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Resum en català (màxim 300 paraules) 
Els isòtops estables com a traçadors de la cadena alimentària, s'han utilitzat per caracteritzar la relació entre els 

consumidors i els seus aliments, ja que el fraccionament isotòpic implica una discriminació en contra de certs 

isòtops. Però les anàlisis d'isòtops estables (SIA), també es poden dur a terme en peixos cultivats amb dietes 

artificials, com la orada (Sparus aurata), la especie más cultivada en el Mediterráneo. Canvis en l'abundància 

natural d'isòtops estables (
13

C i 
15

N) en els teixits i les seves reserves poden reflectir els canvis en l'ús i reciclatge 

dels nutrients ja que els enzims catabòlics implicats en els processos de descarboxilació i desaminació mostren una 

preferència pels isòtops més lleugers. Per tant, aquestes anàlisis ens poden proporcionar informació útil sobre l'estat 

nutricional i metabòlic dels peixos.  

L'objectiu d'aquest projecte va ser determinar la capacitat dels isòtops estables per ser utilitzats com a marcadors 

potencials de la capacitat de creixement i condicions de cria de l'orada. En aquest sentit, les anàlisis d'isòtops 

estables s'han combinat amb altres metabòlics (activitats citocrom-c-oxidasa, COX, i citrat sintasa, CS) i els 

paràmetres de creixement (ARN/ADN). El conjunt de resultats obtinguts en els diferents estudis realitzats en aquest 

projecte demostra que el SIA, en combinació amb altres paràmetres metabòlics, pot servir com una eina eficaç per 

discriminar els peixos amb millor potencial de creixement, així com a marcador sensible de l'estat nutricional i 

d'engreix. D'altra banda, la combinació de l'anàlisi d'isòtops estables amb les eines emergents, com ara tècniques de 

proteòmica (2D-PAGE), ens proporciona nous coneixements sobre els canvis metabòlics que ocorren en els músculs 

dels peixos durant l‟increment del creixement muscular induït per l'exercici.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

   
 

Resum en anglès(màxim 300 paraules) 
Stable isotopes, as tracers of the food chain, have been used to characterize the relationship between consumers and 

their food since isotopic fractionation implies discrimination against certain isotopes. But stable isotope analyses 

(SIA) can also be carried out in fish reared with artificial diets, as gilthead sea bream (Sparus aurata), the species 

most cultivated in the Mediterranean. Changes in natural abundance of stable isotopes (
13

C and 
15

N) in tissues and 

its reserves may reflect changes in the use and turnover of nutrients as the catabolic enzymes involved in the 

processes of decarboxylation and deamination show a preference for the lighter isotopes. Therefore these analyses 

can provide us useful information about the nutritional and metabolic status of fish. 

The aim of this project was to determine the capacity of stable isotopes to be used as potential markers of growth 

capacity and rearing conditions in sea bream. In this sense, stable isotope analyses have been combined with other 

metabolic (cytochrome-c-oxidase, COX, and citrate synthase, CS, activities) and growth parameters (RNA, DNA). 

The set of results obtained from the different studies conducted in this project shows that SIA, in combination with 

other metabolic parameters, can serve as an effective tool in discriminating fish with better growth potential as well 

as sensitive marker of nutritional status and fattening. Moreover, combination of stable isotopes analysis with 

emerging tools such as proteomic techniques (2D-PAGE), provide new insights on the metabolic changes occurring 

in fish muscles during exercise induced growth.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
  



 

   
 

 
2.- Memòria del treball (informe científic sense limitació de paraules). Pot incloure altres fitxers de qualsevol 

mena, no més grans de 10 MB cadascun d’ells. 
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Study 1 – Stable isotope analysis combined with metabolic indices discriminates 

between gilthead sea bream (Sparus aurata) fingerlings produced in different 

hatcheries  

 
 

INTRODUCTION 

Gilthead sea bream (Sparus aurata) aquaculture was first introduced in the 1970s and it is now the 

Mediterranean species most widely farmed in this way. Given the market relevance of this relatively 

new field, the traceability of fishery and aquaculture products is becoming increasingly important. 

Recently, intense efforts have been devoted to developing analytical tools to distinguish between 

farmed fish and those caught in the wild. In particular, stable isotope analysis (SIA), often combined 

with fatty acid composition, has been used successfully to discriminate between cultured and wild 

gilthead sea bream (1–3) and in studies on marine fish species like salmon (4), sea bass (5) and turbot 

(6). The differences between farmed and wild fish presumably reflect variations in diet, which have a 

major influence on isotopic profiles because natural food and commercial diets differ in their isotopic 

ratios. In particular, the ratios of carbon (δ
13

C) and nitrogen (δ
15

N) stable isotopes, derived directly 

from the diet (7, 8), are extremely valuable when attempting to associate a specific animal with a 

particular food source, being often characteristics for production systems and feeding intensity. 

Furthermore, given their dependence on environmental water conditions, δ
18

O and δ
2
H are very useful 

for determining the geographical origin of fish. 

Little information is available about the differentiation between fish from different farms on the basis 

of rearing systems or region. Muscle δ
15

N is correlated with the geographical origin of farmed sea 

bream (2), but this relationship seems to be more related to the feed ingredients available in the farming 

areas than to the geographical origin itself. Stable isotope 
15

N analysis also allows discrimination 

between fish fed an artificial diet formulated with plant protein and those receiving fish protein (9). It 

was recently reported that stable isotopes are the most informative variables in discriminating between 

fish from distinct farms (10). In particular, measures of δ
13

C or δ
15

N in flesh can be linked with those 

of a specific commercial diet, while δ
18

O can be used to associate fish with a specific water source. 

Thus, the combined information from these isotopes allows discrimination between fish origins. In 

addition, tissue fatty acid and proximate compositions, and several morphological parameters are 

useful to distinguish between farmed and wild fish (1); however, these parameters are less informative 

for discriminating fish origin (10). 
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The quality of fish produced by aquaculture varies greatly between farms and is influenced mainly by 

the quality of the rearing environment, the quantity, quality and management of feed, and the culture 

methods used (11, 12). Similarly, variability in fish isotopic parameters is related to environmental 

factors and culture conditions, such as temperature, meal composition and ration (13, 14). Therefore, 

while it is now possible to have a high degree of confidence in defining whether fish are wild or 

farmed, it is not as straightforward to determine their geographical origin or growth potential. There is 

an increasing need to develop analytical methods to discriminate between fish reared in distinct 

systems in different locations. Furthermore, the capacity to discriminate between fish „seeds‟ on the 

basis of growth performance is highly relevant for the aquaculture industry. Recent studies show that 

isotopic fractionation of 
15

N varies inversely with growth in salmon (15) and that increases in 
15

N are 

related to stress conditions, such as fasting (16) and low protein diets (13). Therefore, stable isotope 

analysis combined with other complementary physiological variables that are well established as 

metabolic indicators, such as nucleic acid content and enzyme activities may be a useful approach to 

determine the quality of fish seeds. The RNA:DNA ratio (the amount of RNA per cell unit) is 

indicative of the status of the cell transcription rate, whereas the RNA:protein ratio is often used as an 

indicator of protein synthesis capacity (17). The aerobic capacity of fish muscle is estimated by the 

activities of mitochondrial enzymes, such as cytochrome-c-oxidase (COX) and citrate synthase (CS), 

and both activities have been positively correlated with growth rate in many fish species (18, 19).  

Most of the studies dealing with fish „origin‟ discrimination have focused on the isotopic analysis of 

fish and environmental factors (mainly food and water). However, no study has addressed the 

relationship between the isotopic composition of fish and metabolic and growth variables, an approach 

that goes beyond the discrimination of geographical origin. 

Here we sought to discriminate gilthead sea bream fingerlings from various hatcheries on the basis of 

stable isotope analysis (δ 
15

N and δ 
13

C) combined with metabolic (CS and COX activities) and growth 

parameter (RNA and DNA concentration) analyses in order to select the fish seed with the highest 

growth potential. To ensure that the rearing conditions (food composition and ration, temperature, etc.) 

did not interfere in the discrimination of the seeds with the highest growth potential, we analyzed these 

parameters before and after submitting fingerlings of the three farms to equal rearing conditions 

(homogenization period) for 35 days, a period long enough to circumvent the influence of these effects. 
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To the best of our knowledge, this is the first study to address the use of stable isotope analysis for this 

purpose. Muscle is one of the organs that reflect the largest isotopic variations (20), and therefore it is 

one of the most suitable tissues in which to study differences between fish fed in a range of „isotopic-

labeling‟ conditions. This tissue tends to integrate isotopic signatures of food assimilated over a longer 

period than faster metabolic tissues like liver (21). However, we also analyzed whole fish to determine 

the contribution of muscle to the body isotopic composition.  

 

MATERIAL AND METHODS 

Animal, experimental conditions and sampling protocol 

In May 2007, gilthead sea bream (Sparus aurata) fingerlings (3.5- 4.5 g) were obtained from three 

farms in Spain specialized in sea bream fingerling production. Hatcheries were located far from each 

other (Mediterranean coast, MC; Cantabrian coast, CC; and South-Iberian Atlantic coast, AC) (Figure 

1) and differed in rearing conditions (Table 1). Thirty fish from each farm were frozen in situ, 

transported in dry ice and stored at -80 ºC until required. Frozen fish were dissected on a tray set on ice 

and muscle tissue samples consisting of the entire dorsal fillet above the lateral line were obtained. Due 

to the small size of the fish, fifteen animals were pooled into three groups for further analyses in 

muscle and whole body samples to determine the conditions in the hatcheries.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Schematic map of Iberian Peninsula with the location of the three sea bream hatcheries. 
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Three hundred fingerlings from each hatchery were transported to our facilities (Faculty of Biology, 

University of Barcelona, Spain) and randomly distributed with a similar density (~1 kg/m
3
) into three 

200-L fiberglass tanks per condition. Fish were reared with filtered seawater in a closed system with 

physical and biological filters, ozone skimmers and continuous aeration under controlled temperature 

(22± 0.2ºC), salinity (31-38 ‰), oxygenation (<90% saturation) and  photoperiod (12L/12D). Before 

starting the experiment, fish were acclimated to the experimental facilities for two weeks, during which 

they were fed hatchery diets. During the 35-day homogenization period, they were fed to satiation 

(nearly to 3 % of body weight) three times, and food intake was measured daily. Although the 

compositions of the farm diets were isoproteic, isolipidic and isoenergetic, the diet from the MC 

hatchery was selected for the experiment because of its higher quality (the highest values of δ
15

N, 

Table 1). After the experimental period, 18 animals from each hatchery (six fish per tank) were fasted 

for 24 hours and then killed by severing the spinal cord. Entire dorsal fillet samples were taken from 9 

fish, while the other 9 fish were kept intact. Muscle and whole fish samples were immediately frozen in 

liquid nitrogen and stored at -80ºC until analysis. The experiments complied with the Guidelines of the 

European Union Council (86/609/EU), the Spanish Government (RD 1201/2005) and the University of 

Barcelona (Spain) for the use of laboratory animals. 

