by a significant decrease in July
(Fig. 4a). In the red muscle, the RNA/DNA ratio peaked from October to
December, while it showed a downward trend until the middle of April,
and it peaked again in July (Fig. 4b). The RNA/DNA ratio patterns in the
white muscle were similar to those observed in red muscle (Fig. 4c),
while in the liver a gradual increase was observed between February and
July when the highest RNA/DNA ratio value was recorded (Fig. 4d).

3.3. Seasonal changes in energetic stores and available energy (Eo),
energy consumption (E.) and CEA

3.3.1. Energetic stores

Total lipid content showed two peaks in the heart, the first one late in
December and the second early in June (Fig. 5Aa). In red and white
muscle, the content of total lipids increased significantly by December,
gradually decreased until April and thereafter remained stable until July
(Fig. 5Ab and 5Ac, respectively). A continuous decrease in the total
lipids was observed from September to the middle of April in the liver,
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followed by a progressive increase (Fig. 5Ad).

The total carbohydrate levels displayed a sharp increase from April
to July in the heart (Fig. 5Ba), while such an increase was also observed
from September to December in the red muscle. After a decrease in
February, these levels remained stable until July (Fig. 5Bb). In the white
muscle, changes in total carbohydrate levels were similar to those
observed in the heart (Figure 5Bc). In the liver, carbohydrate levels
exhibited changes similar to those observed for lipids (Fig. 5Bd).

In the heart, the content of proteins decreased significantly from
December to February, followed by a sharp increase early in June
(Fig. 5Ca). In contrast, the content of proteins in the red muscle
increased significantly from December to April, followed by a progres-
sive decrease until July (Fig. 5Cb). In the white muscle, significant in-
creases were observed mainly from February to July (Fig. 5Cc), while no
significant seasonal changes were observed in the liver (Fig. 5Cd).

3.3.2. Energy available (Ep), energy consumption (E.) and cellular energy
allocation (CEA)

As shown in Fig. 6Aa, E, displayed two peaks in the heart, one in
December and a second early in June. In the red muscle, a progressive
increase in Ea was observed by September, followed by a gradual
decrease (Fig. 6Ab). In the white muscle a significant decrease until
February was followed by a gradual increase in E, by July (Fig. 6Ac). In
the liver, a sharp decrease was observed from September to April, fol-
lowed by an increase (Fig. 6Ad).

Regarding energy consumption, a significant increase from October
to December and from February to April was observed in the heart

(Fig. 6Ba). In the red muscle, E, increased progressively and peaked late
in February, while it returned to precooling levels in July (Fig. 6Bb). In
the white muscle, the main changes in E. were observed from February
to June (Figure 6Bc). A sharp decrease in E. was observed between
September to December and returned to precooling levels in July
(Fig. 6Bd).

After a significant decrease from October to December, CEA
remained at low levels by the middle of April, followed by a marked
increase in July (Fig. 6Ca). In the red muscle, CEA values fluctuated
exhibiting a significant decrease between October and February.
Nevertheless, the lowest CEA values were found in the summer months
(Fig. 6Cb). In the white muscle, CEA values progressively decreased and
exhibited low values early in June. Thereafter, they increased sharply
giving the higher values in the middle of summer (Fig. 6Cd). In the liver,
CEA values were higher between December and early April and recov-
ered to precooling levels in July (Fig. 6Cd).

3.4. Seasonal changes in gene expression and enzymatic activities

3.4.1. Seasonal changes in Glu, CPT and fabp relative mRNA expression
Glu Transporter mRNA expression levels exhibited an increase in the
heart from September to February, followed by decreased levels in June
(Fig. 7Aa). In the red muscle, a significant increase was observed in
December. Thereafter, levels decreased in February and increased again
in April (Fig. 7Ab). In the white muscle, mRNA levels increased in
December and gradually decreased in April, followed by a sharp increase
until July (Fig. 7Ac). In the liver, the highest levels were observed late in
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December, followed by a gradual decrease reaching the lowest levels
early in June (Fig. 7Ad).

In the heart CPT mRNA expression levels exhibited a significant in-
crease in December and thereafter gradually decreased to precooling
levels until July (Fig. 7Ba). In the red muscle, the same pattern in mRNA
levels of expression was observed (Fig. 7Bb). However, in the white
muscle a slight increase from September to December was followed by
levels peaking in April and thereafter decreasing (Figure 7Bc). In the
liver, CPT mRNA expression levels exhibited the highest values late in
December, followed by a gradual increase until April, while thereafter
levels returned to those observed during precooling (Fig. 7Bd).

In general, both Fabp isoforms mRNA expression levels in the heart
exhibited a significant increase with decreasing sea water temperature,
exhibiting their lowest in April and thereafter gradually increased
(Fig. 7Ca). In the red muscle, Fabp2a and Fabp2b mRNA expression
depicted their highest levels during decreasing sea water temperature,
and from December and February, respectively, they gradually
decreased (Fig. 7Cb). In the white muscle, both Fabp mRNA isoforms
expression exhibited their highest levels in October, their lowest in
December and a gradual increase from February (Fig. 7Cc). On the other
hand, in the liver, Fabp mRNA expression levels decreased in October
and December, thereafter increased and in general remained at these
levels (Fig. 7Cd).

3.4.2. Seasonal changes in the mRNA expression levels and activity levels of
intermediate metabolism enzymes
In the heart, LDH mRNA expression levels gradually increased until

the highest levels were observed late in December. Thereafter, levels
gradually decreased. L-LDH enzymatic activity levels followed the same
pattern, however peaking in February (Fig. 8Aa). In the red muscle, LDH
mRNA expression levels increased gradually from September to
February, when these levels peaked, and thereafter gradually decreased.
However, L-LDH enzymatic activity levels in this tissue showed a
continuous increase until July (Fig. 8Ab). In the white muscle, a sig-
nificant increase in LDH mRNA expression levels was observed from
September to December, followed by a gradual decrease. L-LDH enzy-
matic activity levels in the white muscle exhibited a pattern similar to
that of the red muscle (Fig. 8Ac). In liver, LDH mRNA expression levels
increased from September to April and decreased during the summer
period from June to July. L-LDH enzymatic activity exhibited a decline
from September to December followed by increased levels in April
(Fig. 8Ad).

CS mRNA expression in the heart reached its highest levels in late
October, decreased slightly from December to April, and fell to the
lowest values in June and July. CS enzymatic activity gradually
decreased and exhibited its lowest levels in April, and thereafter
increased in June and July (Fig. 8Ba). In the red muscle, both CS mRNA
expression and enzymatic activity levels followed a similar pattern:
levels gradually increased, peaked in April and thereafter decreased and
exhibited the lowest levels in June and July (Fig. 8Bb). In the white
muscle and in the liver, CS mRNA expression levels exhibited a pattern
similar to that exhibited in the red muscle (Fig. 8Bc and 8Bd, respec-
tively). In the white muscle, CS enzymatic activity exhibited the lowest
levels from September to February, and thereafter increased to its
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highest levels between April and July (Figure 8Bc). In the liver, CS
enzymatic activity levels gradually decreased until late in February and
April, and thereafter increased exhibiting the highest levels in June and
July (during increased sea water temperature) (Fig. 8Bd).

In the heart, HOAD mRNA expression levels and enzymatic levels
gradually increased until late in February and April, respectively, and
thereafter decreased, exhibiting the lowest values at the highest sea
water temperatures (Fig. 8Ca). In the red muscle, HOAD mRNA
expression exhibited its highest levels late in February, and thereafter
gradually decreased during increasing sea water temperature (Fig. 8Cb).
A similar pattern was observed in the white muscle, with the difference
that HOAD mRNA expression levels peaked late in December (Fig. 8Cc).
HOAD enzymatic activity in both skeletal muscles, exhibited a gradual
decrease until February when the lowest levels were exhibited, and
thereafter gradually increased (Fig. 8Cb and 8Cc). In the liver, HOAD
mRNA expression levels and HOAD enzymatic activity levels exhibited a
similar pattern, gradually increasing until late February, and gradually
decreasing thereafter (Fig. 8Cd).

