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Executive Summary 
 
 
Objectives  
 
Identification of potential long-lasting effects on fish performance by exposure of sea bream 
early rearing stages to a moderate hypoxia challenge. 
 
Rationale:  
 
Environmental conditions encountered by living fish outside their optimum tolerance range, in 
particular during critical windows of their early life history, can modify their development. 
Most of these challenges have detrimental effects, but in some cases physiological plasticity 
allow adaptive responses that become interesting traits for aquaculture production. Thus, 
trials conducted by AQUAEXCEL2020 were aimed to identify beneficial adaptive and long-
lasting effects of sea bream hypoxia exposure. To achieve this goal, a first experiment was 
conducted in sea bream juveniles to define the best blood biomarkers for functional 
phenotyping of severe hypoxia. A biomarker approach was also conducted in a short 3 
weeks feeding trial to assess the tissue-specific responsiveness of blood, liver, heart and 
skeletal muscle during crowding stress and chronic moderate hypoxia (above the limiting 
oxygen saturation, LOS). Such approach together with data on feed intake and growth 
performance, confirms the high plasticity and stress resilience of farmed sea bream. Once 
the main responses to severe and moderate hypoxia exposure were defined on the basis of 
biometrical, haematological, biochemical and molecular parameters, a second set of 
experiments took place to assess the potential benefits of hypoxia pre-conditioning during 
juvenile and larval stages. The challenging protocol included swimming performance tests in 
metabolic chambers, as a low invasive and informative procedure to assess the metabolic 
performance of endurance training throughout development. The results opened new 
perspectives in several productive traits other than growth and welfare (e.g. fillet quality).   
 
 
Main Results: 
Severe hypoxia promotes a shift from aerobic to anaerobic metabolism, reduces basal 
metabolism and triggers more efficient mitochondrial respiration to increase aerobic energy 
production.  
Moderate hypoxia (above LOS levels) during the juvenile stage reduces feed intake and 
growth. This effect is potentiated by crowding stress, although feed efficiency is not 
compromised and to some extent is improved, which reflects the high metabolic and growth 
plasticity of farmed sea bream.  
At the molecular level, different adaptive mechanisms in juvenile fish were outlined, 
highlighting different tissue responsiveness according to the different tissue capabilities and 
the nature and severity of the hypoxia stimuli. 
Hypoxic pre-conditioning (above LOS levels) during early life does not compromise final 
juvenile weight and triggers persistent metabolic effects that improve the aerobic scope and 
swimming performance later in life. This very promising result is one of the first evidence in 
typically marine fish of early environmental imprinting that might involve different epigenetic 
mechanisms.  
 
 
Authors/Teams involved: 
 
AGENCIA ESTATAL CONSEJO SUPERIOR DE INVESTIGACIONES CIENTÍFICAS (CSIC) 
 



AQUAEXCEL2020 Deliverable D6.2 

 

Page 3 of 108 

 

 Institute of Aquaculture Torre de la Sal (IATS)  
o Jaume Pérez Sánchez  
o Josep Calduch Giner 
o Juan Antonio Martos Sitcha  
o Erick Perera Bravet 
o Paula Simó Mirabet 
o Enrique Rosell Moll 

 
 

http://iats.csic.es/


AQUAEXCEL2020 Deliverable D6.2 

 

Page 4 of 108 

 

Table of contents 

Executive Summary ________________________________________________________ 2 

Table of contents __________________________________________________________ 4 

1. Metabolic adaptation to low oxygen concentrations: Previous AQUAEXCEL project 
background _______________________________________________________________ 5 

2. Gene expression profiling of whole blood cells during acute hypoxia _______________ 6 

2.1 Experimental setup- acute hypoxia ________________________________________ 7 

2.2 Effects of acute hypoxia in blood haematology and biochemistry ________________ 8 

2.3. Effects of acute hypoxia in blood transcriptomics ___________________________ 11 

2.4. Main outcomes- acute hypoxia phenotyping _______________________________ 14 

3. Sea bream resilience to moderate hypoxia and high stocking density _____________ 15 

3.1 Experimental setup- sea bream stress resilience ____________________________ 15 

3.2 Combined effects of moderate hypoxia and stocking density in growth performance 
and blood parameters ____________________________________________________ 17 

3.3 Combined effects of moderate hypoxia and stocking density in tissue gene expression 
profiling _______________________________________________________________ 21 

3.4 Main outcomes- hypoxia and high stocking density phenotyping ________________ 27 

4. Transient effects of hypoxia pre-conditioning during juvenile stages on metabolic 
condition and swimming performance _________________________________________ 27 