Table 1. General characteristics of the three sea bream hatcheries and proximate (mg g
-1

) and isotopic 

(‰) composition of the commercial diets used. 

  Hatchery  

 MC CC AC 

Water temperature (º C) 20.5 24 19  

Ration size
1  4.5 6  3  

Diet digestible energy (MJ/kg) 21 20 19.6 

Diet proximate composition
2
     

protein 54 56 55 

lipid 18 18 18 

ash 11 10 11 

NFE
3 17 16 16 

Diet isotopic composition (‰)
4    

N      bulk diet  12.4 0.2 
a 9.4 0.1 

c 10.8 0.3 
b 

protein  12.8 0.1 
a 10.0 0.1 

c 10.8 0.1 
b 

13
C      bulk diet  -20.9 0.1 

a -21.0 0.1 
a -21.8 0.2 

b 

protein  -20.7 0.1 
a -20.6 0.1 

a -22.1 0.2 
b 

lipid  -23.8 0.1 
a -24.6 0.1 

c -24.1 0.1 
b 

1 g food × 100g body weight-1 × day-1 
2 g × 100g-1 dry matter  
3 NFE, Nitrogen Free Extract calculated by difference  
4
 Values are reported as means ± SEM (N = 3). Values with different letter in each row are significantly different (Tukey post-

hoc test, P < 0.05) 
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Growth performance  

Fish from each tank were bulk weighed weekly to readjust feed ration and to control growth. Food 

intake was recorded daily and specific growth rates (SGR) were calculated: 

SGR (% day
-1

) = 100  (lnW2 – lnW1)/ t   

where W1 and W2 are the initial and final weight of animals respectively, after t days. 

 

Principal components of tissue samples and diets 

Diets and muscle and whole fish samples were homogenized in liquid nitrogen using a pestle and 

mortar to obtain a fine powder. Tissue water content was determined gravimetrically after drying the 

samples at 100ºC for 24h. Total lipid content was purified from two methanol–chloroform (2:1) 

extractions. The washed lipid extracts were dried under N2 and the lipid content was determined 

gravimetrically. Protein purification was carried out using defatted samples via precipitation with 

trifluoroacetic acid (100 ml L
-1

) and after centrifugation at 1060 g for 30 min. The protein content was 

calculated from the nitrogen obtained by elemental analysis (Elemental Analyzer Flesh 1112, 

ThermoFinnigan, Bremen, Germany) as follows: 

  g protein/100g dry matter = (g N/100g dry matter) × 6.25. 

 

δ
15

N and δ
13

C determination 

Samples of diets and whole tissues were lyophilized and ground into a homogenous powder for 

isotopic analysis. Aliquots (from 0.3 to 0.6 mg) from these samples, as well as their purified lipid and 

protein, were accurately weighed in small tin capsules (3·3 x 5 mm, Cromlab, Barcelona, Spain). 

Samples were analyzed to determine the carbon and nitrogen isotope composition using a Mat Delta C 

IRMS (Finnigan MAT, Bremen, Germany) coupled to Flash 1112 Elemental Analyzer at the Serveis 

Científico-Tècnics at the University of Barcelona. Isotope ratios (
15

N /
14

N, 
13

C /
12

C) are given in ‰, 

parts per thousand, on a δ-scale and refer to the deviation in measured ratio from the international 

accepted standards VPDB (Vienna Pee Dee Belemnite) for carbon and AIR for nitrogen. Delta values 

were determined as follows: 

    δ = [(Rsa/Rst) – 1] × 1000 
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where Rsa = 
15

N /
14

N or 
13

C /
12

C of samples and Rst = 
15

N /
14

N or 
13

C /
12

C of the international standards. 

The following standards certified by the International Atomic Energy Agency (IAEA, Vienna, Austria) 

were used: IAEA-N1 (δ
15

Nair=0.4 ‰), IAEA-NO-3 (δ
15

Nair=4.7 ‰) and IAEA-N2 (δ
15

Nair=20.3 ‰) for 

nitrogen; and LSVEC (δ
13

CVPDB= -46.6 ‰), IAEA-CH-7 (δ
13

CVPDB= -32.15 ‰), USGS40 (δ
13

CVPDB= -

26.4 ‰), IAEA-CH-6 (δ
13

CVPDB= -10.45 ‰) for carbon. Every ten measurements, three standard 

samples were analyzed to compensate for machine drift and as a quality control measure. The same 

reference material examined over the analysis period was measured with ±0.2‰ precision. Nitrogen 

and Carbon Isotopic Fractionation (Δδ
15

N and Δδ
13

C) values were calculated as the difference between 

δ tissue and δ diet. 

 

Measurements of RNA/DNA ratios 

Bulk RNA and DNA content were determined in muscle using a modification of the Schimdt-

Thannhauser UV-based method (22), following the procedures for fish samples described Buckley and 

Bulow (23). Muscle samples were removed from liquid nitrogen and homogenized with a polytron 

(Kinematica, Luzern, Switzerland) in cold HClO4 0.2N to precipitate nucleic acids. Centrifugation was 

done at 12000 g for 15 min at 4 ºC and the supernatant was discarded. The process was repeated to 

effectively remove free nucleotides, amino acids and other acid-soluble compounds. The resulting 

sediment was resuspended in dilute alkali (0.3N NaOH), which also achieved hydrolysis of RNA and 

its chemical partitioning from protein and DNA. The hydrolysate was acidized with cold 1.32N HClO4 

to remove RNA from DNA and protein. DNA was then hydrolyzed and separated from the remaining 

protein by addition of hot 0.6N HClO4. RNA and DNA were estimated from the absorbance of the 

appropriate hydrolysate at 260 nm using the following extinction coefficient: A260 of a 1 μg ml
−1

 

solution of hydrolyzed RNA or DNA is 0·3. Absorbance was measured using a using a 

spectrophotometer (Spectronic Genesys 2/Milton Roy Company, Rochester, New York). Nucleic acid 

contents were recorded as µg RNA or DNA per mg wet tissue. 

 

Muscle enzyme assays 

Enzyme activities were assayed from crude extracts of muscle obtained by homogenizing frozen tissue 

(50 mg/mL) in detergent solution (1.24 mM TRITON X-100, 1 mM EDTA and 1mM NaHCO3) and 
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stabilizing solution (0.27 M EDTA and 5 mM 2-β-mercaptoethanol), 1:1 v/v. Homogenates for 

measuring citrate synthase (CS, EC 2.3.3.1) and cytochrome-c-oxidase (COX, EC 1.9.3.1) activity 

were centrifuged at 700 g at 4 °C for 10 min. CS activity was determined from absorbance increases at 

412 nm of  DTNB reagent, using oxalacetic acid as substrate, following the method described by Srere 

(24). COX activity was obtained by adapting a commercial kit (CYTOC-OX1, Sigma-Aldrich Inc., 

Sant Louis, Missouri). This colorimetric assay measures the decrease in ferrocytochrome c absorbance 

caused by oxidation of the latter by cytochrome-c-oxidase.  

 

Statistical analysis 

One-way analysis of variance (ANOVA) was used to test significant differences among fish from the 

three origins and the Tukey post-hoc test was used when significant differences were found. Initial and 

final data for each group were compared by an independent two-sample t-test. The Shapiro-Wilk test 

was previously used to ensure the normal distribution of data, and the equality of variances was 

determined by statistical Levene‟s test. The relationships between lipid content and δ
13

C of whole body 

and muscle tissue were tested using linear regression. Principal component analysis (PCA) was 

performed to study the structure of the data. Score plots from the PCA explore the main trends in the 

data, and their respective loading reveals variables with a significant loading. All statistical analyses 

were done using commercial software (SPSS 16.0, SPSS Inc., Chicago, Illinois).  

 

RESULTS  

Growth parameters and changes in the proximate composition 

Although no significant differences in SGR or feed conversion efficiency were observed between 

groups, AC fingerlings showed the lowest values of these two variables (Table 2).  

Table 2. Weight, feed intake, feed efficiency and growth rate of fingerlings from the three hatcheries 

during the 35 days of the experiment. 

  
 

Hatchery 
 

 
 

 MC 
 

CC 
 

AC 
 

Initial weight (g) 4.63 ± 0.03 
a 

3.40 ± 0.05 
b 

3.45 ± 0.20 
b 

Final weight (g) 9.10 ± 0.51 
a 

6.50 ± 0.33 
b 

6.03 ± 0.29 
b 

Feed intake
1 
  2.54 ± 0.02 

b 
2.68 ± 0.04 

a 
2.69 ± 0.02 

a 

Feed efficiency
2 0.87 ± 0.05 

 
0.73 ± 0.06 

 
0.58 ± 0.01 

 

SGR
3
  1.96 ± 0.10 

 
1.80 ± 0.10 

 
1.37 ± 0.04 

 

Values are reported as means ± SEM (N = 3 tanks). Values with a different letter in each row are significantly different (Tukey 

post-hoc test, P < 0.05). Results without any letter indicate no significant differences. 1Feed intake: g 100× g body weight-1 × 
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day-1; 2Feed efficiency: g fish weight gain × g feed offered-1; 3SGR: Specific Growth Rate = 100 × [(Ln final weight – Ln initial 

weight) × days-1 of experiment]  

 

Consistent with the greater body mass at the beginning and end of the experiment, the MC group 

showed the highest lipid content in whole fish and muscle throughout the homogenization period. In 

contrast, the smallest AC fingerlings also showed the lowest lipid content (Table 3). During the 

homogenization period the lipid content of whole fish and muscle samples from the AC and CC groups 

increased significantly. At the end of this period, the CC group registered the highest muscle protein 

content while the AC group showed the lowest.   

Table 3 – Initial (hatchery) and final (after the homogenization period) whole fish and muscle 

composition (g 100g
-1

) of sea bream fingerlings from the three hatcheries.   