In the heart, COX mRNA expression levels exhibited an increase late
in October with these levels remaining high until April, and thereafter
decreased to levels similar to those observed in September. COX enzy-
matic activity changed opposite to mRNA expression (Fig. 8Da). In the
red muscle, COX mRNA expression levels gradually increased from
September to July. In contrast, COX enzymatic activity levels increased
from October to April, and thereafter decreased from April to July,
parallel to increasing sea water temperature (Fig. 8Db). In the white
muscle, COX mRNA expression levels increased late in October, signif-
icantly decreased by April, and increased again from April to July. COX
enzymatic activity levels showed an increase from September to
December, and thereafter gradually decreased to July when the lowest

levels were exhibited (Fig. 8Dc). In the liver, COX mRNA expression
levels increased from October to February (when the highest levels were
observed), decreased in April, and again significantly increased in June
and July when the highest sea water temperatures were recorded. COX
enzymatic activity levels exhibited a pattern similar to that of mRNA
expression only until April, when the highest levels were observed.
Thereafter, COX enzymatic activity decreased to similar levels of the
precooling period (Fig. 8Dd).

3.5. Seasonal changes in blood plasma biomarkers

Glucose levels in blood plasma exhibited a gradual increase between
September and April, when the highest value was observed, followed by
a significant decrease in June and July, when the highest sea water
temperatures were recorded (Fig. 9a). Lipids in blood plasma exhibited a
significant decrease from October to late in December, increased
thereafter until April and decreased again to its lowest values in June
and July (Fig. 9b). Lactate levels in the blood plasma gradually
decreased from September to April and increased from June to July
(Fig. 9¢).

4. Discussion
4.1. Cold acclimatization

Food intake and growth were significantly decreased in P. pagrus
during progressive acclimatization to cold. Similarly, in S. aurata, low
temperature (below 13 °C) constrains feeding rate, resulting in growth
arrest and metabolic depression (Ibarz et al., 2003, 2010; Sanchez-Nuno
et al., 2018b). Decreased feeding indicates a parallel reduction in energy
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intake, which probably causes nutritional stress and disruption in tis-
sues’ energy balance. Under these conditions fish may mobilize energy
stores to provide the necessary demands, mainly for maintenance. The
present data indicates that seasonal mobilization of energy stores are
likely shaped by tissue-specific energy investment (E,). The increase in
lipid levels in the heart, red and white muscle indicated a transiently
increasing energy investment during progressive acclimatization until
December, supporting an important role of lipid oxidation in providing
energy. The increased levels of CPT mRNA indicate up regulation of CTP
gene expression, which in conjunction with the increased expression of
fabp2a/b support mobilization of fatty acids to the tissues. On the other
hand, the gradual drop in lipids in the liver, in conjunction with
increased triglycerides levels in the blood plasma, indicated that liver
was the primary source of invested energy. The fabp2a and fabp2b
subunits have been identified in several teleost fish species (Kaitetzidou
et al., 2015) while fabp2 gene expression is up regulated by cold and
nutritional stimuli (Turkmen et al., 2017; Tasbozan et al., 2022, 2023).
However, the exact physiological role of subunits a and b is not well
known.

Increased Glu mRNA levels in all examined tissues indicate glucose
transport along with enhanced glycolytic potential and probably a
complementary involvement of carbohydrate oxidation in overall
metabolism and energy consumption. In line with this hypothesis,
glycogen significantly decreased in the liver and blood glucose levels
increased gradually during acclimatization to cold. Activation of
glycogenolysis in the liver would provide the energetically demanding
tissues with glucose. On the contrary, a significant decrease in the levels

of protein were exhibited in the heart mainly after December, indicating
a complementary protein mobilization in overall metabolism and energy
provision. Distinct strategies are exhibited between different fish species
in order to endure periods of food deprivation and starvation. These
strategies employ a versatile use of energy reserves (carbohydrates,
lipids, and proteins) from different body compartments (Bandeen and
Leatherland, 1997). Liver glycogen, formed by stored carbohydrates, is
the primary energy source (Navarro and Gutierez, 2005). During pro-
longed periods of decreased food intake, however, some fish species
such as Anguilla anguilla (Linnaeus, 1758), Carassius auratus (Linnaeus,
1758), and Pleuronectes platessa (Linnaeus, 1758) use as a primary fuel
source their muscle protein (Czesny et al., 2003). Todgham et al. (2007)
have shown that the levels of ubiquitin-conjugated proteins were
significantly elevated in several tissues of cold-adapted Antarctic fishes,
suggesting temperature impacts on protein homeostasis and compen-
sation for in-vivo protein cold-denaturation. The increase in
ubiquitin-conjugated proteins and an activation of the autophagy
pathway may be involved in recycling destroyed proteins thus refueling
intermediary metabolism in P. pagrus (Makri et al., 2023). During low
food intake, fish may trigger alternative metabolic pathways to com-
plement lipid and glycogen oxidation for energy homeostasis and heart
function in the slow lane of prolonged cold acclimatization.

After December, E. dropped to levels determined in early September
in the heart, while a gradual increase in E; was observed in the red
muscle. Overall, the E. decrease in the heart after December may indi-
cate energy consumption at a low level, while a shift to anaerobic
metabolism supplies the energy for maintaining heart function. The
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pattern of mobilized fuels was in line with the E. levels revealed
(measured as total ETS) which displayed a transient increase in the heart
until December. Furthermore, it was closely related to the transient in-
crease in the availability of energy (E,) indicating increased energy
expenditure in the heart. Several investigations revealed that fish sea-
sonal acclimatization is closely related to tissue metabolic reorganiza-
tion and energy trade-offs (Nathanailides, 1996; Guderley, 1990;
Portner et al., 2017). Nevertheless, the drop in the ratio E,/E. (CEA)
until December indicates nutritional stress due to a mismatch between
energy availability and energy demand, probably caused by the decrease
in feeding rate. The latter might have been responsible for triggering the
downward shift of energy availability mainly to the red muscle. Pro-
gressive acclimatization to cold is characterized by a hormetic response,
including changes in gene expression and metabolic enzymatic activ-
ities. This observation was more evident in the heart, where a significant
increase in ETS (determined as E.) and E, were observed by December.
The physiological role of such a phenotypic change is not clear and may

represent a preparatory shift for the heart to withstand longer periods of
cold during winter. It has been reported that, under chronic temperature
changes, teleosts’ heart modulates its transcriptome and proteome in
order for cellular homeostasis to be restored and their cardiac phenotype
to be adjusted to a new thermal optimum (Jayasundara et al., 2015). The
tissue damage during cold shock is mitigated by the synthesis of proteins
which also assist fish in meeting the physiological demands. The absence
of this adaptive response would probably decrease fish endurance when
low temperature exposure increased in duration and/or severity (Reid
et al., 1998). Therefore, we suggest that the gradual increase in the
RNA/DNA ratio detected in the heart, red and white muscle until
December may be associated with such adaptive mechanisms.

Energy reserves’ mobilization due to nutritional stress is under
endocrine control. Specifically, adrenaline and noradrenaline are
released into blood circulation by chromaffin cells when internal or
external conditions are under suboptimum or stressful (Reid et al.,
1998). In fish, adrenaline and noradrenaline, together with cortisol
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mobilization and elevated glucose production, which is elicited by
pathways of glycogenolysis (Iwama et al., 1998; Momoda et al., 2007;
Wiseman et al., 2007), synergistically act in order for the energy demand
for the “fight of flight” reaction to be met. Cortisol mobilizes gene
expression and fuel stores for metabolic homeostasis to be maintained,
by directly effecting on metabolism (van der Boon et al., 1991; Vijayan
et al., 1991, 1996; Mommsen et al., 1999; Aluru and Vijayan, 2009). An
increase in circulating cortisol in the low temperature group of this study
may have triggered the metabolic changes resulting oxygen consump-
tion rates increase. Recently, Samaras et al. (2022) have shown that
plasma cortisol in P. major was inversely related to temperature, being
significantly higher at 15 °C compared to 25 °C. It should be highlighted
that cortisol is a reliable stress indicator for several fish species under
farming conditions (Samaras et al., 2016, 2018, 2021). The latter is in
line with the present data regarding the gradual increase in plasma
glucose levels during cooling, indicating a close relation between
cortisol elevation and carbohydrate mobilization. However, elevated
cortisol levels in teleosts’ blood plasma caused by both acute and
chronic stress is not only associated with elevated plasma glucose but
also with the stimulation of anaerobic metabolism (De Boeck et al.,
2001; Liew et al., 2013).