4.1 Experimental setup- hypoxia pre-conditioning at juvenile stages ________________ 28 

4.2 Growth and swimming performance after hypoxia pre-conditioning and normoxia 
recovery ______________________________________________________________ 30 

4.3 Main outcomes- hypoxia pre-conditioning at juvenile stages ___________________ 35 

5. Potential benefits of metabolic endurance during early life stages to cope with more 
robust juvenile fish ________________________________________________________ 35 

5.1 Experimental setup of early life hypoxia pre-conditioning ______________________ 35 

5.2 Early effects on growth and metabolic performance __________________________ 36 

5.3 Persistence of early hypoxia pre-conditioning in sea bream ___________________ 38 

5.4 Main outcomes- hypoxia pre-conditioning at early stages _____________________ 39 

Concluding remarks _______________________________________________________ 40 

References ______________________________________________________________ 41 

Glossary ________________________________________________________________ 46 

Document information _____________________________________________________ 47 

Annex 1: Check list ________________________________________________________ 48 

Annex 2: Open Access scientific publication ____________________________________ 49 

Annex 3: Manuscript submitted to Frontiers in Physiology (Open Access) _____________ 60 
 



http://www.fishandchips.genouest.org/
http://www.nutrigroup-iats.org/seabreamdb


AQUAEXCEL2020 Deliverable D6.2 

 

Page 6 of 108 

 

Table 1. Time schedule of hypoxia tests. 

 

2. Gene expression profiling of whole blood cells during 
acute hypoxia 

Work contained in this section has been published in Frontiers in Zoology 14:34 (2017). The 
publication is provided as Annex 2. 
Among the abiotic factors, dissolved O2 is particularly important as the major limiting factor of 
fish aerobic metabolism. Thus, when regulatory mechanisms are no longer sufficient to 
maintain the O2 consumption rate (MO2), further reductions in MO2 occur until the termed 
limiting O2 saturation (LOS). This threshold is able to maintain a routine metabolic rate in fed 
fish, and according to the oxystatic theory of feed intake, fish adjust their feed intake to meet 
dietary O2 demands (Saravanan et al., 2012). Therefore, fluctuations in tissue O2 availability 
is a major factor to guaranty the welfare of farmed fish fed high or low O2-demanding diets 
(Remen et al 2015, 2016). This regulation is mediated through O2 sensors that trigger 
anaerobic metabolic rates to compensate for the decreasing aerobic ATP production 
(Luschak and Bagnyukova, 2006; Bermejo-Nogales et al., 2014a). As a result of this, 
eukaryotic cells switch from mitochondrial oxidative phosphorylation (OXPHOS) to the less 
efficient anaerobic glycolytic pathway, which induces stress and lactic acidosis (Khacho et 
al., 2014). Hence, as reported in humans, the hallmarks of muscle adaptation to hypoxia are 
a decrease in muscle oxidative capacity concomitant with a decrease in aerobic work 
capacity (Hoppeler & Vogt, 2001; Murray, 2009). This metabolic depression prevents the 
accumulation of toxic by-products from anaerobic metabolism (Donohoe et al., 1998) and, 
thereby, hypo-metabolic states should be considered as part of the adaptive response to 
hypoxia instead of a negative result in hypoxia-tolerant individuals (Gamboa & Andrade, 
2012). 
Certainly, metabolic suppression is a key adaptive strategy in the hypoxic Gillichthys mirabilis 
to drive the energy resources from growth towards essential metabolic processes for survival 
(Gracey et al., 2001). However, in Fundulus grandis, this contrast with the observation that 
both cardiac and hepatic tissues display increases in the gene expression of different 
enzyme subunits of the OXPHOS pathway in response to short-term hypoxia exposure 
(Everett et al., 2012). Similarly, confounding results have been reported in European sea 
bass, as early life exposure to moderate hypoxia has long-lasting detrimental effects on 
growth performance with no improvement of hypoxia tolerance despite of the enhanced 
expression of glycolytic enzymes (Vanderplancke et al., 2015). Thus, it appears likely that 
most hypoxia-mediated effects are tissue- or fish species-specific. In this regard, it must be 
noted that the red blood cells (RBC) of fish and almost all amphibians, reptiles and birds 
retain a nucleus and functional mitochondria (Stier et al., 2013). These RBCs opens new 
research opportunities and previous studies have demonstrated that the expression of 
mitochondrial uncoupling proteins is highly regulated by hypoxia stimuli in sea bream blood 

Year/Fish Challenge test Targets  

2016- Juveniles 
(230-260 g) 

Hypoxia: 1.3 ppm, 8h; 3 ppm, 24h Blood 

2016- Juveniles 
(40 g) 