  WHOLE FISH  MUSCLE 

  Initial Final  Initial Final 

Protein MC 14.1  0.5 
 

15.4  0.3 
  16.0  0.6 

 
17.3  0.4 

ab 

 CC 13.7  1.2 
 

15.1  0.4 
  17.3  0.1 

 
18.3  0.3 

a 

 AC 14.9  0.6 
 

16.2  0.4 
  15.2  0.8 

 
16.5  0.5 

b 

     
 

   
     

 
   

 

Lipid MC 8.1  0.3 
a 

9.2  0.6 
a  4.9  0.3 

a 
5.2  0.4 

a 

 CC 5.5  0.5 
b 

8.3  0.5 
ab,*  3.4  0.1 

b 
4.2  0.2 

a,* 

 AC 3.8  0.3 
c 

6.9  0.4 
b,*  2.3  0.2 

c 
3.1  0.1 

b,* 

    
 

  
    

 
  

 

Moisture MC 73.6  0.1 
b 

71.3  0.3 
b,*  76.0  0.6 

b 
74.8  0.4 

b 

 CC 76.6  0.1 
a 

72.3  0.6 
ab,*  77.4  0.3 

ab 
75.1  0.3 

b,* 

 AC 77.4 0.5 
a 

73.3 0.4 
a,*  78.4 0.6 

a 
77.0 0.2 

a,* 

Values are reported as means ± SEM (initial N = 3 pools of 5 fish; final N = 9 fish). Values with a different letter in each row are 

significantly different (Tukey post-hoc test; P < 0.05) and asterisk denotes significant differences (t-test; P < 0.05) after (initial) 
and before (final) the homogenization period. Results without any letter or symbol indicate no significant differences. 

 

Isotopic composition and fractionation 

The stable isotope composition of the commercial diets used by the three hatcheries varied because of 

the dietary ingredients used in the formulation (Table 1). Differences in δ
15

N of bulk diet reflected 

those of the dietary protein. These differed as much as 3‰ between the MC (12.4‰) and the CC 

(9.4‰) diets. δ
13

C varied between diets, with the AC diet showing the lowest values (-21.8‰). These 

changes also paralleled the variation found in protein δ
13

C because protein was the major dietary 

component. However, variations in lipid δ
13

C differed between the three diets. Initial 
15

N of whole 

fish samples did not differ significantly among the three groups (Figure 2). However, the MC group 

showed the highest muscle 
15

N while the AC group showed the lowest. After submitting all three 

groups to identical rearing conditions for 35 days, the 
15

N of whole fish and muscle samples increased 
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in a similar manner (~2‰), thus the initial differences between the groups were maintained. However, 

no differences in δ
13

C of whole fish or muscle samples were found at the beginning of the experiment. 

After the homogenization period, the δ
13

C of whole fish and muscle also increased in all groups but 

was significant only in the latter (~0.7‰). Nevertheless, whole MC fish continued to show lower δ
13

C 

of bulk tissue than AC fish (p<0.05) because of the lower lipid content of the latter. 

 

Figure 2. Evolution of the isotopic signature of bulk samples of whole fish (A) and muscle (B) of sea 

bream fingerlings produced in three hatcheries during the homogenization period. Symbols are reported 

as means and bars as SEM (initial N = 3 pools of 5 fish; final N = 9 fish per group), a different letter 

indicates significant differences in δ
13

C (P < 0.05) while different numbers indicate significant 

differences in δ
15

N (P < 0.05). 

 

Protein δ
15

N also increased significantly and reflected the same differences observed in bulk δ
15

N, 

showing the AC group with the lowest levels (p<0.05) in whole fish and muscle samples throughout 

the homogenization period (Table 4). Similarly, protein δ
13

C showed the same pattern as protein δ
15

N, 
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but only in whole fish was the increase in protein δ
13

C significant. In contrast, lipid δ
13

C increased 

significantly in whole fish and muscle samples throughout the homogenization period, and initial 

differences disappeared. 

Table 4 – Initial (hatchery) and final (after homogenization period) stable isotope ratios (δ
13

C and 

δ
15

N) of reserves and isotopic fractionation (∆δ
13

C and ∆δ
15

N) of bulk samples in whole fish and 

muscle of sea bream fingerlings from the three hatcheries.  

 
   WHOLE FISH  

MUSCLE 

   Initial Final  
Initial Final 

 Isotopic composition of reserves   
  

 
   

 
  

 

 Protein N MC 14.12  0.12 
a 

15.44  0.06 
a,* 

 14.19  0.10 
a 

16.36  0.04 
a,* 

  CC 12.86  0.05 
b 

15.49  0.08 
a,* 

 13.75  0.03 
b 

16.21  0.06 
a,* 

  AC 13.29  0.18 
b 

15.19  0.06 
b,* 

 13.55  0.07 
b 

15.96  0.08 
b,* 

     
 

   
 

    
 

   
     

 Protein 
13

C MC -19.52  0.01 
a 

-19.33  0.05 
a,* 

 -19.69  0.04 
a 

-19.85  0.04 
a 

  CC -19.82  0.04 
b 

-19.35  0.09 
a,* 

 -19.96  0.06 
b 

-19.88  0.04 
a 

  AC -20.13  0.05 
c 

-19.71  0.05 
b,* 

 -20.29  0.09 
b 

-20.23  0.04 
b 

      
 

   
 

    
 

   
 

 Lipid 
13

C MC -24.45  0.06 
 

-24.16  0.05 
* 

 -24.47  0.07 
a 

-24.13  0.02 
* 

  CC -24.53  0.09 
 

-24.11  0.03 
* 

 -24.54  0.03 
ab 

-24.14  0.06 
* 

  AC -24.70  0.04 
 

-24.20  0.03 
* 

 -24.76  0.06 
b 

-24.21  0.03 
* 

     
 

  
 

   
 

  
 

 Bulk isotopic fractionation   
 

  
 

   
 

  
 

 N MC 0.25  0.21 
c 

2.13  0.12 
* 

 0.93  0.04 
c 

2.78  0.06 
a,* 

  CC 2.71  0.19 
a 

2.07  0.09 
* 

 3.34  0.06 
a 

2.57  0.05 
b,* 

  AC 1.34  0.21 
b 

1.83  0.07 
* 

 1.79  0.05 
b 

2.24  0.06 
c,* 

   
 

  
 

   
 

  
 

 13
C MC -0.41  0.13 

b 
-0.29  0.11 

b 
 0.50  0.16 

b 
0.98  0.10 

* 

  CC -0.18  0.25 
b 

0.01  0.08 
ab 

 0.75  0.10 
ab 

1.29  0.11 
* 

  AC 0.88 0.11 
a 

0.20 0.10 
a,*  1.31 0.13 

a 
1.09 0.12 

 

Values are reported as means ± SEM (initial N = 3 pools of 5 fish; final N = 9 fish). Values with different letter in each row are 
significantly different (Tukey post-hoc test; P < 0.05) and asterisk indicates significant differences (t-test, P < 0.05) after (initial) 

and before (final) the homogenization period. Results without any letter or symbol indicate no significant differences. 

 

The changes in lipid content modified bulk δ
13

C, showing an inverse relationship between these 

variables in whole fish (r=0.589, n=27, p<0.001) and in muscle (r=0.532, n=27, p<0.005) samples after 

homogenization (Figure 3).  

The differences in δ
15

N between the diets were greater than those observed in fish samples. Thus, the 

isotopic fractionation of nitrogen (Δδ
15

N: δ
15

Ntissue- δ
15

Ndiet) in initial hatchery conditions was highest 

(p<0.05) for the CC group (2.71 and 3.34 ‰) and lowest for the MC group (0.25 and 0.93 ‰) in whole 

fish and muscle respectively (Table 4). After the homogenization period with the same diet and ration, 

Δδ
15

N converged to ~2‰ and ~2.5‰ for these tissues, respectively, decreasing in the CC group while 

increasing in the other two. In spite of this convergence, significant differences were observed in the 
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Δδ
15

N of muscle samples. Δδ
13

C in initial conditions was highest for the AC group (1.34 and 1.79 ‰) 

and lowest for the MC group (-0.41 and 0.50 ‰) in whole fish and muscle samples respectively 

(p<0.05). After homogenization, Δδ
13

C also converged (~0‰ and ~1.1‰ for whole fish and muscle 

tissue respectively), but only the AC group showed a decrease in Δδ
13

C in both kinds of tissue.  

 

Figure 3. Relationship between lipid concentration and δ
13

C in whole fish (A, dashed line: r = 0.589, P 

< 0.001) and muscle (B, dotted line:  r = 0.532, P < 0.005) of sea bream fingerlings after the 

homogenization period.  

 

Changes in metabolic parameters of muscle 

The lowest RNA/protein and RNA/DNA ratios under initial conditions were also found in the AC 

group, indicating lower protein synthesis and transcriptional capacity (Figure 4). COX and CS activity 

did not differ significantly between groups in initial conditions. This observation indicates that energy 

production capacity of the three hatcheries was similar, although the CC group tended to show higher 

activity for these two enzymes. 
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Figure 4. Initial (hatchery) and final (after the homogenization period) muscle growth (RNA:protein, 

A; RNA:DNA, B; and protein:DNA, C, ratios) and metabolic (COX activity, D; CS activity, E; and 

COX:CS ratio, F) indices of muscle samples of sea bream fingerlings produced in the three farms. 

Columns assigned a different letter are significantly different between groups (P < 0.05) and an asterisk 

indicates significant differences after (initial) and before (final) the homogenization period (P < 0.05). 

 

After the homogenization period, the RNA/protein ratio decreased in all groups as a consequence of 

growth. The transcriptional capacity of the AC group increased significantly, but the protein synthesis 

capacity of this group was still the lowest. The COX:CS ratio decreased in all groups (p<0.05), without 

significant differences among them (Figure 4). Nevertheless, the enzyme activities of the AC group 

showed a different pattern to that of the other two groups. While CS and COX activities decreased 

significantly in the MC and CC groups, the CS activity of AC fingerlings increased significantly and 

COX activity remained unchanged. These observations suggest that the AC group presented higher 

energy waste. 
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Principal components analysis (PCA)  

PCA was used to determine the capacity of the variables (chemical, metabolic and isotopic 

measurements in muscle) to discriminate between fingerlings from the three hatcheries after the 

homogenization period. The first three factors accounted for over 70% of the variability within the data 

(Table 5) and bulk δ
15

N was the variable with the highest load on the first factor (Table 6). Plots of 

factor 1 versus factors 2, 3 and 4 all provided good discrimination among fingerlings from the three 

hatcheries (Figure 5); in particular AC fingerlings were clearly separated from the other two groups, 

with factor 1 providing the greatest discrimination. 

Table 5. Table of eigenvalues for PCA of chemical, metabolic and isotopic data from muscle of sea 

bream fingerlings after the homogenization period. 