Nevertheless, the present data showed that changing transcript pat-
terns of metabolic enzymes and translational phenomena might cause
metabolic shifts in the examined tissues during cold acclimatization. As
shown, CS and COX activities increased in the red muscle indicating that
the increasing transcripts led to translational phenomena during cool-
ing. In contrast, the elevation of CS mRNA did not reflect an increase in
CS activity in the white muscle and liver. In addition, increased levels of
CS mRNA were not associated with an increase in the heart enzymatic
activity, whereas COX activity remained rather constant, despite a sig-
nificant increase in COX mRNA. Despite increased LDH gene transcrip-
tion, enzymatic activity remained either constant or slightly decreased
in the red and white muscle respectively. Overall, these data reflect a
higher demand for enhanced aerobic capacity during prolonged accli-
matization to cold in the red muscle compared to other tissues. Studies in
winter-acclimatized rainbow trout Oncorhynchus mykiss (Walbaum,
1792) also found increased oxidative capacity in the red muscle, due
increased mitochondria cristae and increased oxidative capacity
(Guderley and St-Pierre, 2002; Fernandes and McMeans, 2019). These
ultrastructural and biochemical properties of mitochondria may expe-
dite activity in the cold (Guderley and St-Pierre, 2002). Similar to our
findings, Fangue et al. (2008) reported that cold exposure may signifi-
cantly increase COX mRNA expression in the liver in both southern and
northern fish species but not in the case of muscle. Moreover, previous
analyses provided evidence that cold exposure of poikilotherms that
naturally experience environmental cooling involves the regulation of a
very large number of genes (Gracey et al., 2015). Lucassen et al. (2003)
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reported that in the muscle and the liver, CS and COX (mRNA expression
and enzyme activities) changes were more significant in cod populations
acclimated to colder temperatures. Probably energy availability is shif-
ted mostly to red muscle to support fish mobility under cold conditions
(Blier and Guderley, 1988; Guderley, 1990; Guderley and St-Pierre,
2002; Lucassen et al., 2003). Due to its slow contraction speed and
aerobically usage of ubstrates, red muscle is employed for routine ac-
tivity, such as slow swimming (Johnston et al., 1977; Johnston, 1981).

In contrast to the red muscle, the gradual increase in LDH gene
expression and enzymatic activity in the heart indicates a progressive
shift to anaerobic metabolism. Such a metabolic response suggests that
ATP production may increasingly rely on the anaerobic component of
metabolism and may become more important for securing heart activity
during cold acclimatization. This anaerobic strengthening in the heart is
in line with CS activity changes, which despite the increased transcrip-
tion of the corresponding gene during cooling, showed a significant
decrease. Aligned with these findings, a temperature decrease below
14 °C [lower critical temperature (T.) of this species] probably triggers
S. aurata anaerobic metabolism, a fact which is depicted by increased L-
LDH activity and L-LDH/CS ratio in the heart and red muscle (Kyprianou
et al., 2010; Feidantsis et al., 2018). Oxidative muscles of eurythermal
fishes may exhibit limitations in aerobic ATP generation (Johnston
et al., 1977; Johnston, 1981). Similar to S. aurata, during cold accli-
matization there was no lactate accumulation in P. pagrus blood plasma,
indicating a low Cori cycle activity (Weber et al., 2016). Most likely the
in-situ usage of lactate in several aerobic tissues such as kidney, brain,
heart, red muscle) can result in cellular lactate clearance (Bilinski and
Jonas, 1972; Jayasundara and Somero, 2013; Tseng et al., 2014).
Probably, during cold acclimation/acclimatization fish heart increases
L-LDH activity in order to support lactate oxidation to pyruvate (Jaya-
sundara and Somero, 2013).

While the transcript pattern of the HOAD gene seems to be similar in
all examined tissues, the patterns of HOAD enzymatic activities suggest
different translational phenomena between them, thus supporting
different involvements of fatty acid oxidation in the energy consump-
tion. The gradual increase in the HOAD mRNA expression until February
(when the lowest temperature values were recorded) coincided with the
maintenance of enzymatic activity in the heart and red muscle, and an
increase in the enzymatic activity in the liver. These data indicate an
important role for fatty acid oxidation in aerobic energy consumption
during seasonal cooling. The importance of lipid oxidation in energy
consumption during cold acclimation or acclimatization has been
extensively studied n fish and has been identified as the main energy
source oxidized in the fish heart (Ibarz et al., 2003, 2010; Sanchez-Nuno
et al., 2018b). Lu et al. (2019) reported that the cold resistance of fish is
enhanced through stimulation of lipid catabolism and autophagy.
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4.2. Warm acclimatization

Recovery from cold acclimatization is a highly energy-demanding
process on account of the numerous reactivated physiological func-
tions. However, TGC indicates a strong dependence of growth on tem-
perature because of Q;9 phenomena until early May, followed by a
significantly lower dependence. The latter was closely related to Ful-
ton’s condition index (k), which indicates a sharp reactivation of feeding
and energy intake until June. During initial rewarming, a significant
fraction of the energy taken in is allocated to gametogenesis, as indi-
cated by the marked increase in GSI and it is in line with the seasonal
cycle of gonadal development in P. pagrus (Kokokiris et al., 2001). The
above data indicates a temperature optimum for the above mentioned
physiological processes at about 20°C-22 °C. Ostrowski et al. (2011)
have shown that larval red porgy maximum growth, survival, and
osmoregulatory abilities occur at approximately 23°C-24 °C.

The pattern of energy allocation to different energy-demanding
functions is tissue-specific during progressive acclimatization towards
the warm summer months. Rewarming caused a gradual increase in E; in
the heart between February and June. However, the rate of E. suggests a
sharp increase between February and April. The sharp energy con-
sumption increase during the first months of rewarming seems to cover
the highly demanding heart activity to deliver oxygen and nutrients. In
contrast to cold exposure, E. returned to levels determined in September
in the red muscle, while the increased E. between February and June in
the white muscle supports the highly demanding mechanical activity
and mobility of fish. Such a metabolic burst was also well-coordinated
with the increased E. in the heart. During acclimatization to the
warmer summer months, CEA exhibited an increase in the heart. How-
ever, a significant decrease in E. in relation to E, was detected by July.
The drop and increase in CEA in the red and white muscle, respectively,
provides evidence for entirely different energy investments in tissues
and concomitant energy expenditures. It is therefore reasonable to relate
the high energy demand for fish mobility and white muscle function
during the first months of rewarming to the sharp increase in E. in the
white muscle, causing the detected reduction in CEA in the liver.

Overall, the changes in cardiac gene expression and the related
enzymatic activities reveal metabolic remodeling during progressive
acclimatization towards warmer summer months. The parallel decrease
and increase in the activities of L-LDH and COX, respectively, between
February and early June, suggest a shift from the heart anaerobic to the
aerobic component of metabolism. The latter is in line with the signifi-
cant increase in CS activity. However, the lower activity of COX as
determined in mid-July coincides well with the detected decrease in E,
in the heart during summer. Regarding the metabolic patterns of ATP
production, it seems that there is a coordination between fatty acid and
carbohydrate oxidation, which is also tissue-specific. Both lipid and
carbohydrate oxidation seem to be involved in ATP production in the
heart between February and June, covering the energetic needs for a
sharp and quick delivery of oxygen and nutrients during the first stages
of functional reactivation. Thereafter, as indicated by the higher levels
of CS/HOAD ratio, ATP is mainly based on carbohydrate oxidation.

In the white muscle, the sharp increase in CS activity between
February and April indicates increased aerobic capacity. Thereafter,
metabolism shifted mainly to glycolysis as indicated by the increasing L-
LDH activity and the decreasing CS/LDH ratio. These are in accordance
with increased Glu-transporter mRNA expression and blood lactate levels
during the same period, indicating enhanced glycolytic potential.
Overall, the obtained data showed that the energy invested in the white
muscle after recovery from winter is associated mainly with carbohy-
drate stores. Accordingly, the gene expression of CPT transporter
decreased, and blood lipid levels decreased towards acclimatization to
warmer months. Similar to the white muscle, aerobic capacity was
increased in the liver during rewarming as indicated by the increase in
CS and the decrease in LDH, respectively. The above-mentioned findings
also match with the decrease in HOAD activity and the gene expression
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of CPT transporter, indicating that carbohydrates are the main fuels
oxidized in the liver. The switch from lipid to carbohydrate stores
probably increases warm hardiness, in order to sustain anaerobic
metabolism and prepare for the internal hypoxia which usually develops
upon warming (Windisch et al., 2011).