Hypoxia: 3 ppm at two culture 
densities (15-30 kg/m3) for 3 
weeks 

Blood, liver, heart, skeletal muscle 

2017-Juveniles 
(25 g) 

Hypoxia pre-conditioning: 3-4 
ppm (6 weeks) 

Blood, skeletal muscle, whole 
animal (swimming tests) 

2018- Larva/ 
juveniles 

Hypoxia pre-conditioning: 3-4 
ppm larvae/juveniles(2-3 weeks) 

Blood, whole animal (swimming 
tests) 
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Figure 1. Water O2 kinetics in fish exposed to hypoxic conditions. The steady state was set at 
(A) 41-42 % O2 saturation (3.0 ppm, H1) or (B) 18-19 % O2 saturation (1.3 ppm, H2). 
Sampling points (T0, T1 and T2) are indicated by arrow heads. LOS is calculated according 
to Remen et al. (2015). 
 
Total RNA from total blood cells was extracted using the REAL Total RNA Spin Blood Kit 
including a DNase step. The RNA yield was >2.5 µg, with absorbance measures (A260/280) of 
1.9-2.1. The cDNA was synthesised using the High-Capacity cDNA Archive Kit (Applied 
Biosystems) with random decamers and 500 ng of total RNA in a final volume of 100 µL. 
Reverse transcription (RT) reactions were incubated for 10 min at 25 °C and 2 h at 37 °C. 
Samples were then used for qPCR assays by means of the IATS-Nutrigroup analytical 
platform. Diluted RT reactions in 25 µL volume were combined with a SYBR Green Master 
Mix (Bio-Rad) and specific primers at a final concentration of 0.9 µM. The 96-well PCR-array 
layout was designed for the simultaneous profiling of a panel of 85 mitochondrial genes 
under uniform cycling conditions and associated with different biological processes, such as 
molecular chaperones (7), antioxidant defence (8), transcription factors (5), outer and inner 
membrane translocation (8), mitochondrial dynamics and apoptosis (10), fatty acid oxidation 
and the tricarboxylic acid cycle (5), OXPHOS (41) and respiration uncoupling (1). PCR 
condition of IATS-Nutrigroup analytical platform and primer nucleotide sequences are 
available in Methods and Supplementary material sections of Annex 2. 

2.2 Effects of acute hypoxia in blood haematology and biochemistry 
Over the course of the first hypoxia test (H1, 41-42% O2 saturation), measurements of 
haematological parameters and plasma glucose and lactate levels remained unaltered in 
both normoxic (>85% O2 saturation) and hypoxia-challenged fish (Figures 2A, 2C, 2E, 2G, 
respectively). In contrast, these parameters significantly increased in fish exposed to severe 
hypoxia (H2, 18-19% O2 saturation) (Figures 2B, 2D, 2F, 2H). The same trend was 
observed for total plasma antioxidant activity and plasma cortisol levels (Figures 3A, 3B), 
though the cortisol increase was more pronounced at the last sampling point. The opposite 
regulation was observed for circulating Igf-I, although a statistically significant effect was 
observed at the last sampling point (Figure 3C). No variations in all the parameters studied 
were observed in fish maintained under normoxic conditions in the H2 test. 
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Figure 2. Effects of normoxia (white bars) and hypoxia (black bars) on blood haematology 
and biochemistry. Hypoxia levels were set above (A, C, E, G; H1) or below the LOS (B, D, F, 
H; H2). Data are the mean ± SEM (n = 7-8). Statistically significant differences between 
normoxic and hypoxic fish are indicated (*P <0.05, **P <0.01; two-way analysis of variance 
(ANOVA) followed by the Holm-Sidak test). 
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Figure 3. Effects of normoxia (white bars) and hypoxia below the LOS (H2, black bars) on 
plasma parameters. Antioxidant activity (A), cortisol (B) and Igf-I (C). Data are the mean ± 
SEM (n = 7-8). Statistically significant differences between normoxic and hypoxic fish are 
indicated (*P <0.05, **P <0.01; two-way analysis of variance (ANOVA) followed by the Holm-
Sidak test). 
 