 Eigenvalue 
Variability 

(%) 
Cumulative 
eigenvalue 

Cumulative % 

F1 6.88 43.01 6.88 43.01 

F2 2.75 17.18 9.63 60.18 

F3 1.74 10.88 11.37 71.06 

F4 1.26 7.90 12.63 78.96 

F5 0.93 5.80 13.56 84.75 

F6 0.82 5.11 14.38 89.87 

F7 0.51 3.22 14.89 93.09 

 

 

Table 6. Factor loadings for muscle of seabream fingerlings. 

Variable F1 F2 

Bulk δ
15

N 0.868 -0.007 

∆δ
15

N 0.866 -0.008 

Protein δ
13

C 0.863 0.025 

CS -0.850 -0.097 

Protein δ
15

N 0.845 -0.144 

% Water -0.826 0.240 

% Lipid 0.817 -0.456 

COX -0.816 -0.121 

COX·CS 
-1

 -0.680 -0.276 

RNA·protein
-1

 0.581 0.190 

Bulk δ
13

C 0.020 0.962 

∆δ
13

C 0.000 0.958 

% Protein 0.350 0.570 

Protein·DNA
-1

 -0.352 -0.175 

RNA·DNA
-1

 0.219 -0.357 

Lipid δ
13

C 0.295 0.011 

Bold type indicates loadings > 0.7 and <-0.7 
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Figure 5. Principal component analysis (PCA) plot of combined chemical, metabolic and isotopic data 

of muscle from sea bream fingerlings from the three hatcheries after the homogenization period. 

Factors 1 and 2 represent the first and second principal components, with the percentage of explained 

variance indicated in parentheses. 

 

DISCUSSION 

Isotopic characterization of fingerlings in hatchery conditions 

The initial 
15

N and 
13

C composition of juveniles from the three fish farms differed. Given the 

differences in diets and rearing conditions, especially food ration and water temperature, these isotopic 

differences at origin must be supported by other metabolic markers. The three diets in the initial 

condition were isoproteic and isolipidic, but the significant differences in isotopic composition should 

reflect differences in the proportion and type of the raw materials used. When the plant component in a 

diet increases, total δ
15

N falls and the δ
13

C values of the lipid fraction also decreases (9, 13). Plant meal 

based on C3-plants (i.e.: wheat) gives lower δ
13

C values than C4-plants (i.e.: corn) (21). Therefore, the 

diet given to the CC group, which had the lowest δ
15

N, had the highest proportion of plant ingredients, 

whereas that given to the AC group, which had the lowest δ
13

C values, had a higher amount of C3-

plant-based ingredients. Despite the wide range of variation in δ
15

N among these fish-meal based diets, 

the differences in whole fish and muscle δ
15

N between the three groups were small. Consequently, 
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variations in isotopic fractionation of nitrogen (Δδ
15

Ntissue-diet), within the range reported in sea bream 

(9) or in other species (25, 26), would indicate differences in fish metabolism (15, 16), these possibly 

related to rearing conditions. The isotopic composition of animals has been reported to depend mainly 

on food composition (7, 8); however, temperature and ration also influence δ
15

N and δ
13

C of sea bass 

tissues (14). Protein intake is proportional to 
15

N enrichment in fish muscle (27), and tilapias fed diets 

with a high plant meal content show increased δ
15

N (28), thereby suggesting greater transformation of 

plant-derived dietary amino acids into animal protein. This observation could explain the finding that 

the CC group with the highest Δδ
15

N (2.71 ‰ and 3.34 ‰ for whole fish and muscle, respectively) was 

fed the highest ration (6 % b.w·day
-1

) of the diet most depleted in δ
15

N, i.e. with the highest plant 

protein content. In fact, this group also presented greater energy demands, an observation consistent 

with the direct relationship between ration and COX and CS activities, as previously found in saithe 

(18). The MC group showed the lowest Δδ
15

N, presenting values of 0.25 ‰ in whole fish and 0.93 ‰ 

in muscle, much lower values than the general 3‰ assumed for one trophic shift in the food web (8). 

This finding would suggest that this group had the lowest transformation of dietary protein, which is 

consistent with the diet having the highest fish meal content. 

In contrast to 
15

N, the δ
13

C values of consumer tissues depends not only on protein but also on 

carbohydrates, and especially on lipids, which are depleted in 
13

C (29). Furthermore, the carbon 

skeletons of several dietary constituents (proteins, lipids and carbohydrates) can be routed to diverse 

tissue constituents, i.e. “isotopic routing” (30). Indeed, the differences in lipid δ
13

C between the three 

groups reflected those of dietary protein more closely than dietary lipid. This finding is consistent with 

results reported by Kelly and Martinez del Rio (27), who observed that more than 50% of the carbon in 

lipids extracted from muscle was derived from dietary protein. All these findings explain the lack of 

differences in initial bulk δ
13

C in muscle and whole fish between the three groups, despite variations in 

dietary isotopic composition and lipid content of tissues. Concerning 
13

C fractionation, our results were 

in agreement with reviewed literature (25, 26). Gaye-Siesseger et al. (13) proposed changes in the 

anabolism-catabolism ratio, which could be referred to the inverse relationship between ∆δ
13

C and 

ration. Hence, the observation that the AC group with the lowest ration in hatchery conditions (3 % 

b.w·day
-1

) showed the highest ∆δ
13

C in the two tissues sampled can be explained by the observation 

that it showed the lowest protein synthesis capacity of the three groups. The AC group was subjected to 
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the lowest rearing temperature, which would explain this lower capacity, as also observed in Atlantic 

wolffish (31).  

Evolution of isotopic composition after the homogenization period 

After submitting the fingerlings to the same diet and identical rearing conditions for 35 days, the 

isotopic signature changed as a result of growth, but the initial differences observed in isotopic 

signature remained. These differences were maintained, especially in muscle δ
15

N, which was the 

variable with the highest load on the first principal component of the PCA analysis. The time lag 

required to reflect diet isotopic composition in fish depends on the speed at which new material is 

added to tissue (growth rate) and the replacement of materials exported from tissues as a result of 

catabolism (metabolic turnover) (32). Half-lives for 
13

C and 
15

N in juvenile fish are under one month, 

although the half-life of the former is shorter than that of the latter (33 – 36). Thus, for the fingerlings 

in this study, which were in a fast growth phase, a trial lasting 35 days was sufficient to reflect the new 

conditions of isotopic composition in tissues. At this point, the isotopic composition of these fish, 

which follows an asymptotic evolution after a diet switch (33 – 36), should be in the plateau phase (i.e. 

in isotopic equilibrium with diet). Moreover, all fish were fed the same ration to prevent an influence of 

this variable on isotopic composition (13, 16). Therefore, we propose that the final isotopic differences 

between the three fish groups are the result of the „isotopic imprint‟ that remains from the initial 

hatchery conditions (which is consequence of the previous physiological or metabolic conditions). In 

this regard, systematic differences in isotope composition have been found in individual animals over 

long periods of time compared to other individuals with identical rearing (food and water) conditions 

(37). These observations may reflect differences in physiology. However, the use of 
15

N and 
13

C 

isotopes as a discrimination tool, while useful at early growth stages, may be complicated by maturity 

and growth rate. Long-term studies in laboratory controlled conditions have to be carried out in order to 

clarify how long this isotopic imprint lasts. 

Direct relationships between δ
15

N and body weight, irrespective of dietary switches, have been 

interpreted as metabolic or physiological changes associated with age in walleye (38) and sea bass (39). 

However, growth enhances de novo biosynthesis of dispensable amino acids, which become 
13

C-

enriched as a result of isotopic discrimination steps, and could significantly alter consumer tissue δ
13

C, 

as reported in mummichog (40). Accordingly, the observation that all the fish in our study almost 
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doubled their weight after the homogenization period, thereby leading to an increase in bulk δ
15

N and 

δ
13

C of whole body and muscle samples, mirrored the delta values of deposited protein. These isotopic 

enrichments are linked to the decrease in the RNA:protein ratio observed in all groups at the end of the 

homogenization period. As body weight increases, the RNA content decreases and a larger proportion 

of the RNA pool is involved in protein turnover (17). Furthermore, deamination and transamination, 

together with decarboxylation, lead to isotopic enrichment of newly synthesized protein (41, 42). 

Therefore, the increase in protein turnover that occurs with growth could explain the increase in δ
15

N 

and δ
13

C in the three groups. Nonetheless, the group previously eating the diet used in the 

homogenization period showed smaller changes in δ
15

N and δ
13

C in whole fish and muscle samples, 

thus increases in its isotopic fractionation of 
15

N and 
13

C can be explained solely by growth. In this 

regard, the dietary switch to an isotopically heavier diet in the other two groups caused greater 

increases in tissue isotopic values. However, of the groups that switched diet, the changes were slightly 

lower in the one with the lowest Δδ
15

N values. As a result, this group maintained the lowest 
15

N and 

13
C protein values. In contrast, the isotopic values of the other group (CC) approached those of the one 

previously eating the diet used in the homogenization period. It is well accepted that growth and 

protein turnover are determinant factors of the rate of isotopic incorporation after a dietary switch in 

fish (43). Therefore, the group with lowest protein turnover, indicated by its lower Δδ
15

N, together with 

a lower growth rate, could explain this discordance. Furthermore, the dietary switch of these two 

groups affected the evolution of their isotopic fractionation differentially. Martinez del Rio et al. (43) 

hypothesized that Δδ15
N decreases with increasing protein quality in diet and/or with the efficiency of 

nitrogen deposition. Thus, the observed decline of Δδ
15

N in fingerlings previously fed the diet most 

depleted in 
15

N can be related to the improved quality of  the new diet during the homogenization 

period, as indicated by the higher dietary δ
15

N (9). However, the increase in Δδ
15

N in the group could 

be consequence of high metabolic waste, reflected in the highest COX and CS activities, which were 

maintained after homogenization. In contrast, these activities decreased in the other two groups (MC 

and CC) in an inverse relationship with growth, as observed in saithe (18). Therefore, the group with 

highest metabolic cost for growth would show lower protein deposition efficiency, also evidenced by a 

trend to lower feed conversion efficiency and the lowest content of muscle protein. In agreement with 

this, this group showed the lowest RNA:protein ratio, which reflected lower protein synthesis capacity. 
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Moreover, this group would show a higher proportion of growth by processes of hypertrophy instead of 

hyperplasia, as a result of its higher increase in protein:DNA and RNA:DNA ratios. In contrast, lipid-

δ
13

C increased in whole fish and muscle samples of the three groups, although unlike protein, 

differences in lipid δ
13

C in muscle were not maintained after the homogenization period. This change 

would be produced by the „isotopic routing‟ of carbon skeletons described above.  