Similar to cold acclimatization, the changes in enzymatic activities
during warm induced recovery from winter seem to be coordinated by
translational phenomena. The increase in CS and COX activities was not
attributed to an increased gene transcription but mainly to translation of
corresponding mRNA. The latter becomes more evident in the white
muscle where the decrease in CS mRNA, LDH mRNA and HOAD mRNA
levels were paralleled by increased enzymatic activities during seasonal
warm acclimatization. During adaptation of aerobic capacity, trans-
lation or protein stability is usually preferred compared to control at the
transcriptional level (Lucassen et al., 2003; Duggan et al., 2011).
Nonetheless, an accumulation of mRNAs might be beneficial for highly
demanding physiological processes during winter recovery, such as the
mechanical activity during swimming. The sharp increase in the
RNA/DNA ratio estimated herein indicates that an increase in the rate of
protein synthesis is involved in this process.

5. Conclusion

Overall, the present study has profiled the changes in P. pagrus en-
ergetics during seasonal acclimatization and at environmental condi-
tions at which it is currently farmed. Moreover, these changes underline
the seasonal metabolic reorganization and how the oxidation of
different energy stores may be shifting during cold or warm acclimati-
zation by transcriptional and translational phenomena. On the other
hand, as already mentioned above, high summer temperatures are
recorded (beyond 26 °C) at the area where P. pagrus is farmed (Zgour-
idou et al., 2022). The results regarding E. and COX activity decrease in
the heart of individuals during summer acclimatization seem to be in
line with the general view of the OCLTT hypothesis, suggesting that one
of the first organs to be limited during exposure at elevated temperatures
may be the heart (Portner and Farrell, 2008; Clark and Lioyd, 2009;
Eliason et al., 2011; Chung and Schulte, 2020). Several investigations in
fish species suggest that mitochondrial failure impacts physiological
processes such as cardiac failure and whole-organism thermal limits
(Portner, 2012; Iftikar and Hickey, 2013; Iftikar et al., 2014). However,
apart from COX, other components of mitochondrial metabolism might
also be depressed in P. pagrus under thermal stress and further research
is needed for a better estimation of the upper thermal limits of the or-
ganism’s physiological performance. Apart from temperature, however,
other environmental factors as salinity and levels of dissolved oxygen,
may synergistically act to shape the thermal limits of P. pagrus.
Comparatively, the latter may contribute to the understanding of
possible differences in the thermal sensitivity between fish species
farmed at the same marine area. As it has been reported elsewhere
(Sanchez-Nuno et al., 2018a, 2018b), the data regarding metabolic
reorganization and seasonal energy demands of tissues may help fish
producers and researchers in shaping and including nutritional dietary
plans during seasonal management of fish stocks.

Funding

This research work was supported by the Hellenic Foundation for
Research and Innovation (HFRI) under the HFRI PhD Fellowship grant
(Fellowship Number: 750 and by the action of the EU-Greece Opera-
tional Program of Fisheries EPAL 2014-2020: “Improving Competi-
tiveness of the Greek Fish Farming Through Development of Intelligent
Systems for Disease Diagnosis & Treatment Proposal and Relevant Risk
Management Supporting Actions” (MIS Code 5067321).



V. Makri et al.
CRediT authorship contribution statement

Vasiliki Makri: Writing — review & editing, Writing — original draft,
Methodology, Investigation, Funding acquisition. Ioannis A. Giantsis:
Writing — review & editing, Writing — original draft, Software, Project
administration, Formal analysis, Data curation. Cosmas Nathanailides:
Writing — review & editing, Writing — original draft, Investigation, Data
curation. Konstantinos Feidantsis: Writing — review & editing, Writing
— original draft, Visualization, Project administration, Methodology,
Data curation, Conceptualization. Efthimia Antonopoulou: Writing —
review & editing, Writing — original draft, Project administration,
Investigation, Data curation. John A. Theodorou: Writing — review &
editing, Writing — original draft, Funding acquisition, Data curation.
Basile Michaelidis: Writing — review & editing, Writing — original draft,
Supervision, Resources, Data curation, Conceptualization.

Declaration of competing interest

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:
Vasiliki Makri reports financial support was provided by Hellenic
Foundation for Research and Innovation. John A. Theodorou reports
financial support was provided by EU-Greece Operational Program of
Fisheries. If there are other authors, they declare that they have no
known competing financial interests or personal relationships that could
have appeared to influence the work reported in this paper.

References

Alpers, D.H., Bass, N.M., Engle, M.J., DeSchryver-Kecskemeti, K., 2000. Intestinal fatty
acid binding protein may favor differential apical fatty acid binding in the intestine.
Biochim. Biophys. Acta, Mol. Cell Biol. Lipids 1483 (3), 352-362. https://doi.org/
10.1016/51388-1981(99)00200-0.

Aluru, N., Vijayan, M.M., 2009. Stress transcriptomics in fish: a role for genomic cortisol
signaling. Gen. Comp. Endocrinol. 164, 142-150. https://doi.org/10.1016/j.
ygcen.2009.03.020.

Anestis, A., Lazou, A., Portner, H.O., Michaelidis, B., 2007. Behavioral, metabolic, and
molecular stress responses of marine bivalve Mytilus galloprovincialis during long-
term acclimation at increasing ambient temperature. Am. J. Physiol. Regul. Integr.
Comp. Physiol. 293, R911-R921. https://doi.org/10.1152/ajpregu.00124.2007.

Anestis, A., Portner, H.O., Lazou, A., Michaelidis, B., 2008. Metabolic and molecular
stress responses of sublittoral bearded horse mussel Modiolus barbatus to warming
sea water: implications for vertical zonation. J. Exp. Biol. 211, 2889-2898. https://
doi.org/10.1242/jeb.016782.

Bandeen, J., Leatherland, J.F., 1997. Transportation and handling stress of white suckers
raised in cages. Aquacult. Int. 5, 385-396.

Bermejo-Nogales, A., Nederlof, M.A.J., Benedito-Palos, L., Ballester-Lozano, G.F.,
Folkedal, O., Olsen, R.E., Sitja-Bobadilla, A., Pérez-Sanchez, J., 2014. Metabolic and
transcriptional responses of gilthead sea bream (Sparus aurata L.) to environmental
stress: new insights in fish mitochondrial phenotyping. Gen. Comp. Endocrinol. 205,
305-315. https://doi.org/10.1016/j.ygcen.2014.04.016.

Blier, P., Guderley, H., 1988. Metabolic responses to cold acclimation in the swimming
musculature of lake whitefish Coregonus clupeaformis. J. Exp. Zool. 246, 244-252.
https://doi.org/10.1002/jez.1402460304.

Bilinski, E., Jonas, R.E., 1972. Oxidation of lactate to carbon dioxide by rainbow trout
(Salmo gairdneri) tissues. J. Fish. Res. Board Can. 29, 1467-1471. https://doi.org/
10.1139/f72-226.

Chung, D., Schulte, P., 2020. Mitochondria and the thermal limits of ectotherms. J. Exp.
Biol. 223 https://doi.org/10.1242/jeb.227801.

Clark, M.S., Lioyd, S.P., 2009. Triggers of the HSP70 stress response: environmental
responses and laboratory manipulation in an Antarctic marine invertebrate (Nacella
concinna). Cell Stress Chaperones 14, 649-660. https://doi.org/10.1007/512192-
009-0117-x.

Czesny, S., Rinchard, J., Abiado, M., Dabrowski, K., 2003. The effect of fasting,
prolonged swimming, and predator presence on energy utilization and stress in
juvenile walleye (Stizostedion vitreum). Physiol. Behav. 79, 597-603. https://doi.org/
10.1016/s0031-9384(03)00124-0.

Dahlhoff, E.P., 2004. Biochemical indicators of stress and metabolism: applications for
marine ecological studies. Annu. Rev. Physiol. 66, 183-207. https://doi.org/
10.1146/annurev.physiol.66.032102.114509.

De Boeck, G., Alsop, D., Wood, C., 2001. Cortisol effects on aerobic and anaerobic
metabolism nitrogen excretion and whole-body composition in juvenile rainbow
trout. Physiol. Biochem. Zool. 74, 858-868, 0.1086,/323796.

De Coen, W.M., Janssen, C.R., 1997. The use of biomarkers in Daphnia magna toxicity
testing IV. Cellular energy allocation: a new methodology to assess the energy
budget of toxicant-stressed Daphnia populations. J. Aquatic Ecosyst. Stress Recovery
6, 43-55. https://doi.org/10.1023/A:1008228517955.

12

Journal of Thermal Biology 123 (2024) 103894

De Coen, W.M., Janssen, C.R., 2003. A mulrivariate biomarker-based model predicting
population-level responses of Daphnia magna. Environ. Toxicol. Chem. 22, 2195,
2201. 10.1897/02-223.