Thus, all measured haematological and biochemical parameters remained mostly unaltered 
in fish maintained at 20-21 °C and 41-42% O2 saturation. In contrast, the rapid and 
pronounced increase in Hc, Hb and plasma glucose and lactate levels after exposure to 
severe hypoxia (18-19% O2 saturation) for 4 h could reflect an increase in blood O2-carrying 
capacity associated in the short term with erythrocyte release from a storage organ or with a 
reduction in plasma volume rather than the formation of new Hb (Wood & Johansen, 1972; 
Soivio et al., 1980). This finding likely reflects metabolic changes mediated by O2 sensors 
that drive the shift of the redox cellular status of NADH to a more reduced form with a rapid 
recycling of NAD+ to NADH. Certainly, hypoxic situations must improve and adjust the 
metabolic and O2-carrying capacities of challenged fish to cope and reach internal 
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enzyme subunits with regulatory or assembly properties are strictly of nuclear origin 
(Bermejo-Nogales et al., 2015). Gene expression profiling of liver, skeletal muscle and 
cardiac muscle tissues revealed that both the direction and magnitude of change in the 
enzymatic activities of the OXPHOS pathway is highly dependent on the metabolic 
capabilities of each tissue (Bermejo-Nogales et al., 2014a). Thus far, the molecular 
fingerprinting of the OXPHOS pathway remained primarily unexplored in blood cells, 
evidencing the general depletion of several components of Complexes I, II, III and V in 
response to severe hypoxia. Assembly factors of Complex IV (sco1, surf1 and cox15), that 
were also down-regulated, play an important role in energy production, and mutations or 
defects in these molecules produce adverse effects in the appropriate function of the 
OXPHOS pathway in mammals (Antonicka et al., 2003; Stiburek et al., 2005; Smith et al., 
2005). However, this observation contrasted with the overall overexpression of catalytic and 
regulatory subunits of Complex IV, which was statistically significant for the catalytic coxi and 
the regulatory cox5a2 and cox8b subunits. CoxI protein is encoded by mitochondrial DNA 
and represents one of the largest subunits of Complex IV, which contains the bimetallic 
centre where O2 binds and is reduced to H2O (Lenka et al., 1998). In addition, the observed 
increase in the gene expression of Cox5a and Cox8 family subunits highlights their 
importance during the completion of the holocomplex monomer, which contains the 
functional structure of the cytochrome c binding site (Ghezzi & Zeviani, 2012). Therefore, the 
net effect should be a reduced mitochondrial ATP production due to the overall suppression 
of mRNAs encoding the enzyme subunits of Complexes I, II, III and IV, although the opposite 
regulation of the catalytic/regulatory components of Complex IV should be accompanied by 
subsequent mechanisms that allow a better exploitation of available O2 in the most 
energetically favourable way. Modifications in mitochondrial properties also occur in other 
vertebrates, and the hypo-metabolic steady-state observed in overwintering frogs occurred 
during hypoxic submergence by increases in mitochondrial O2 affinity and a reduction in 
resting and active respiration rates in mitochondria isolated from skeletal muscle (St-Pierre et 
al., 2000). Similarly, early studies in the freshwater European eel suggest that the efficiency 
of OXPHOS is increased after acclimation to high hydrostatic pressure, decreasing the 
enzymatic activity of Complex II in red muscle, whereas that of Complex IV is significantly 
increased (Theron et al., 2000). This situation would enable a reduction in the electron leak 
and the optimisation of the respiratory chain. Similarly, studies in sea bream have revealed 
that the gene expression ratio of the enzyme subunits of Complexes I and IV is altered in 
heart and liver tissue during the recovery state after severe hypoxia exposure (Magnoni et 
al., 2017). Thus, variations in the mitochondrial efficiency of ATP production exist among 
individuals, populations and environments, and even within the same individual over time. 
This spatial and temporal variability in mitochondrial machinery adds an additional layer of 
complexity to the regulation of energy metabolism, and the maintenance of aerobic 
metabolism is becoming recognised as a primary hypoxia survival strategy in most 
organisms, including fish (Rogers et al., 2016). 

2.4. Main outcomes- acute hypoxia phenotyping 
In a previous AQUAEXCEL study (Remen et al., 2015), the threshold level of LOS 
determined in 400-g fish varied between 17% O2 saturation at 12 °C and 36% O2 saturation 
at 20 °C. Therefore, these O2 concentrations can be considered as the lower limit for 
acceptable decreases in O2 concentration with respect to the physiological function and 
welfare of farmed sea bream. Accordingly, data on blood biochemistry and haematology in 
fish exposed to O2 concentrations above the theoretically LOS did not significantly vary after 
24 h of hypoxia challenge. In contrast, a consistent response, exacerbated over time, was 
observed for blood parameters measured few hours after exposure to O2 concentrations 
below the LOS. In this case, the gene expression profile of whole blood cells was analysed, 
and the molecular signatures of hypoxic fish revealed important changes consistent with a 
reduced but more efficient aerobic ATP production. 
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Changes in plasma antioxidant capacity and circulating levels of hormones and metabolites 
supported reduced energy needs with the aerobic/anaerobic shift. These results were further 
confirmed by gene expression profiling of a wide representation of mitochondrial-related 
markers, including antioxidant enzymes and molecular chaperones, effectors of 
mitochondrial dynamics and apoptosis, and key components of the respiratory chain, 
suggesting that the mitochondrial bioenergetic of fish blood cells is finely adjusted at the 
transcriptional level by drastic changes in water O2 concentrations. Moreover, the induced 
gene expression of catalytic and regulatory enzyme subunits of Complex IV should be 
considered an adaptive process to ensure reduced but more efficient aerobic ATP 
production, which was consistent with a reduced mitochondrial respiration uncoupling 
(decreased ucp2 expression).  
 