Here we demonstrate that after 35-day homogenization period, fingerlings can be discriminated 

between hatcheries mainly on the basis of isotopic measures (especially 
15

N) combined with 

metabolic parameters (COX and CS activities) and proximal composition (fat content) in muscle, as 

shown in PCA analysis. The group with the lowest isotopic values in hatchery conditions reached a 

distinct isotopic equilibrium to that of the other two groups. Lower protein synthesis capacity, lower 

hyperplasic processes and higher energy metabolic costs of this group could explain these differences. 

Muscle isotopic signature is a more suitable indicator than whole fish for the discrimination between 

fingerlings produced in distinct hatcheries, although additional physiological information is required to 

determine fish seeds with the highest growth potential. Therefore particular rearing conditions and/or 

genetic divergences between hatcheries, defined mainly by the isotopic imprint, affect the growth 

capacity of fingerlings.  

In summary, we conclude that the set of parameters analyzed here could be useful for potential buyers 

of aquaculture products. 
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Study 2 - New insights in the physiology of fish swimming: a proteomic and 

isotopic approach  

 

1. INTRODUCTION 

Fish swim against a water stream by reflex action, making them ideal subjects for studying the effects 

of forced exercise during long periods. Researchers have categorized swimming in fish into three broad 

categories: sustained, prolonged, and burst-type swimming (reviewed by Kieffer 2010). Sustained 

exercise includes those speeds maintained for long periods of time without resulting in muscular 

fatigue. Prolonged exercise lasts between two and 200 min and, depending on the swimming speed, 

ends in exhaustion. Intense burst activity lasts for short periods of time. Effects induced by exercise are 

specific to the activity performed. For example, metabolic pathways activated by exercise depend on 

the intensity and duration of the training. It is generally assumed that exercise training at favorable 

swimming speeds improves growth rate and food conversion efficiency in different fish species 

(reviewed by Davison 1997) without any harmful consequence on fish welfare or stress (Sanger and 

Stoiber 2001). Contrarily, sprint training is highly stressful (Davison 1997). Furthermore, fish exposed 

to moderate water currents exhibit less aggressive behavior and show lower levels of circulating stress 

hormones, suggesting an energy saving effect through their actions on metabolic rate (Herbert et al. 

2011). Extensive molecular and structural changes take place in the muscle of fish, as the chief 

promoter of swimming, to adapt for the effect of sustained exercise. However, in fish scarce 

information is available on the mechanism underlying these changes, partly because of changes to the 

swimming muscles was not consistent between studies. 

Traditionally, slow oxidative fibers (red muscle) are recruited for slower, routine and sustainable 

movements, including migration over long distances, whereas fast, glycolytic fibers (white muscle) are 

recruited for rapid movements such as sprint swimming and escape responses (Gibb and Dickson 

2002). Although it is generally assumed that only red fibers are recruited during sustained swimming, 

white fibers may also be recruited to a lesser extent (reviewed in Johnston 1999). Growth changes 

induced by moderate sustained exercise are associated with white and red muscle hypertrophy caused 

by the continuous physical stimulation of the muscle (reviewed by Palstra and Planas 2011), even at 

low speeds where contraction of white muscle would be passive (Johnston et al 1977). Similarly, 

continuous swimming mainly increases the oxidative properties of red muscle (Davison 1997; 
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McClelland et al. 2006; Anttila et al 2008), but also in white muscle (Farrell et al. 1991), in particular 

enzymes fuelling lipids into Kreb‟s cycle, indicating that training affects profoundly the oxidation of 

lipid. Although lipids are usually considered the primary fuel used during prolonged exercise, there is 

no general agreement on which metabolic fuels support aerobic swimming in fish (Jobling, 1994; 

Moyes and West, 1995). The use of other metabolic fuels, such as protein and carbohydrates, is also 

influenced by exercise. Fuelling by carbohydrates becomes more important at higher swimming 

speeds, while fuelling by protein may decrease in percentage with the increase of swimming intensity 

(Lauff and Wood, 1996, 1997; Kieffer et al 1998; Richards et al. 2002). Moreover, sustained 

swimming has been shown to increase glycolytic potential in white (Hinterleitner et al 1992; 

McClelland et al 2006) and red muscle (Johnston and Moon 1980b); however the responses have been 

shown to differ with different training regimes and fish species. It is also known that continuous 

swimming increases protein turnover in most tissues in rainbow trout (Houlihan et al 1987), and 

improves muscle buffering capacity in striped bass (Young et al. 1994). Despite all these findings, our 

understanding of the molecular mechanisms underlying changes due to exercise is incomplete.  

Metabolic changes induced by exercise in muscle have been traditionally assessed by enzyme activities 

analysis. More recently, gene expression studies (qPCR) in fish subjected to exercise training have 

shown an increase in transcription for genes encoding aerobic enzymes jointly to transcription factors 

involved in the differentiation of muscle fibers to more aerobic phenotype (McClelland et al 2006; 

LeMoine et al 2010) and muscle growth marker genes (Palstra et al. 2010). Moreover microarray 

analyses have shown an enhancement of genes involved in the protection and reparation of tissues or 

with an immune function in fish under aerobic training (Castro et al 2011). However to date, there are 

no studies in fish addressing the exercise-induced changes at the protein expression level. Current 

proteomic techniques, examining broad populations of proteins, enable researchers to undertake more 

comprehensive investigations and provide a pragmatic approach for discovering novel changes at this 

molecular level. Based on mammals, the application of proteomics to investigate exercise is in its 

infancy and few studies have been published until now in this area (Guelfi et al 2006; Boluyt et al 

2006; Burniston 2008; Burniston and Hoffman 2011). On the other hand, use of emerging tools such as 

stable isotopes techniques, can provide new insights on the metabolic changes occurring in fish 

muscles during training. Study of the natural abundance of stable isotopes (
13

C and 
15

N) in tissue stores 



 

  21 

 

allows the evaluation of the turnover of the different reserves, because enzymes involved in catabolic 

processes show preference by light isotopes (De Niro and Epstein 1978, Gannes et al. 1998). The 

lighter isotope tends to form weaker bonds and to react faster than the heavier isotope (Hoefs 1980). 

Thus, tissue constituents become enriched in heavier isotopes 
13

C and 
15

N during decarboxilating and 

deaminating processes since CO2 and NH4
+
 produced tend to be enriched in the lighter isotopes (

12
C 

and 
14

N respectively). Especially the fractionation of 
15

N (∆δ
15

N), being the difference in 
15

N content 

between fish and diet, is a good biomarker of protein turnover, since ∆δ
15

N decrease in parallel with the 

efficiency of nitrogen deposition and increase with fasting time (Martinez del Rio et al 2009). Lipids, 

by its way, tend to be depleted in 
13

C because of discrimination of the heavy isotope 
13

C during some 

reactions of biosynthesis (DeNiro and Epstein 1977). To our knowledge, the effects of exercise on 

skeletal muscle in fish, even in other animals, have not been previously investigated using both 

proteomic and isotopic techniques. 

Gilthead sea bream (Sparus aurata), due to their importance in the European aquaculture sector, has 

become a model in marine fish physiology because of the vast knowledge about this species is 

accumulated. Therefore, this species is a good candidate for the study of muscle metabolism and 

especially the effects of training. In this study, we employed an integrative strategy to explore the 

molecular mechanism underlying muscle function during exercise by submitting gilthead sea bream 

juveniles to a 1 month training period with a moderate, but continuously sustained, velocity of 1.5b.l.s
-

1
. Isotopic and proteomic analysis were done to identify and characterize exercise-induced changes in 

both white and red muscles of gilthead sea bream. Muscle aerobic enzyme activities (cytochrome c 

oxidase and citrate synthase) and nucleic acid-based indexes (RNA:DNA and RNA:protein) were 

determined as indicators of the aerobic metabolic capacity (Somero and Childress 1990) and protein 

synthesis capacity (Buckley et al. 1999), respectively. This allowed us to establish relationships 

between the differential expression of proteins and muscle performance, helping to fill the knowledge 

gap on muscle fish protein expression and functional properties. The present study is to our knowledge 

the first to address the issue of swimming on a proteomic approach. Understanding the mechanism 

underpinning this phenotypic response on proteome may provide fundamental insights into the 

molecular basis of adaptive processes in both types of fish muscle during exercise.  
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2. MATERIAL AND METHODS 

2.1. Animal Maintenance and Exercise Training 

One hundred juveniles of gilthead sea bream (Sparus aurata L.) from a local fish farm (Cripesa, 

Tarragona, Spain) were adapted to the indoor facilities of the Faculty of Biology (University of 

Barcelona, Barcelona, Spain). Fish were held in six 200-L seawater tanks equipped with a semi-closed 

recirculation system with physical and biological filters, ozone skimmers and continuous aeration at 

20°C and 12L:12D, with a 35% weekly seawater renewal rate. Fish were first adapted for 2 weeks to be 

fed on a carbohydrate-rich diet (37.15% protein; 12.51% lipid; 40.04% carbohydrate; 1.77% fiber; and 

8.52% ash) to visual satiation twice a day. After the acclimation period, fish were slightly 

anaesthetized, weighed and randomly distributed in 6 trial tanks. Initial body weight and length data are 

shown in Table 1. Control groups (C: 12 fish per tank, in triplicate) were kept under normal rearing 

conditions in 200-L circular tanks with a water flow of 350 L/h (vertical water entrance). Exercise 

groups (E: 12 fish per tank, in triplicate) were kept in 400-L circular tanks in the same semi-closed 

circuit. To obtain sustained activity, the fish were prevented from entering the central area of lower 

velocity by a cylindrical tube. This results in a living area corresponding to an effective space of 200 L 

with the same fish density as in the control tanks. Water flow was 700 L/h with a circular and 

uniformly distributed flow induced by a perpendicular water entrance and one additional submerged 

water pump (at the bottom of the tank and isolated from the fish living area). This design resulted in a 

swimming velocity of 1.5 body lengths per second measured and adjusted at three different tank depths 

(at the surface, mid-tank and near the bottom) using a low speed mechanical flow meter (General 

Oceanics Inc., Miami, FL, USA). During the experimental period all groups were fed until apparent 

satiety twice a day (9:30 a.m. and 5:30 p.m.) and food intake was recorded daily for each tank. 