Donaldson, M.R., Cooke, S.J., Patterson, D.A., MacDonald, J.S., 2008. Cold shock and
fish (review). J. Fish. Biol. 73, 1491-1530. https://doi.org/10.1111/j.1095-
8649.2008.02061.x.

Driedzic, W.R., Almeida-Val, V.M.F., 1996. Enzymes of cardiacenergy metabolism in
Amazonian teleosts and the fresh-water stingray (Potamotrygon hystrix). J. Exp. Zool.
274, 327-333. https://doi.org/10.1002/(SIC1)1097-010X(19960415)274:6<327::
AID-JEZ1>3.0.C0;2-Q.

Duggan, A., Kocha, K., Monk, C., Bremer, K., Moyes, C., 2011. Coordination of
cytochrome c oxidase gene expression in the remodeling of skeletal muscle. J. Exp.
Biol. 214, 1880-1887. https://doi.org/10.1242/jeb.053322.

Eliason, E., Clark, T., Hague, M., Hanson, L.M., Gallagher, Z.S., Jeffries, K.M., Gale, M.K.,
Patterson, D.A., Hinch, S.G., Farrell, A.P., 2011. Differences in thermal tolerance
among sockeye salmon populations. Science 332, 109-112. https://doi.org/
10.1242/jeb.053322.

Fernandes, T., McMeans, B., 2019. Coping with the cold: energy storage strategies for
surviving winter in freshwater fish. Ecography 42. https://doi.org/10.1111/
ecog.04386.

Fangue, N., Mandic, M., Richards, J., Schulte, P., 2008. Swimming Performance and
energetics as a function of temperature in killifish Fundulus heteroclitus. Physiol.
Biochem. Zool. 81, 389-401. https://doi.org/10.1086,/589109.

Feidantsis, K., Portner, H.O., Vlachonikola, E., Antonopoulou, E., Michaelidis, B., 2018.
Seasonal changes in metabolism and cellular stress phenomena in the gilthead sea
bream (Sparus aurata). Physiol. Biochem. Zool. 91, 878-895. https://doi.org/
10.1086/697170.

Froese, R., 2006. Cube law, condition factor and weight-length relationships: history,
meta-analysis and recommendations. J. Appl. Ichthyol. 22, 241-253. https://doi.
org/10.1111/j.1439-0426.2006.00805.x.

Galli, G., Solidoro, C., Lovato, T., 2017. Marine heat waves hazard 3D maps and the risk
for low motility organisms in a warming Mediterranean Sea. Front. Mar. Sci. 4, 136.
https://doi.org/10.3389/fmars.2017.00136.

Gnaiger, E., 1983. Calculation of energetic and biochemical equivalents of respiratory
oxygen consumption. In: Gnaiger, E., Forstner, H. (Eds.), Polarographic Oxygen
Sensors: Aquatic and Physiological Applications. Springer, Berlin, Heidelberg,
pp. 337-345. https://doi.org/10.1007/978-3-642-81863-9_30.

Gracey, F., Olsen, G., Austin, L., Watson, S., Malley, D., 2015. Integrating psychological
therapy into interdisciplinary child neuropsychological rehabilitation. In: Reed, J.,
Byard, K., Fine, H. (Eds.), Neuropsychological Rehabilitation of Childhood Brain
Injury. Palgrave Macmillan, London. https://doi.org/10.1057/9781137388223_10.

Guderley, H., 1990. Functional significance of metabolic responses to thermal
acclimation in fish muscle. Am. J. Physiol. 259, R245-R252. https://doi.org/
10.1152/ajpregu.1990.259.2.R245.

Guderley, H., St-Pierre, J., 2002. Going with the flow or life in the fast lane: contrasting
mitochondrial responses to thermal change. J. Exp. Biol. 205, 2237-2249. https://
doi.org/10.1242/jeb.205.15.2237.

Guderley, H., Portner, H.O., 2010. Metabolic power budgeting and adaptive strategies in
zoology: examples from scallops and fish. Can. J. Zool. 88, 753-763. https://doi.org/
10.1139/Z10-039.

Haider, F., Sokolov, E.P., Solokova, .M., 2017. Effects of mechanical disturbance and
salinity stress on bioenergetics and burrowing behavior of the softshell clam Mya
arenaria. J. Exp. Biol. 221, jeb172643 https://doi.org/10.1242/jeb.172643.

Hernandez-Cruz, M., Salhi, M., Bessonart, M., Izquierdo, M., Gonzélez, M.M., Ferndndez-
Palacios, H., 1999. Rearing techniques for red porgy (Pagrus pagrus) during larval
development. Aquaculture 179, 489-497. https://doi.org/10.1016/50044-8486(99)
00182-9.

Hunter-Manseau, F., Desrosiers, V., Le Francois, N.R., Dufrense, F., Detrich, H.W.,
Nozais, C., Blier, P.U., 2019. From Africa to Antartica: exploring the metabolicm of
fish heart mitochondria across a wide thermal range. Front. Physiol. 10 https://doi.
org/10.3389/fphys.2019.01220.

Ibarz, A., Gallardo, A., Padrés, R., Fernandez-Borras, J., 2003. Low-temperature
challenges to gilthead sea bream culture: review of cold-induced alterations and
‘Winter Syndrome’. Rev. Fish Biol. Fish. 20, 539-556. https://doi.org/10.1007/
$11160-010-9159-5.

Ibarz, A., Blasco, J., Gallardo, M.A., Fernandez-Borras, J., 2010. Energy reserves and
metabolic status affect the acclimation of gilthead sea bream (Sparus aurata) to cold.
Comp. Biochem. Physiol. A. Mol. Integr. Physiol. 155, 319-326. https://doi.org/
10.1016/j.cbpa.2009.11.012.

Iftikar, F.I., Hickey, A.J.R., 2013. Do mitochondria limit hot fish hearts? Understanding
the role of mitochondrial function with heat stress in Notolabrus celidotus. PLoS One
8, €64120. https://doi.org/10.1371/journal.pone.0064120.

Iftikar, F.I., MacDonald, J., Backer, D.W., Renshaw, G.M.C., Hichey, A.J.R., 2014. Could
thermal sensitivity of mitochondria determine species distribution in a changing
climate? J. Exp. Biol. 217, 2348-2357. https://doi.org/10.1242/jeb.098798.

Mandel, L., Lipovetsky, S., 2021. IPCC 2021: Climate Change Report-A Chimera of
Science and Politics. Available at SSRN 3913788.

Iwama, G.K., Thomasm, P.T., Forsyth, R.B., Vijayan, M.M., 1998. Heat shock protein
expression in fish. Rev. Fish Biol. Fish. 8, 35-56. https://doi.org/10.1023/A:
1008812500650.

Jayasundara, N., Somero, G., 2013. Physiological plasticity of cardiorespiratory in a
eurythermal marine teleost, the longjaw mudsucker, Gillichthys mirabilis. J. Exp.
Biol. 216, 2111-2121. https://doi.org/10.1242/jeb.083873.

Jayasundara, N., Tomanek, L., Wesley, D.W., Somero, G.N., 2015. Proteomic analysis of
cardiac response to thermal acclimation in the eurythermal goby fish Gillichthys
mirabilis. J. Exp. Biol. 218, 1359-1372. https://doi.org/10.1242/jeb.118760.