3. Sea bream resilience to moderate hypoxia and high 
stocking density 

 

Work contained in this section has been submitted for publication in Frontiers in 
Physiology. The original manuscript is provided as Annex 3. 

 

In most aquaculture scenarios, the adaptive features in response to hypoxia are commonly 
associated to increases in temperature and high stocking rearing densities, which in turn can 
compromise water quality resulting in impaired fish growth and immunity (Person-Le Ruyet 
et al., 2008; Vikeså et al., 2017). Indeed, beneficial effects on growth performance have 
been reported in Arctic charr or meagre with the preservation of water quality at high stocking 
densities (Jørgensen et al., 1993; Millán-Cubillo et al., 2016). The opposite is also true and 
the impact of crowding stress is minimized when O2 concentrations are not below LOS 
(Araújo-Luna et al., 2018). Unravelling the combined effects of hypoxia and high rearing 
density are, thereby, crucial to warrant fish welfare during intensive farming conditions. Thus, 
we aimed to assess the effect of two different initial stocking densities (9.5 kg/m3 and 19 kg/ 
m3, increasing up to 30 kg/m3 during the challenge) and O2 saturation levels (85%, 42-43% 
O2 saturation) in a 3-weeks trial with fast growing sea bream juveniles. For this purpose, the 
different tissue contribution of blood, liver, skeletal muscle and heart to the homeostatic load 
was monitored by data on growth performance, haematology and blood biochemistry in 
combination with blood and tissue transcriptomic analysis of selected biomarkers of growth, 
energy and lipid metabolism. 

3.1 Experimental setup- sea bream stress resilience 
Twelve days prior to the start of the experimental trial, juvenile fish (~34 g average body 
weight) were randomly distributed in twelve 90-L tanks coupled to a re-circulatory system 
equipped with physical and biological filters, and programmable temperature and O2 devices 
(Figure 4). Water temperature was daily monitored and maintained at 25-27 ºC. Fish were 
arbitrarily allocated to constitute two different initial stocking densities (six tanks per 
condition) fed daily to visual satiety with a commercial diet (EFICO Forte 824, BioMar): i) LD 
(low density, 25 fish/tank, 9.5 kg/m3) and ii) HD (high density, 50 fish/tank, 19 kg/m3). After 
the acclimation period, the water parameters of three tanks of each initial stocking density 
were kept unchanged, constituting the normoxic (>5.5 ppm O2; >85% O2 saturation) groups 
of each experimental condition (LDN, low density normoxia; HDN, high density normoxia). 
Fish maintained in the remaining six tanks experienced a gradual decrease in the water O2 
level until reaching 3.0 ppm (42-43% O2 saturation), constituting the hypoxic groups of each 
experimental condition (LDH, low density hypoxia; HDH, high density hypoxia). The normal 
range of variation in O2 concentrations was marked by a rapid drop 15-30 minutes after 
feeding (3.8-4 ppm normoxic groups; 2.3 ppm hypoxic groups), with a rapid restoration of 
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reference values in less than 1 hour by the automatic entrance of clean water from the main 
reservoir tank. This system allowed maintaining unionized ammonia below toxic levels (<0.50 
mg/L) in both HDN and HDH groups. 

 

 

 

 

Figure 4. Experimental setup used to control dissolved O2 levels in the experimental tanks to 
implement hypoxic conditions under different stocking densities. The O2 steady-state was set 
at ~3.0 ppm (42-43% O2 saturation) in fish kept under hypoxia (LOS), whereas fish 
maintained in normoxia were at a concentration of >5.5 ppm (>85 % O2 saturation). 
 