 

2.2. Sample Preparation 

After 4 weeks, 12 fish of C group and another 12 of E group were sacrificed by severing their spinal 

cord. Immediately after killing the fish, morphometric parameters (hepatosomatic and muscle-somatic 

indexes and perivisceral fat content) were recorded and samples from white (epaxial region) and red 

muscle were swiftly dissected, immediately frozen and stored at −80°C until analysis of tissue 

components (water, protein, lipid and glycogen percentages), nucleic acid analysis (RNA and DNA 
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content), enzyme activities (COX and CS) and stable isotopic composition (δ
13

C and δ
15

N) To 

minimize protein modification or degradation, all dissecting and sampling procedures were performed 

on ice and completed within 5 min. Briefly, the protein content was estimated on the basis of elemental 

nitrogen by burning the samples in an elemental CHN analyzer (Elemental Analyzer Flesh 1112, 

ThermoFinnigan, Bremen, Germany) and using a correction factor of 6.25  g of protein per g of 

nitrogen. The total lipid content was gravimetrically measured after purification of methanol–

chloroform extracts (2:1). Glycogen was obtained from tissue samples by alkaline-hydrolysis 

extraction following ethanol precipitation, and it was analysed by a colorimetric reaction of anthrone-

sulfuric acid using mussel glycogen as standard.  

Soluble protein fraction was extracted from samples of both types of muscle, red and white, and 

prepared for the further proteomic analysis. Approximately 0.3g of frozen muscle tissue was 

mechanically powdered into a mortar cooled with nitrogen liquid and homogenised in 3 mL ice-cold 

phosphate buffer (50 mM, pH 7.0) containing Protease Inhibitor Cocktail (SIGMA-ALDRICH, St. 

Louis, USA). An aliquot of 0.3 mL of each sample was stored for bulk protein determination. 

Homogenates were centrifuged at 15 000×g for 45 min at 4ºC and supernatants (soluble fraction) 

collected. This „soluble fraction‟ consists principally of sarcoplasmic proteins easily soluble at low 

ionic strength (Johnston and Goldspink 1973). Protein content of supernatants was determined using 

the Bio-Rad Protein Assay (Bio-Rad Laboratories, Madrid, Spain) and samples were aliquoted and 

stored at −80°C until required. Further purification of protein was performed by precipitating in 4 

volumes of ice-cold acetone. 

 

2.3. Nucleic Acid Quantification and Metabolic Enzymes Activities 

Muscle nucleic acid contents (RNA and DNA) were determined using a modification of the Schimdt-

Thannhauser UV-based method (Munro and Fleck 1966); following the procedures for fish samples 

described Buckley and Bulow (1987). Through a series of steps, RNA and DNA were hydrolyzed to 

nucleotides and their concentration was calculated from their absorbance at 260 nm using a 

spectrophotometer (Spectronic Genesys 2/Milton Roy Company, Rochester, New York). Nucleic acid 

concentrations were obtained as μg RNA or DNA per mg wet tissue. 
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Citrate synthase (CS, EC 2.3.3.1) was determined from absorbance increases at 412 nm 

of DTNB reagent, using oxalacetic acid as substrate, following the method described by Srere as 

described elsewhere (Martin-Perez et al 2011). Cytochrome-c-oxidase (COX, EC 1.9.3.1) activity was 

obtained by adapting a commercial kit (CYTOC-OX1, Sigma-Aldrich Inc., Sant Louis, Missouri). 

  

2.4. Isotopic Composition Analysis (δ
15

N and δ
13

C)  

Samples of diet and bulk tissues, together with the purified tissue fractions (glycogen, lipid and protein) 

of red and white muscles, were lyophilized and ground into a homogenous powder for isotopic 

analysis. Aliquots ranging from 0.3 to 0.6 mg were accurately weighed in small tin capsules. Samples 

were analysed to determine the carbon and nitrogen isotope composition using a Mat Delta C Isotope 

Ratio mass spectrometer (Finnigan MAT, Bremen, Germany) coupled to a Flash 1112 Elemental 

Analyzer at the Serveis Científico-Tècnics at the University of Barcelona. Isotope ratios (
15

N /
14

N, 
13

C 

/
12

C) determined by IRMS are expressed in delta (δ) units (parts per thousand, ‰), according to: 

   δ = [(Rsa/Rst) – 1]  1000 

where Rsa is the 
15

N /
14

N or 
13

C /
12

C ratio of samples and Rst is the 
15

N /
14

N or 
13

C /
12

C ratio of the 

international standards (Viena Pee Dee Belemnite for carbon and air for nitrogen). The same reference 

material analyzed over the experimental period was measured with ±0.2‰ precision. Nitrogen and 

carbon isotopic fractionation values (Δδ
15

N and Δδ
13

C) were calculated as the difference between δ 

value in tissue and δ value in diet. 

 

2.5. Statistics 

Results are presented as mean ± standard error of the mean, SEM. Student‟s t-tests were used for 

comparing samples from E and C groups. All statistical analyses were performed using SPSS v.16 

(SPSS Inc., Chicago, Illinois). 

 

2.6.  Proteome Analysis of Muscle Soluble Fraction 

Three samples of protein soluble fraction from each condition (control and exercised) and muscle type 

were used in the 2DE. An amount of 300µg of purified protein was dissolved into 450μl of rehydration 

solution containing 7M urea, 2M thiourea, 2% w/v CHAPS and 0.5% v/v IPG buffer pH 3–10NL 
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(Amersham Biosciences Europe, now GE Healthcare, Madrid, Spain), 80mM DTT and 0.002% of 

bromophenol blue. The solution was then loaded onto 24cm, pH 3–11NL IPG strips. IEF was 

performed using an IPGphor instrument (Amersham Biosciences), according to the manufacturer's 

instructions (active rehydration at 50V for 12h followed by a linear gradient from 500 to 8000V until 

48000V/h). Focused strips were equilibrated in two steps as follows: 15 min with equilibration buffer I 

(65mM DTT, 50mM Tris-HCl, 6M urea, 30% glycerol, 2% SDS, bromophenol blue) and then 15 min 

with equilibration buffer II (135mM iodoacetamide, 50mM Tris-HCl, 6M urea, 30% glycerol, 2% SDS, 

bromophenol blue) (Bjellqvist et al., 1993). The equilibrated strips were directly applied to the top of 

12.5% polyacrylamide gels, sealed with 0.5% w/v agarose and separated at 3W/gel for 30min and at 

18W/gel for 6h in a Ettan DALT II system (Amersham Biosciences, Stockholm, Sweden). The 

resolved proteins were fixed for 1h in 40% v/v methanol containing 10% v/v acetic acid and stained 

overnight using colloidal Coomassie Blue G-250 (Neuhoff et al., 1988). The gels were distained by 

washing steps with distillated water until the best visualization was achieved. 

 

2.7. Gel Image Analysis and Statistics 

Coomassie blue gels were scanned in a calibrated ImageScanner
TM

 III densitometer (GE Healthcare, 

Barcelona, Spain) and digital images captured by Labscan 6.0 software (GE Healthcare, Barcelona, 

Spain) were saved as uncompressed TIFF files. Replicate gels from five individual fish for each 

condition were used. The subsequent analysis of the three best gel images was performed using the 

software package ImageMaster 2D version 6.01 (GE Healthcare, Barcelona, Spain) which can be used 

to detect and obtain volume values of the spots present in the gels. This detection was performed by the 

automated routines from the software, combined with manual editing to remove artefacts. All protein 

spots in each gel were normalized by determining staining intensity over the spot area (volume) and 

dividing it by the total volume of all the spots marked in the gel, expressed in percentage. Proteins 

(spots) that vary in abundance between Control and Exercise samples were analyzed for significance 

using the Student's t-test (SPSS 16.0 statistical software; SPSS, Chicago, IL, USA). Hierarchical 

clustering and protein abundance heat maps were generated using open source Perseus software 

(http://www.maxquant.org/). 
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2.8. Protein Identification 

2.8.1. In-gel Digestion 

In-gel digestion was performed automatically (Progest, Genomic Solutions, Cambridgeshire, UK). Gel 

spots were excised with a razor blade and then washed sequentially with ammonium bicarbonate buffer 

and ACN. The proteins were reduced (10mM DTT, 30 min, 56ºC) and alkylated (55mM 

Iodoacetamide, 15 min, 21ºC, in dark). After sequential washings with buffer and ACN, proteins were 

digested with trypsin (Trypsin Gold, Promega; 80ng/sample, 37°C, overnight). The resulting peptides 

were collected from the gel matrix with 10% formic acid and ACN. The extracts were then pooled and 

dried in a vacuum centrifuge. Trypsin-digested peptide samples were analyzed by MALDI-TOF/TOF 

MS (4700 Proteomics Analyzer, Applied Biosystems, CA, USA), LC-MS/MS (CapLC-ESI-Q-TOF, 

Micromass-Waters, Manchester, UK, or nanoHPLC Orbitrap-Velos, Thermo-Scientific, Bremen, 

Germany). Proteins that were not successfully identified by MALDI TOF MS were further analyzed by 

LC-MS/MS.  

2.8.2. MALDI-TOF/TOF-MS Analysis 

The trypsin digested samples were dissolved in 5 μL 0.1% TFA in 50% ACN. Typically, a 0.5 μL 

aliquot was mixed with the same volume of a matrix solution (2mg/mL CHCA [Waters, Barcelona, 

Spain] in 0.1% TFA in 50% ACN) and directly spotted onto a MALDI-plate. MS spectra were acquired 

in a mass range of 900 to 4000 m/z in positive reflector mode (a voltage of 20kV in Source 1 and a 

laser intensity range from 4800 to 5500). Typically, 500 shots per spectrum were accumulated and 

three major peaks were selected to be further characterized by MS/MS analysis. MS/MS spectra were 

acquired using CID with atmospheric air as the collision gas. An MS/MS 1 kV positive mode was used. 

MS and MS/MS spectra from the same spot were merged in a single “mgf” file prior to submission for 

database searching. 

2.8.3. LC-MS/MS Analysis  

 The peptide identification was achieved using HPLC (nanoAcquity; Waters, Milford, MA, USA) 

coupled to mass to mass spectrometer (OrbitrapVelos, Thermo Scientific, Bremen, Germany). The 

resulting peptides from digestion were dissolved in 50-100 l 0.1% FA and 4 l were injected for the 

chromatographic separation into a reverse phase capillary C18 column (75 μm of internal diameter, 10 

cm length, nano Acquity, 1.7 m BEH column, Waters, Madrid, Spain) in 20 min. The elution gradient 
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was from 1 to 40% B for 20 min followed by a gradient from 40-60% B for 5min, with a flow of 

250nL/min (complementary phase A: 2%MeCN / 98% water, 0.1% formic acid; mobile phase B: 90% 

MeCN, 0.1% FA). Eluted peptides were ionized via coated nano-ESI needles (PicoTipTM, New 

Objective, Celta Ingenieros, A Coruña, Spain). A capillary voltage near 2000V was applied. Mass 

range acquisition in MS mode was from 35 to 5000m/z and was measured in a Full Scan MS of the 

Orbitrap with a resolution of 60,000 FWHM at 400m/z. Until 5 more abundant peptides (minimum 

intensity of 500 counts) were selected in each MS analysis to be fragmented in the CID with helium as 

collision gas (38% of coliseum energy). Data were acquired with Thermo Xcalibur (v.2.1.0.1140; 

Thermo Electron, San Jose, CA, USA) software in raw data format. 