https://doi.org/10.1016/S1388-1981(99)00200-0
https://doi.org/10.1016/S1388-1981(99)00200-0
https://doi.org/10.1016/j.ygcen.2009.03.020
https://doi.org/10.1016/j.ygcen.2009.03.020
https://doi.org/10.1152/ajpregu.00124.2007
https://doi.org/10.1242/jeb.016782
https://doi.org/10.1242/jeb.016782
http://refhub.elsevier.com/S0306-4565(24)00112-8/sref5
http://refhub.elsevier.com/S0306-4565(24)00112-8/sref5
https://doi.org/10.1016/j.ygcen.2014.04.016
https://doi.org/10.1002/jez.1402460304
https://doi.org/10.1139/f72-226
https://doi.org/10.1139/f72-226
https://doi.org/10.1242/jeb.227801
https://doi.org/10.1007/s12192-009-0117-x
https://doi.org/10.1007/s12192-009-0117-x
https://doi.org/10.1016/s0031-9384(03)00124-0
https://doi.org/10.1016/s0031-9384(03)00124-0
https://doi.org/10.1146/annurev.physiol.66.032102.114509
https://doi.org/10.1146/annurev.physiol.66.032102.114509
http://refhub.elsevier.com/S0306-4565(24)00112-8/sref13
http://refhub.elsevier.com/S0306-4565(24)00112-8/sref13
http://refhub.elsevier.com/S0306-4565(24)00112-8/sref13
https://doi.org/10.1023/A:1008228517955
http://refhub.elsevier.com/S0306-4565(24)00112-8/sref15
http://refhub.elsevier.com/S0306-4565(24)00112-8/sref15
http://refhub.elsevier.com/S0306-4565(24)00112-8/sref15
https://doi.org/10.1111/j.1095-8649.2008.02061.x
https://doi.org/10.1111/j.1095-8649.2008.02061.x
https://doi.org/10.1002/(SICI)1097-010X(19960415)274:6<327::AID-JEZ1>3.0.CO;2-Q
https://doi.org/10.1002/(SICI)1097-010X(19960415)274:6<327::AID-JEZ1>3.0.CO;2-Q
https://doi.org/10.1242/jeb.053322
https://doi.org/10.1242/jeb.053322
https://doi.org/10.1242/jeb.053322
https://doi.org/10.1111/ecog.04386
https://doi.org/10.1111/ecog.04386
https://doi.org/10.1086/589109
https://doi.org/10.1086/697170
https://doi.org/10.1086/697170
https://doi.org/10.1111/j.1439-0426.2006.00805.x
https://doi.org/10.1111/j.1439-0426.2006.00805.x
https://doi.org/10.3389/fmars.2017.00136
https://doi.org/10.1007/978-3-642-81863-9_30
https://doi.org/10.1057/9781137388223_10
https://doi.org/10.1152/ajpregu.1990.259.2.R245
https://doi.org/10.1152/ajpregu.1990.259.2.R245
https://doi.org/10.1242/jeb.205.15.2237
https://doi.org/10.1242/jeb.205.15.2237
https://doi.org/10.1139/Z10-039
https://doi.org/10.1139/Z10-039
https://doi.org/10.1242/jeb.172643
https://doi.org/10.1016/S0044-8486(99)00182-9
https://doi.org/10.1016/S0044-8486(99)00182-9
https://doi.org/10.3389/fphys.2019.01220
https://doi.org/10.3389/fphys.2019.01220
https://doi.org/10.1007/s11160-010-9159-5
https://doi.org/10.1007/s11160-010-9159-5
https://doi.org/10.1016/j.cbpa.2009.11.012
https://doi.org/10.1016/j.cbpa.2009.11.012
https://doi.org/10.1371/journal.pone.0064120
https://doi.org/10.1242/jeb.098798
http://refhub.elsevier.com/S0306-4565(24)00112-8/sref91
http://refhub.elsevier.com/S0306-4565(24)00112-8/sref91
https://doi.org/10.1023/A:1008812500650
https://doi.org/10.1023/A:1008812500650
https://doi.org/10.1242/jeb.083873
https://doi.org/10.1242/jeb.118760

V. Makri et al.

Johnston, I.A., Davison, W., Goldspink, G., 1977. Energy metabolism of carp swimming
muscles. J. Comp. Physiol. 114, 203-216. https://doi.org/10.1007/BF00688970.

Johnston, I.A., 1981. Structure and function of fish muscles. Symp. Zool. Soc. Lond. 48,
71-113.

Kaitetzidou, E., Chatzifotis, S., Antonopoulou, E., Sarropoulou, E., 2015. Identification,
phylogeny, and function of fabp2 paralogs in two non-model teleost fish species.
Mar. Biotechnol. 17, 5. https://doi.org/10.1007/510126-015-9648-6.

Kokokiris, L., Le Menn, F., Kentouri, M., Kagara, M., Fostier, A., 2001. Seasonal cycle of
gonadal development and serum levels of vitellogenin of the red porgy, Pagrus pagrus
(Teleostei: sparidae). Mar. Biol. 139, 549-559. https://doi.org/10.1007/
5002270100604.

Kyprianou, T.D., Portner, H.O., Anestis, A., Kostoglou, B., Feidantsis, K., Michaelidis, B.,
2010. Metabolic and molecular stress responses of gilthead seam bream Sparus
aurata during exposure to low ambient temperature: an analysis of mechanisms
underlying the winter syndrome. J. Comp. Physiol. B. 180, 1005-1810, 1007/
s00360-010-0481-y.

Liew, H.J., Chiarella, D., Pelle, A., Faggio, C., Blust, R., De Boeck, G., 2013. Cortisol
emphasizes the metabolic strategies employed bycommon carp, Cyprinus carpio at
different feeding and swimming regimes. Comp. Biochem. Physiol. Part A Mol.
Integr. Physiol. 166, 449-464. https://doi.org/10.1016/j.cbpa.2013.07.029.

Livak, K.J., Schmittgen, T.D., 2001. Analysis of relative gene expression data using real-
time quantitative PCR and the 2724¢T method. Methods 25, 402-408. https://doi.
org/10.1006/meth.2001.1262.

Ly, D.L., Ma, Q., Wang, J., Li, L.Y., Han, S.L., Limbu, S.M., Li, D.L., Chen, L.Q., Zhang, M.,
Du, Z.Y., 2019. Fasting enhances cold resistance in fish through stimulating lipid
catabolism and autophagy. Phys. J. 597, 1585-1603. https://doi.org/10.1113/
JP277091.

Lucassen, M., Schmidt, A., Eckerle, L.G., Portner, H.O., 2003. Mitochondrial proliferation
in the permanent vs. temporary cold: enzyme activities and mRNA levels in Antarctic
and temperate zoarcid fish. Am. J. Physiol. Regul. Integr. Comp. Physiol. AM. 285,
R1410-R1420. https://doi.org/10.1152/ajpregu.00111.2003.

Makri, V., Feidantsis, K., Porlou, D., Ntokou, A., Georgoulis, L., Giantsis, I.A., Anestis, A.,
Michaelidis, B., 2023. Red porgy’s (Pagrus pagrus) cellular physiology and
antioxidant defense in response to seasonality. J. Therm. Biol. 113, 103527 https://
doi.org/10.1016/j.jtherbio.2023.103527.

Miegel, R.P., Pain, S., van Wettere, W., Howarth, G., Stone, D., 2010. Effect of water
temperature on gut transit time, digestive enzyme activity and nutrient digestibility
in yellowtail kingfish (Seriola lalandi). Aqauac 308, 145-151. https://doi.org/
10.1016/j.aquaculture.2010.07.036.

Momoda, T.S., Schwindt, A.R., Feist, G.W., Gerwick, L., Bayne, C.J., Schreck, C.B., 2007.
Gene expression in the liver of rainbow trout, Oncorhynchus mykiss, during the stress
response. Comp. Biochem. Physiol. D 2, 303-315. https://doi.org/10.1016/j.
¢bd.2007.06.002.

Mommsen, T.P., Vijayan, M.M., Moon, T.W., 1999. Cortisol in teleosts: dynamics,
mechanisms of action, and metabolic regulation. Rev. Fish Biol. Fish. 9, 211-268.
https://doi.org/10.1023/A:1008924418720.

Moon, T.W., Mommsen, T.P., 1987. Enzymes of intermediary metabolism in tissues of the
little skate, Raja erinacea. J. Exp. Zool. 244, 9-15. https://doi.org/10.1002/
jez.1402440103.

Mozsar, A., Boros, G., Saly, P., Antal, L., 2015. Relationship between Fulton’s condition
factor and proximate body composition in three freshwater fish species. J. Appl.
Ichthyol. 31, 315-320. https://doi.org/10.1111/jai.12658.

Nathanailides, C., 1996. Are changes in enzyme activities of fish muscle during cold
acclimation significant? Can. J. Fish. Aquat. Sci. 53 (10), 2333-2336. https://doi.
org/10.1139/f96-184.

Navarro, L., Gutierez, J., 2005. Chapter 17 fasting and starvation. In: Hochachka, P.W.,
Mommsen, T.P. (Eds.), Biochemistry and Molecular Biology of Fishes, vol. 4.
Elsevier, pp. 393-434.

Ostrowski, A.D., Watanabe, O., Montgomery, F.P., Rezek, T.C., Shafer, T.H., Morris, J.A.,
2011. Effects of salinity and temperature on the growth survival whole body
osmolality and expression of Na+/K+ ATPase mRNA in red porgy (Pagrus pagrus)
larvae. Aquaculture 314, 193-201. https://doi.org/10.1016/j.
aquaculture.2011.02.010.