After twenty-two days under these experimental conditions and following overnight fasting, 
twelve fish (four per tank) per experimental condition (LDN, LDH, HDN, HDH) were 
anaesthetized with 3-aminobenzoic acid ethyl ester (100 mg/L), weighed and blood was 
taken from caudal vessels with EDTA-treated syringes. All lethal samples were collected 
between 10:00 am and 12:00 am to reduce the biologic variability due to circadian rhythms 
and postprandial-mediated effects. Prior to tissue collection, fish were killed by cervical 
section. Liver and viscera were weighed, and representative biopsies of liver, muscle and 
complete hearts were immediately snap-frozen in liquid nitrogen and stored at -80ºC until 
extraction of total RNA. One blood aliquot (25 µL) was directly collected into a microtube 
containing 500 µL of stabilizing lysis solution (REAL total RNA spin blood kit) and stored at -
80 ºC until total RNA extraction. Other aliquots were processed for Hc, and Hb using the 
same procedure as previously detailed. Counts of RBC were made in a Neubauer chamber, 
using an isotonic solution (1% NaCl). Plasma biochemical and hormonal analysis were 
conducted as previously detailed. Plasma growth hormone (Gh) was determined by a 
homologous sea bream RIA as reported elsewhere (Martínez-Barbera et al., 1995). The 
sensitivity and midrange (ED50) of the assay where 0.15 and 1.8 ng/mL, respectively. 
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Total RNA from liver, white muscle and heart was extracted using a MagMax-96 total RNA 
isolation kit (Life Technologies), whereas total RNA from total blood cells was extracted using 
the REAL total RNA spin blood kit including a DNase step. The RNA yield in all tissues was 
>3.5 µg, with absorbance measures (A260/280) of 1.9-2.1. Synthesis of cDNA was performed 
as previously detailed. The 96-well PCR-array layout was designed for the simultaneous 
profiling of a panel of 43 (liver), 44 (white muscle and total blood cells) or 34 (heart) genes 
(Table 1 of Annex 3)., including markers of GH/IGF system (13), lipid metabolism (10), 
energy sensing and oxidative metabolism (12), antioxidant defense and tissue repair (10), 
muscle growth and cell differentiation (8), respiration uncoupling (3), xenobiotic metabolism 
(2), nuclear receptors (3), transmembrane translocation (8), mitochondrial dynamics and 
apoptosis (5), as well as OXPHOS (22). Diluted RT samples 25 µL volume were used for 
qPCR assays by means of the IATS-Nutrigroup analytical platform using the same procedure 
as previously detailed. Primer nucleotide sequences are presented in Supplemental Table 1 
of Annex 3. Fluorescence data acquired during the extension phase were normalized by the 
delta-delta CT method (Livak and Schmittgen, 2001) using actb in the liver, white muscle 
and heart, or cox4a in total blood cells, as the housekeeping gene due to its stability among 
different experimental conditions. For multi-gene analysis, data on gene expression were in 
reference to the expression level of cs in the liver, igfr2 in the white muscle, gcr in the heart, 
and tim8a in total blood cells of LDN fish, for which a value of 1 was arbitrarily assigned.  

3.2 Combined effects of moderate hypoxia and stocking density in 
growth performance and blood parameters 
Data on feed intake, growth and somatic indexes (hepatosomatic index, HSI; mesenteric fat 
index, MSI) are shown in Table 3. Two-way ANOVA revealed an O2 effect with an overall 
growth reduction under hypoxic conditions. This general impairment of feed intake and 
growth is further evidenced in fish kept at the highest density, though feed efficiency was 
improved in moderate hypoxia and more especially in fish kept at HD (HDH group).  
 
Data on blood haematology and biochemistry are shown in Table 4. The results show a 
significant effect of O2 concentration, with a generalized increase in Hb, Hc, RBC content, 
mean corpuscular Hb (MCH), cortisol and Gh plasma levels, as well as a widespread 
decrease in MCH concentration (MCHC), mean corpuscular volume and plasma lactate 
levels. Overall this feature was more accused in fish maintained under LD conditions. In 
contrast, the rearing density effect was mostly reduced to plasma cortisol levels, which 
showed a pronounced rise in HD fish that was exacerbated by hypoxic conditions. 
Noticeably, significant O2 concentration and rearing density interactions were found for 
cortisol, but also for Hc, MCHC, MCH and total antioxidant activity. 
 