2.8.4. Database Searching 

Both mgf and PKL files were submitted for database searching in a MASCOT search engine and 

PEAKS Studio v.3.1 (Bioinformatics Solutions Inc., Waterloo, Ontario Canada) against 

NCBi/Acinopterygii, NCBInr/all or Chordata, EMBL and EST databases. We used the following 

parameters for the searches: 1 missed cleavage as well as fixed and variable modifications, which were 

carbamidomethyl of cystein and oxidation of methionine, respectively. Peptide tolerance was 100ppm 

and 0.25Da or 0.6Da respectively, for MS and MS/MS spectra. Peptide identifications were accepted if 

they could be established at greater than 95%, while protein identifications were accepted if they could 

be established at greater than 99% probability and contained at least 1 identified peptide. Enrichment 

analysis of Gene Ontology (GO) annotation terms for biological process were performed by AmiGO. 

 

3. RESULTS 

3.1. Exercise-induced changes in morphometric, metabolic and isotopic parameters 

Fish subjected to a swimming speed of 1.5 bl·s
-1

 for 1 month presented a significantly higher growth 

rate (SGR) without any divergences in food intake (Table 1). Other body indices, such as the condition 

factor (CF), hepatosomatic index (HSI), body percentage of perivisceral fat and muscle-somatic index 

(MSI), did not alter significantly. Exercising fish reduced lipid content by 20% on white muscle (WM) 

and glycogen content by 30% on red muscle (RM) compared to the control group values, but protein 

percentage in both samples did not differ.  
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Table 1. Growth, body indices and proximate composition of white (WM) and red (RM) muscle of 

gilthead sea bream submitted to two regimes of swimming activity 

  Control   Exercise   

Growth
a
          

Initial weight (g) 88.39 ± 0.98 90.46 ± 1.17  

final weight (g) 98.22 ± 2.41 107.15 ± 2.19 * 

SGR
1
 0.56 ± 0.10 0.78 ± 0.07 * 

Food intake
2
  2.75 ± 0.05 2.61 ± 0.12  

Body indices
b
        

CF
3
 1.50 ± 0.03 1.41 ± 0.06  

HSI
4
 2.06 ± 0.16 2.09 ± 0.15  

Periv. Fat index
5
 2.15 ± 0.13 2.01 ± 0.13  

MSI
6
 40.9 ± 0.78 40.6 ± 0.65  

WM composition (%)
b
       

moisture 75.72 ± 0.14 76.65 ± 0.37 * 

lipid 2.17 ± 0.14 1.68 ± 0.15 * 

glycogen 0.53 ± 0.02 0.46 ± 0.04  

protein 20.52 ± 0.17 20.58 ± 0.18  

RM composition (%)
b
       

moisture 59.53 ± 0.62 59.96 ± 0.86  

lipid 21.50 ± 0.65 21.11 ± 1.24  

glycogen 0.91 ± 0.05 0.64 ± 0.09 * 

protein 14.32 ± 0.33 13.96 ± 0.29  

a Values are mean ± standard error of the mean of triplicate tanks 

b Values are mean ± standard error of the mean of 12 fish for each condition 

* Significant divergence by t-test (p < 0.05) 
1
SGR specific growth rate in % per day = 100 × [ln (final weight) – ln (initial weight)]/24 days; 

2
Ration 

size = g food/100g fish; 
3
CF condition factor = body weight × 100 × total length

-3
; 

4
HSI hepatosomatic 

index = liver weight × 100 × body weight
-1

; 
5
Periv. fat index perivisceral fat index = fat weight × 100 × 

body weight
-1

; 
6
MSI musculosomatic index = total muscle weight × 100 × body weight

-1
 

 

 

Therefore, the increment in total body weight with similar MSI and protein percentage implies 

increased muscle mass with a net gain of total protein content in muscle. Accordingly, protein synthesis 

(RNA:protein ratio) and transduction (RNA:DNA ratio) capacities observed on Figure 1 were 

enhanced in WM of fish under sustained activity. Furthermore, exercise increased cytochrome c 

oxidase (COX) activity of WM about 60% while citrate synthase (CS) activity decreased by nearly 

25%, which explains increment of two fold in COX:CS ratio. In contrast to WM, RM showed no 

changes in either nucleic acids ratios or oxidative/aerobic enzymes activities between the C and E 

groups.  
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Figure 1. Changes in nucleic nucleic acids ratios (A, RNA:protein; B, RNA:DNA and C, DNA:protein 

ratios) and enzyme activities (D, cytochrome c oxidase (COX); E, cytrate synthase (CS) and F, 

COX:CS ratio) in gilthead sea bream white (WM) and red (RM) muscles under sustained activity . 

Values are the mean ± SEM of twelve animals. Statistical values correspond to t-test; * p<0.05; 

**p<0.01; ***p<0.01. 

 

Besides the biochemical and functional changes, exercise increased δ
13

C of WM (Figure 2) as a main 

result of decreasing lipids, which by nature are depleted in 
13

C.  
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Figure 2. Isotopic signature of white (WM) and red (RM) muscles in gilthead seabream voluntarily 

swimming (control) or under sustained activity (exercise). Values are the mean ± SEM of twelve 

animals. Letters indicate significant differences in δ
13

C between conditions (t-test; p<0.01). Food 

isotopic signature: 11.3±0.4 δ
15

N and -20.9±0.4 δ
13

C. 

 

Moreover, lipid and glycogen of WM were also enriched in δ
13

C with exercise (Table 2). On the other 

hand, there was no difference between groups in 
15

N fractionation (Δδ
15

N, calculated as the difference 

in δ
15

N between tissue and diet) of WM (C: 0.96±0.04 vs. E: 0.92±0.06 ‰) or RM (C: 0.54±0.10 vs. E: 

0.55±0.09 ‰), indicating a similar protein turnover. Lower Δδ
15

N values of RM pointed to a lower 

transformation of dietary protein that may be due to the greater proportion in RM of 

the soluble fraction over the total protein content (WM: 28.5±0.8 vs. RM: 35.8±1.2 %).  

Table 2. Isotopic composition of reserves in white and red muscles of control and exercise group  

 White muscle  Red muscle 

 Control Exercise  Control Exercise 

protein δ
15

N 13.10 ± 0.04 13.09 ± 0.04  12.76 ± 0.10 12.56 ± 0.06 

protein δ
13

C -18.16 ± 0.06 -18.04 ± 0.06  -21.04 ± 0.64 -21.29 ± 0.59 

lipid δ
13

C -25.80 ± 0.05 -25.65 ± 0.04 * -25.79 ± 0.03 -25.78 ± 0.02 

glycogen δ
13

C -22.31 ± 0.17 -21.51 ± 0.25 * -22.35 ± 0.25 -22.16 ± 0.17 

Values are mean and the SEM for twelve fish in each condition. (*) Significant divergence by t-test, 

p<0.05 
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3.2. Detection and identification of putative differentially expressed proteins in response to 

exercise 

The sarcoplasmic protein profile in an extended range of pI (3-10) from a representative gels of white 

muscle and red muscle are shown in Figure 3. These gels were chosen as a reference or master gel for 

the study, and the profiles of the other gels were matched against it.  

 

Figure 3. Representative 2D gels showing the protein expression profiles obtained from white (A) and 

red (B) muscle soluble protein fraction of gilthead sea bream submitted to endurance training (1.5 bl·s-
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1) for 4 weeks. Proteins (300 µg) were separated in the first dimension on pH 3-11 IPG strips, followed 

by SDS-PAGE on 12.5% w/v gels. Gels were stained with colloidal CBB. Candidate spots listed in the 

gels were identified by MS. The pink and green labels indicate the proteins that were upregulated and 

downregulated by exercise, respectively. 

 

The number of spots detected on each gel varied for white (716 spots) and red muscle (432 spots). 

Around 12 – 13% of total spots detected presented significant differences (t-test, p<0.05) by exercise in 

WM and RM proteome (91 and 50 spots, respectively). Out of them, 68 spots were upregulated under 

swimming conditions and 23 downregulated in white muscle proteome. Contrarily, most of altered 

spots were under-expressed (42 spots) in red muscle proteome and only 8 spots upregulated. Candidate 

spots were selected for MS analysis if there existed between controls and exercise fish: near twofold 

change in spot volume and intensity and/or about a % intensity exceeding 0.1%. A hierarchical 

agglomerative cluster of Z-score transformed intensities along with fold-change (E versus C) and the 

identities of spots analyzed are summarized in Figures 4 and 5, for WM and RM respectively. 

 

Figure 4. Identification of differently expressed proteins in white muscle of sea bream by endurance 

training (1.5 bl·s
-1

, for 4 weeks) and expression data in agglomerative hierarchichal cluster of Z-score 

transformed intensity values. Cluster coloration indicates protein abundance in the sample (red 

indicates higher abundance, green indicates lower abundance and black, unchanged abundance) 
a
Spot 

number corresponds to the number of the protein spots in Figure 3A. 
b
Symbol of gene product obtained 

from GeneCardsV3. 
c
Biological process according to Gene Ontology (AmiGO).

 d
Coverage percentage 

of the peptide sequence homology.
 e

Fold variation of spot mean intensity values in control versus 

exercise group. Fold values >1 indicate up-regulation and <1 down-regulation (t-test; 
f
 p<0.05, 

g
 

p<0.01; 
h
 p<0.001).  
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Figure 5.  

Identification of differently expressed proteins in red muscle of sea bream by endurance training (1.5 

bl·s
-1

, for 4 weeks) and expression data in agglomerative hierarchichal cluster of Z-score transformed 

intensity values. Cluster coloration indicates protein abundance in the sample (red indicates higher 

abundance, green indicates lower abundance and black, unchanged abundance) 
a
Spot number 

corresponds to the number of the protein spots in Figure 3B. 
b
Symbol of gene product obtained from 

GeneCardsV3. 
c
Biological process according to Gene Ontology (AmiGO).

 d
Coverage percentage of the 

peptide sequence homology.
 e

Fold variation of spot mean intensity values in control versus exercise 

group. Fold values >1 indicate up-regulation and <1 down-regulation (t-test; 
f
 p<0.05, 

g
 p<0.01; 

h
 

p<0.001).  
 