Pangle, K.L., Sutton, T.M., 2005. Temporal changes in the relationship between condition
indices and proximate composition of juvenile Coregonus artedi. J. Fish. Biol. 66,
1060-1072. https://doi.org/10.1111/j.0022-1112.2005.00660.x.

Pavlidis, M.A., Mylonas, C.C., 2011. Sparidae: Biology and Aquaculture of Gilthead Sea
Bream and Other Species. Wiley-Blackwell, p. 408.

Portner, H.O., Langenbuch, M., Reipschlager, A., 2004. Biological impact of elevated
ocean CO, concentrations: lessons from animal physiology and earth history. JOMS
60, 705-718. https://doi.org/10.1007/5s10872-004-5763-0.

Portner, H.O., 2006. Climate dependent evolution of Antarctic ectotherms: an integrative
analysis (EASIZ, SCAR). Deep-Sea Res II 53, 1071-1104.

Portner, H.O., Knust, R., 2007. Climate change affects marine fishes through the oxygen
limitation of thermal tolerance. Science 315, 95-97. https://doi.org/10.1126/
science.1135471.

Portner, H.O., Farrell, A.P., 2008. Ecology: physiology and climate change. Science 322,
690-692. https://doi.org/10.1126/science.1163156.

Portner, H.O., 2012. Integrating climate-related stressor effects on marine organisms:
unifying principles linking molecule to ecosystem-level changes. Mar. Ecol. Prog.
Ser. 470, 273-290. https://doi.org/10.3354/meps10123.

Portner, H.O., Bock, C., Mark, F.C., 2017. Oxygen- and capacity-limited thermal
tolerance: bridging ecology and physiology. J. Exp. Biol. 220, 2685-2696. https://
doi.org/10.1242/jeb.134585.

13

Journal of Thermal Biology 123 (2024) 103894

Reid, S.G., Bernier, N.J., Perry, S.F., 1998. The adrenergic stress response in fish: control
of catecholamine storage and release. Comp. Biochem. Physiol. C Pharmacol.
Toxicol. Endocrinol. 120, 1-27. https://doi.org/10.1016/s0742-8413(98)00037-1.

Séanchez-Nuno, S., Sanahuja, 1., Fernadez-Alacid, L., Ordénez-Grande, B., Fontanillas, R.,
Fernandez-Borras, J., Blasco, J., Carbonell, T., Ibarz, A., 2018a. Redox challenge in a
cultured temperate marine species during low temperature and temperature
recovery. Front. Physiol. 9, 923. https://doi.org/10.3389/fphys.2018.00923.

Sanchez-Nuno, S., Eroldogan, O.T., Sanahuja, L., 6z§ahniglu, 1., Blasco, J., Fernandez-
Borras, J., Fontanillas, R., Guerreiro, P.M., Ibarz, A., 2018b. Cold-induced growth
arrest in gilthead sea bream Sparus aurata: metabolic reorganization and recovery.
Aquacult. Env. Interac. 10, 511-528. https://doi.org/10.3354/aei00286.

Samaras, A., Dimitroglou, A., Sarropoulou, E., Papaharisis, L., Kottaras, L., Pavlidis, M.,
2016. Repeatability of cortisol stress response in the European sea bass
(Dicentrarchus labrax) and transcription differences between individuals with
divergent responses. Sci. Rep. 6, 34858 https://doi.org/10.1038/srep34858.

Samaras, A., Espirito Santo, C., Papandroulakis, N., Mitrizakis, N., Pavlidis, M.,
Hoglund, E., Pelgrim, T.N.M., Zethof, J., Spanings, F.A.T., Vindas, M.A., Ebbesson, L.
O.E,, Flik, G., Gorissen, M., 2018. Allostatic load and stress physiology in European
seabass (Dicentrarchus labrax L.) and gilthead seabream (Sparus aurata L.). Front.
Endocrinol. 9, 1-13. https://doi.org/10.3389/fendo.2018.00451.

Samaras, A., Dimitroglou, A., Kollias, S., Skouradakis, G., Papadakis, I.E., Pavlidis, M.,
2021. Cortisol concentration in scales is a valid indicator for the assessment of
chronic stress in European sea bass Dicentrarchus labrax. L. Aquac 545, 737257.
https://doi.org/10.1016/j.aquaculture.2021.737257.

Samaras, A., Dimitroglou, A., Gleni, K.E., Pavlidis, M., 2022. Physiological responses of
red seabream (Pagrus major) to stress and rearing temperature. Aquacult. Res. 53,
2518-2528. https://doi.org/10.1111/are.15771.

Sidell, B.D., Driedzic, W.R., Stowe, D.B., Johnston, I.A., 1987. Biochemical correlations
of power development and metabolic fuel preferenda in fish hearts. Physiol.
Biochem. Zool. 60, 221-232. https://doi.org/10.1086/physz00l.60.2.30158646.

Singer, T.D., Ballantyne, J.S., 1989. Absence of extrahepatic lipid oxidation in a
freshwater elasmobranch, the dwarf sting-ray Potamotrygon magdalenae: evidence
from enzyme activities. J. Exp. Zool. 251, 355-360. https://doi.org/10.1002/
jez.1402510312.

Sokolova, .M., 2013. Energy-limited tolerance to stress as a conceptual framework to
integrate the effects of multiple stressors. ICB 53, 597-608. https://doi.org/
10.1093/icb/ict028.

Stevenson, R.D., Woods, W.A., 2006. Condition indices for conservation: new uses for
evolving tools. ICB 46, 1169-1190. https://doi.org/10.1093/icb/icl052.

Tasbozan, O., Erbas, C., Bayir, M., Ozdemir, E., Bayr, A., 2022. Identification,
characterization and nutritional regulation of fatty acid-binding protein (fabp) genes
by vegetable oils in European seabass (Dicentrarchus labrax) reared in low water
temperatures. J. Fish. Biol. 53 (18), 6683-6699. https://doi.org/10.1111/
are.16137.

Tasbozan, O., Erbas, Bayir, M., Ozdemir, E., Arslan, G., Bayir, A., 2023. Fatty
acid-binding protein genes in gilthead seabream: molecular cloning and nutritional
regulation under low water temperatures. J. Fish. Biol. 102 (4), 816-828. https://
doi.org/10.1111/jfb.15319.

Turkmen, S., Castro, P.L., Caballero, M.J., Hernandez-Cruz, M.K., Saleh, R.,

Zamorano, M.J., Regidor, J., Izquierdo, M., 2017. Nutritional stimuli of gilthead
seabream (Sparus aurata) larvae by dietary fatty acids: effects on larval performance,
gene expression and neurogenesis. Aquacult. Res. 48 (1), 202-213. https://doi.org/
10.1111/are.12874.

Todgham, A.E., Hoaglund, E.A., Hofmann, G.E., 2007. 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. 177, 857-866. https://doi.org/
10.1007/500360-007-0183-2.

Tseng, C.Y., Kao, S.H., Wan, C.L., Cho, Y., Tung, S.Y., Hsu, H.J., 2014. Notch signaling
mediates the age-associated decrease in adhesion of germline stem cells to the niche.
PLoS Genet. 10, e1004888 https://doi.org/10.1371/journal.pgen.1004888.

van der Boon, J., van den Thillart, G.E.E.J.M., Addink, A.D.F., 1991. The effects of
cortisol administration on intermediary metabolism in teleost fish. Chem. Pharm.
Bull. 100, 47-53. https://doi.org/10.1016/0300-9629(91)90182-C.

Venold, F.F., Penn, M.H., Thorsen, J., Gu, J., Kortner, T.M., Krogdahl, A., Bakke, A.M.,
2013. Intestinal fatty acid binding protein (fabp2) in Atlantic salmon (Salmo salar):
localization and alteration of expression during development of diet induced
enteritis. Comp. Biochem. Physiol. A 164, 229-240. https://doi.org/10.1016/j.
cbpa.2012.09.009.

Verslycke, T., Roast, S.D., Widdows, J., Janssen, C., 2004. Cellular energy allocation and
scope for growth in the estuarine mysid Neomysis integer (Crustacea: mysidacea)
following chlorpyrifos exposure: a method comparison. J. Exp. Mar. Biom. Ecol. 306,
1-16. https://doi.org/10.1016/j.jembe.2003.12.022.

Vijayan, M.M., Ballantyne, J., Leatherland, J.F., 1991. Cortisolinduced changes in some
aspects of the intermediary metabolism of Salvelinus fontinalis. Gen. Comp.
Endocrinol. 82, 476-486. https://doi.org/10.1016/0016-6480(91)90323-x.