Growth impairments due to long-term hypoxia exposure have been noticed in a wide-range 
of farmed fish, including turbot, European sea bass and Atlantic salmon (Pichavant et al., 
2001; Remen et al., 2016; Cadiz et al., 2017; Vikeså et al., 2017). As reported herein in sea 
bream, a primary response was the inhibition of feed intake which would favor a hypo-
metabolic state with a reduced ROS production and risk of oxidative stress. This is supported 
by lowered plasma levels of lactate, which would reflect in hypoxic fish, and in a lower extent 
in HDN, a low basal metabolism rather than a shift of aerobic to anaerobic metabolism. This 
metabolic re-adjustment has also been reported in sea bream juveniles facing multiple 
sensorial stressors in a model of chronic stress that mimic daily aquaculture operations 
(Bermejo-Nogales et al., 2014a). Thus, according with the oxystatic theory, fish finely adjust 
feed intake and basal metabolism to available O2, prioritizing feed efficiency at the expenses 
of maximum growth under restricted mitochondrial respiration. This seems to be especially 
effective in sea bream, a protandrous hermaphroditic fish with a high metabolic plasticity that 
makes feasible to be eurytherm, euryhalin and euryoxic thanks, at least in part, to a 
permissive regulation of feed intake which allows to cope an efficient energy metabolism at 
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slow growth rates. As a proof of this, the best feed efficiency and hormonal signatures for 
fast and efficient growth generally occurs before the achievement of maximum growth at the 
greater ration size (Brett, 1979; Pérez-Sánchez et al., 1995). This also applies at the 
cellular level, where the maximum ATP yield per molecule of O2 (P/O ratio) is highly 
dependent on ration size, as evidenced the increased P/O ratio of king penguins during 
periods of food shortage (Monternier et al., 2014).  

Most of the hypoxia-mediated effects are accompanied by an enhanced O2-carrying capacity 
denoted by a swelling, formation and/or release of new erythrocytes together with plasma 
volume reduction (Gallaugher and Farrell, 1998). This was also inferred from our 
haematological data with changes in the measured Hc and corpuscular concentrations of Hb, 
which were affected by O2 concentration and secondly by rearing density. Conversely, 
changes in HSI, reflecting the amount of lipid and glycogen depots, were more informative of 
feed intake rather that hypoxic condition, though it is difficult to disclose the main factor. At 
the hormonal level, this is also inferred from the measurements of circulating levels of cortisol 
and Gh, which are well-known regulators of metabolic rates by their involvement on 
mitochondria function (Bergan-Roller & Sheridan, 2018). In fact, cortisol is a well marker of 
crowding stress in sea bream, being enhanced the responsiveness of the hypothalamic-
pituitary-adrenal axis by fasting or restricted feeding (Sangiao-Alvarellos et al., 2005). This 
agrees with the observation that the greater circulating concentration of cortisol was 
achieved herein in the HDH group, which also experienced a higher feed intake inhibition. 
However, this system cannot be continuously refed and glucocorticoid receptors in rodents 
and perhaps other animal models translocate cortisol into mitochondria to reduce 
mitochondrial activity and the risk of oxidative stress (Du et al., 2009). Thus, in the absence 
of a cortisol response, chronic cold-thermal stress up-regulates OXPHOS in sea bream, 
whereas the cortisol rise in fish facing multiple aquaculture sensorial stressors is 
accompanied by a pronounced transcriptional repression of all the hepatic complex units of 
the mitochondrial respiratory chain (Bermejo-Nogales et al., 2014a). The aerobic scope and 
gene expression profiling of mitochondria is also highly regulated at the nutritional level by 
synthetic and natural dietary oils (Pérez-Sánchez et al., 2013; Martos-Sitcha et al., 2018), 
and the suppression of heptanoate effects upon exercise endurance is viewed as a 
protective measure to counteract disproportionate oxidative metabolic rates in fish fed fast 
energy-delivery nutrients (short/medium chain fatty acids). In other words, stimulatory and 
inhibitory effects of energy metabolism coexist as a trade-off mechanism that might reflect 
the changing energy needs rather than the availability of metabolic fuels. Accordingly, the 
increased circulating levels of Gh in hypoxic/crowded fish will reflect a reduced feed intake 
and energy demand rather than a minor capacity to combat oxidative stress, as referenced in 
fish and other animal models overexpressing GH (McKenzie et al., 2003; Almeida et al., 
2013). 
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Table 3. Effects of rearing density and dissolved O2 concentration on sea bream growth performance on a 21-days feeding trial. Values on body 
weight, feed intake, growth and feed efficiency are the mean ± SEM of triplicate tanks. Values on tissue biometric indexes are the mean ± SEM 
of 12 fish (4 fish per replicate tank). P-values are the result of two-way analysis of variance. Asterisks in each row indicate significant differences 
with O2 concentration for a given rearing density (SNK test, P <0.05). 
1Weight gain (%) = (100 x body weigh increase)/initial body weight  

2Specific growth rate = 100 x (ln final body weight - ln initial body weight)/days 

3Feed efficiency = wet weight gain/dry feed intake  
4Hepatosomatic index = (100 x liver weight)/fish weight 
5Viscerosomatix index = (100 x viscera weight)/fish weight 
 