Vijayan, M.M., Mommsen, T.P., Glemet, H.C., Moon, T.W., 1996. Metabolic effects of
cortisol treatment in a marine teleost, the sea raven. J. Exp. Biol. 199, 1509-1514.
https://doi.org/10.1242/jeb.199.7.1509.

Volkoff, H., Rgnnestad, I., 2020. Effects of temperature on feeding and digestive
processes in fish. Temperature (Austin) 7, 307-320.

Weber, J.M., Choi, K., Gonzalez, A., Omlin, T., 2016. Metabolic fuel kinetics in fish:
swimming, hypoxia and muscle membranes. J. Exp. Biol. 219 (2), 250-258. https://
doi.org/10.1242/jeb.125294.

Windisch, H.S., Kathover, R., Portner, H.O., Frickenhaus, S., Lucassen, M., 2011. Thermal
acclimation in Antarctic fish:Transcriptomic profiling of metabolic pathways. Am. J.
Physiol. 301, R1453-R1466. https://doi.org/10.1152/ajpregu.00158.2011.


https://doi.org/10.1007/BF00688970
http://refhub.elsevier.com/S0306-4565(24)00112-8/sref40
http://refhub.elsevier.com/S0306-4565(24)00112-8/sref40
https://doi.org/10.1007/s10126-015-9648-6
https://doi.org/10.1007/s002270100604
https://doi.org/10.1007/s002270100604
http://refhub.elsevier.com/S0306-4565(24)00112-8/sref43
http://refhub.elsevier.com/S0306-4565(24)00112-8/sref43
http://refhub.elsevier.com/S0306-4565(24)00112-8/sref43
http://refhub.elsevier.com/S0306-4565(24)00112-8/sref43
http://refhub.elsevier.com/S0306-4565(24)00112-8/sref43
https://doi.org/10.1016/j.cbpa.2013.07.029
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1113/JP277091
https://doi.org/10.1113/JP277091
https://doi.org/10.1152/ajpregu.00111.2003
https://doi.org/10.1016/j.jtherbio.2023.103527
https://doi.org/10.1016/j.jtherbio.2023.103527
https://doi.org/10.1016/j.aquaculture.2010.07.036
https://doi.org/10.1016/j.aquaculture.2010.07.036
https://doi.org/10.1016/j.cbd.2007.06.002
https://doi.org/10.1016/j.cbd.2007.06.002
https://doi.org/10.1023/A:1008924418720
https://doi.org/10.1002/jez.1402440103
https://doi.org/10.1002/jez.1402440103
https://doi.org/10.1111/jai.12658
https://doi.org/10.1139/f96-184
https://doi.org/10.1139/f96-184
http://refhub.elsevier.com/S0306-4565(24)00112-8/sref54
http://refhub.elsevier.com/S0306-4565(24)00112-8/sref54
http://refhub.elsevier.com/S0306-4565(24)00112-8/sref54
https://doi.org/10.1016/j.aquaculture.2011.02.010
https://doi.org/10.1016/j.aquaculture.2011.02.010
https://doi.org/10.1111/j.0022-1112.2005.00660.x
http://refhub.elsevier.com/S0306-4565(24)00112-8/sref57
http://refhub.elsevier.com/S0306-4565(24)00112-8/sref57
https://doi.org/10.1007/s10872-004-5763-0
http://refhub.elsevier.com/S0306-4565(24)00112-8/sref59
http://refhub.elsevier.com/S0306-4565(24)00112-8/sref59
https://doi.org/10.1126/science.1135471
https://doi.org/10.1126/science.1135471
https://doi.org/10.1126/science.1163156
https://doi.org/10.3354/meps10123
https://doi.org/10.1242/jeb.134585
https://doi.org/10.1242/jeb.134585
https://doi.org/10.1016/s0742-8413(98)00037-1
https://doi.org/10.3389/fphys.2018.00923
https://doi.org/10.3354/aei00286
https://doi.org/10.1038/srep34858
https://doi.org/10.3389/fendo.2018.00451
https://doi.org/10.1016/j.aquaculture.2021.737257
https://doi.org/10.1111/are.15771
https://doi.org/10.1086/physzool.60.2.30158646
https://doi.org/10.1002/jez.1402510312
https://doi.org/10.1002/jez.1402510312
https://doi.org/10.1093/icb/ict028
https://doi.org/10.1093/icb/ict028
https://doi.org/10.1093/icb/icl052
https://doi.org/10.1111/are.16137
https://doi.org/10.1111/are.16137
https://doi.org/10.1111/jfb.15319
https://doi.org/10.1111/jfb.15319
https://doi.org/10.1111/are.12874
https://doi.org/10.1111/are.12874
https://doi.org/10.1007/s00360-007-0183-2
https://doi.org/10.1007/s00360-007-0183-2
https://doi.org/10.1371/journal.pgen.1004888
https://doi.org/10.1016/0300-9629(91)90182-C
https://doi.org/10.1016/j.cbpa.2012.09.009
https://doi.org/10.1016/j.cbpa.2012.09.009
https://doi.org/10.1016/j.jembe.2003.12.022
https://doi.org/10.1016/0016-6480(91)90323-x
https://doi.org/10.1242/jeb.199.7.1509
http://refhub.elsevier.com/S0306-4565(24)00112-8/sref85
http://refhub.elsevier.com/S0306-4565(24)00112-8/sref85
https://doi.org/10.1242/jeb.125294
https://doi.org/10.1242/jeb.125294
https://doi.org/10.1152/ajpregu.00158.2011

V. Makri et al. Journal of Thermal Biology 123 (2024) 103894

Wiseman, S., Osachoff, H., Bassett, E., Malhotra, J., Bruno, J., VanAggelen, G., Zgouridou, A., Tripidaki, E., Giantsis, I.A., Theodorou, J.A., Kalaitzidou, M., Raitsos, D.
Vijayan, M.M., 2007. Gene expression pattern in the liver during recovery from an E., Lattos, A., Mavropoulou, A.M., Sofianos, S., Karagiannis, D., Chaligiannis, I.,
acute stressor in rainbow trout. Comp. Biochem. Physiol. D. 2, 234-244. https://doi. Anestis, A., Papadakis, N., Feidantsis, K., Mintza, D., Staikou, A., Michaelidis, B.,
org/10.1016/j.cbd.2007.04.005. 2022. The current situation and potential effects of climate change on the microbial

Wootton, R.J., Evans, G.W., Mills, L., 1978. Annual cycle in female three-spined load of marine bivalves of the Greek coastlines: an integrative review. Environ.
sticklebacks (Gasterosteus aculeatus L.) from an upland and lowland population. Microbiol. 24 (3), 1012-1034. https://doi.org/10.1111/1462-2920.15765.

J. Fish Biol. 12 (4), 331-343. https://doi.org/10.1111/j.1095-8649.1978.tb04178.x.

14


https://doi.org/10.1016/j.cbd.2007.04.005
https://doi.org/10.1016/j.cbd.2007.04.005
https://doi.org/10.1111/j.1095-8649.1978.tb04178.x
https://doi.org/10.1111/1462-2920.15765

	Seasonal energy investment and metabolic patterns in a farmed fish
	1 Introduction
	2 Materials and methods
	2.1 Animals, experimental procedures, and tissue sampling
	2.2 Analytical procedures
	2.2.1 Condition indices
	2.2.2 RNA/DNA ratio
	2.2.3 Cellular energy allocation (CEA)
	2.2.4 Gene expression analyses
	2.2.5 Determination of enzyme activities in the tissue homogenates
	2.2.6 Determination of glucose, lactate and triglycerides in the plasma

	2.3 Statistics

	3 Results
	3.1 Seasonal profile of sea water temperature
	3.2 Seasonal changes in condition and biochemical indices
	3.3 Seasonal changes in energetic stores and available energy (Ea), energy consumption (Ec) and CEA
	3.3.1 Energetic stores
	3.3.2 Energy available (Ea), energy consumption (Ec) and cellular energy allocation (CEA)

	3.4 Seasonal changes in gene expression and enzymatic activities
	3.4.1 Seasonal changes in Glu, CPT and fabp relative mRNA expression
	3.4.2 Seasonal changes in the mRNA expression levels and activity levels of intermediate metabolism enzymes

	3.5 Seasonal changes in blood plasma biomarkers

	4 Discussion
	4.1 Cold acclimatization
	4.2 Warm acclimatization

	5 Conclusion
	Funding
	CRediT authorship contribution statement
	Declaration of competing interest
	References