  LD   HD   P-value 

  Normoxia Hypoxia   Normoxia Hypoxia   [O2] Density Interaction 

Initial body weight (g) 34.54 ± 1.11 34.22 ± 0.27 
 

34.32 ± 0.34 33.25 ± 0.45 
 

0.305 0.376 0.571 

Final body weight (g) 56.04 ± 1.89 51.65 ± 0.71 

 
54.02 ± 0.50 48.54 ± 1.05** 

 
0.003 0.059 0.651 

Feed intake (g DM/fish) 23.78 ± 1.63 18.52 ± 0.7* 
 

24.57 ± 1.06 17.54 ± 0.47** 
 

<0.001 0.932 0.427 

Weight gain (%)1 62.21 ± 0.31  50.94 ± 1.34** 

 
57.43 ± 1.42 45.97 ± 1.31** 

 
<0.001 0.003 0.941 

SGR (%)2 2.30 ± 0.01 1.96 ± 0.04** 

 
2.16 ± 0.04 1.80 ± 0.04** 

 
<0.001 0.004 0.832 

FE (%)3 0.91 ± 0.03 0.94 ± 0.02 

 
0.80 ± 0.02 0.87 ± 0.01* 

 
0.039 0.003 0.445 

Liver weight (g) 0.94 ± 0.07 0.67 ± 0.03** 
 

0.90 ± 0.06 0.63 ± 0.03*** 
 

<0.001 0.436 0.987 

Viscera weight (g) 4.41 ± 0.28 3.84 ± 0.18 

 
4.42 ± 0.19 3.68 ± 0.10** 

 
0.002 0.690 0.681 

HSI (%)4 1.64 ± 0.07 1.33 ± 0.06** 

 
1.58 ± 0.07 1.25 ± 0.06** 

 
<0.001 0.281 0.866 

VSI (%)5 7.78 ± 0.29 7.65 ± 0.25   7.87 ± 0.24 7.38 ± 0.22   0.224 0.720 0.487 
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Table 4. Effects of rearing density and dissolved O2 concentration on blood haematology and plasma levels of metabolites, hormones and total 
antioxidant capacity. Values are the mean ± SEM of 10-12 fish (4 fish per replicate tank). P-values are the result of two-way analysis of variance. 
Asterisks in each row indicate significant differences with O2 concentration for a given rearing density (SNK test, P <0.05). 

 

1Red blood cells 
2Mean corpuscular haemoglobin concentration 
3Mean corpuscular haemoglobin 
4Mean corpuscular volume 
5Total antioxidant activity 

  LD  HD   P-value 

  Normoxia Hypoxia  Normoxia Hypoxia   [O2] Density Interactio
n 

Haemoglobin (g/dl) 7.18 ± 0.24 7.73 ± 0.21  7.38 ± 0.14 7.77 ± 0.26  0.041 0.591 0.718 

Haematocrit (%) 22.18 ± 1.10 32.91 ± 1.65***  28.27 ± 1.77 29.90 ± 1.39  <0.001 0.313 0.004 

RBC x 10-6 (cells/µl)1 2.45 ± 0.07 2.74 ± 0.07**  2.38 ± 0.06 2.82 ± 0.08***  <0.001 0.924 0.345 

MCHC (pg/10µm3)2 34.07 ± 1.12 24.00 ± 1.18***  26.62 ± 1.73 26.46 ± 1.10  <0.001 0.067 <0.001 

MCH (pg/cell)3 89.79 ± 4.21 116.6 ± 4.46**  116.5 ± 8.28 109.5 ± 7.21  0.118 0.123 0.010 

MCV (µm3)4 29.50 ± 1.02 28.33 ± 0.76  31.36 ± 0.93 27.73 ± 0.96*  0.014 0.501 0.194 

Glucose (mg/dl) 54.39 ± 1.58 52.17 ± 2.44  58.04 ± 1.78 52.73 ± 2.79  0.091 0.339 0.482 

Lactate (mg/dl) 16.30 ± 2.78 4.81 ± 1.41**  10.22 ± 3.06 4.99 ± 0.84  0.001 0.225 0.199 

TAA (mM Trolox)5 1.34 ± 0.04 1.45 ± 0.04  1.48 ± 0.03 1.43 ± 0.03  0.447 0.104 0.026 

Cortisol (ng/ml) 23.40 ± 5.67 21.08 ± 5.32  35.69 ± 11.15 79.25 ± 9.05**  0.036 <0.001 0.027 

Growth hormone (ng/ml) 2.34 ± 0.83 6.71 ± 1.17*  5.39 ± 1.29 8.33 ± 4.20  0.069 0.337 0.767 

Insulin-like growth factor-I (ng/ml) 46.06 ± 4.76 46.59 ± 4.77  45.78 ± 2.27 41.03 ± 6.29  0.659 0.544 0.582 


















































































































































