All digested spots were identified as protein sequences that have already been described in teleost 

species, except three spots in WM proteome (spots 183, 239 and 656) to which it was not possible to 

assign a putative identity despite a considerable number of database searches. As reported in several 

gel-based proteome studies, it was observed that different protein gel spots belong to the same protein, 

because of possible protein isoforms or modifications such as phosphorylation, deamidation, 

glycosilation or even fragmentation. 

 

3.3. Grouping spots by putative functionality  

Putative actions of the identified proteins, according to their proximity in function or to their 

involvement in the same metabolic pathway, were clustered to elucidate changes in the muscular 

function of gilthead sea bream under an exercise challenge. The results are shown in Figure 6 and 7 

for white and red muscle, respectively. 
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 3.3.1. Protein expression profiling of white muscle 

Seven of the nine altered spots grouped into Gene Ontology term called “muscle contraction” 

(GO:0006963; p=2.19·10
-6

) increased under exercise and were identified as myomesin (spots 3, 5 and 

7), creatine kinase (244 and 410) and phosphoglycerate mutase (371 and 373), while myosin light 

chains 1 and 2 (466 and 477 respectively) downregulated. A spot identified as parvalbumin (457), a Ca 

binding protein related to muscle relaxation, also down-regulated. 

 

Figure 6. Physiological grouping of white muscle responses by exercise training. Following 

identification, spots were grouped according to main cellular function. The data are presented as the 

mean±SEM. All of the spots that are plotted showed significant differences between Control and 

Exercise groups (t-test; p<0.05). Numbers indicate functionality related proteins (p<0.05) from Gene 

Ontology enrichment analysis by AmiGO (NODES 1-GO: 0006936, „„muscle contraction‟‟; 2-

GO:0005975, „„carbohydrate metabolic process‟‟; 3-GO: 0048878, „„chemical homeostasis‟‟).  
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Seven spots related to “carbohydrate metabolic process” (GO:0005975; p=3.41·10
-4

) up-regulated by 

exercise: glycogen phosphorylase (255), phosphoglucomutase (172) and three enzymes of glycolysis: 

lactate dehydrogenase (424), phosphoglycerate mutase (371 and 373) and pyruvate kinase (251 and 

519); whereas phosphoglycerate kinase (211 and 273) and triosephosphate isomerase (377 and 378), 

two glycolitic reversible enzymes, down-regulated jointly with fructose bis-phosphatase (230) involved 

in gluconeogenesis . 

Most of proteins grouped by their relation to “chemical homeostasis” (GO:0048878; p=4.16·10
-4

) were 

up-regulated by exercise as DJ1 protein (436) and two proteins of carbohydrate metabolism (glycogen 

phosphorilase and phosphoglucomutase) jointly with transferrin (91) and warm temperature 

acclimation related protein 65 (WAP65, 671), an enzyme of hemopexin superfamily, both involved in 

“iron ion homeostasis” (GO:0055072; p=0.005); whereas 14-kDa apolipoprotein (448) and the beta-

subunit of ATP synthase (469) down-regulated. Furthermore, glutathione-S-transferase (481) involved 

in detoxification of peroxides was found over-expressed while AMP deaminase (980 and 981), 

involved in nucleotide metabolism, down-regulated under moderate and sustained swimming.  

Finally, an arbitrary group including proteins involved in translation (glycyl-tRNA synthetase, 80 and 

81), transcription (MYB binding protein, 547) and signal transduction (histidine triad nucleotide 

binding protein, 422; and inhibitory invasion protein 45, 482), overexpressed in exercise group. 

 

3.3.2. Protein expression profiling of red muscle 

All altered spots of RM grouped into „muscle contraction‟ (p=0.006) down-regulated under sustained 

swimming: one myomesin isoform (spot 34), two spots identified as actin (4 and 251) and two as 

creatine kinase (184 and 318). Moreover, one spot identified as cofilin (259), involved in actin-

filaments dynamics, down-regulated while one isoform of parvalbumin (271) up-regulated, unlike the 

form found in WM. Two cytoskeleton proteins behaved controversially, α-tubulin (53) down-regulated 

whereas keratin-I (113) up-regulated.  
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Figure 7. Physiological grouping of red muscle responses by exercise training. Following 

identification, spots were grouped according to main cellular function. The data are presented as the 

mean±SEM. All of the spots that are plotted showed significant differences between Control and 

Exercise groups (t-test; p<0.05). Numbers indicate functionality related proteins (p<0.05) from Gene 

Ontology enrichment analysis by AmiGO (NODES 1-GO: 0006936, „„muscle contraction‟‟; 2-

GO:0005975, „„carbohydrate metabolic process‟‟; 3-GO: 0006099, „„TCA cycle‟‟.; 4-GO: 0006635, 

„„fatty acid beta-oxidation‟‟).  

 

Contrarily to white muscle, in red muscle most of proteins involved in glycolisis (GO:0006096; 

p=3·10
-7

) down-regulated by exercise: pyruvate dehydrogenase-α1 (16), α-enolase (83), 

phosphoglucose isomerase (138), one isoform of pyruvate kinase (150) and two phosphoglycerate 

kinase isoforms (186 and 187); whereas one isoform of glyceraldehide-3-phosphate dehydrogenase 

(97) up-regulated. Similarly, proteins involved in other energy generation pathways down-regulated 

under sustained swimming in red muscle as: 3-hydroxybutyrate dehydrogenase (92) involved in 

pentose-shunt pathway; malate dehydrogenase (212), three of isocitrate dehydrogenase (174, 175 and 
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308) and two forms of fumarate hydratase (171 and 172), all belonging to TCA cycle (GO:0006099; 

p=5.17·10
-5

); and 3-hydroxyacyl-CoA dehydrogenase short chain (160), acyl-CoA dehydrogenase 

medium chain (176) and ∆3,5-∆2,4-dienoyl-CoA isomerase (231), involved in fatty acids -oxidation 

(GO:0006635; p=7.67·10
-3

).  

Finally, a heterogeneous group of proteins related to cell homeostasis and stress can be formed. ATP 

synthase -subunit (170) down-regulated by exercise, accordingly to fall in energy generation 

pathways. Transferrin (11) over-expressed by exercise as observed in WM, unlike an isoform of 

WAP65 which (59) downregulated. Also downregulated one spot identified as chain A of antiquitin 

(328) involved in the protection of oxidative stress, a heat shock protein named glucose regulated 

protein 75 (336) and transitional endoplasmic reticulum ATPase (24) which is associated with the latter 

to form a complex implicated in protein degradation. Additionally, gliobastoma amplified sequence 

(322) a member of the NipSnap family and the regulatory protein GDP dissociation inhibitor-2 (38) 

both involved in vesicular trafficking, down-regulated by exercise; whereas ornithine aminotransferase 

(49), related to amino acids metabolism, overexpressed.  

 

4. DISCUSSION 

Moderate exercise improves feed conversion efficiency and growth in many fish species (Davison 

1997). Increasing growth is consequence of hypertrophy of white and red fibers because of continuous 

physical stimulation of muscle (Davison 1997). Accordingly, exercised fish in our study increased 

growth by 25% with no changes in food intake. Fractionation of 
15

N (∆δ
15

N = δ
15

Ntissue - δ
15

Ndiet) has 

shown to be a powerful tool to determine nutritional state and protein turnover of fish since increasing 

values has been observed during fasting periods due to the increase of deamination processes (Martinez 

del Rio et al. 2009). Protein turnover rate in normal nutritional status is equivalent to protein 

degradation rate (Houlihan llibre), no differences in ∆δ
15

N between conditions observed in white (WM) 

and red (RM) muscle would therefore indicate a similar protein degradation rate. Thus, the increased 

body size without changing protein degradation would imply a higher protein retention efficiency 

which has to be achieved by a higher protein synthesis capacity. Accordingly, trout trained at 1 bl/s for 

6 weeks increased growth with a concomitant increase of protein synthesis rate in both red and white 

muscle (Houlihan and Laurent, 1987). However, in our study exercise only causes metabolic changes 
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in WM increasing ribosomal (RNA:protein) and transcriptional (RNA:DNA) capacities. This is 

consistent with the increased expression in WM proteome of glycyl tRNA synthetase (GARS) directly 

involved in translation (Guo et al. 2010), and two proteins already described in mammals but not yet in 

fish: MYBBP1a and HINT-1, cambiando poner despues related to ribosomal biogenesis (Yamauchi et 

al. 2008) and transcription regulation (Martin et al. 2011), respectively. Sustained swimming also 

caused overexpression of other cell signaling proteins as MIIP an endogenous inhibitor of IGFBP-2 

(Song et al. 2010), a growth inhibitory protein in fish (Duan et al 1999), and oncogene-DJ1 with 

observed growth promoting activity in mammals (Shinbo et al. 2006). Moreover, transferrin a known 

stimulator of muscle growth (Ozawa 1989) was found upregulated in WM by exercise. Accordingly, it 

has been described in blackspot sea bream a lower expression of myosin light chains (MLCs) in white 

muscle fibers as cell diameter increases (Silva et al. 2010). Therefore, down-regulation of MLCs in 

WM of exercised sea bream would imply fiber hypertrophy in agreement with previous results in sea 

bream (Ibarz et al. 2010). However in relation to anabolic processes caused by exercise, 

in red muscle is only observed an enhancement of ornithine aminotransferase expression which is 

involved in amino acid biosynthesis in fish (Sirastava and Ratha 2010).  

It is well known that RM has a higher metabolic activity than WM. Highest proportion of soluble 

protein fraction in RM, containing mainly the enzymatic activities, agrees with this assumption, as well 

as δ
15

N values of RM which were closer to those of the diet probably due to higher incorporation of 

dietary amino acids as a result of the fastest turnover rate. Accordingly, RM showed a protein synthesis 

capacity (RNA:protein ratio) 3 times higher than WM. Moreover, RM presented  higher COX (3 fold) 

and CS (7 fold) activities than WM. In this sense, the most aerobic capacity of RM makes it stand 

endurance activities like sustained and moderate swimming, whereas WM mainly supports anaerobic 

activities (reviewed by Davison 1997). Fish in our study were submitted to a continuous swimming of 

1,5 bl/s, approximately a 35 % of the absolute critical swimming speed (Ucrit) for sea bream (Basaran et 

al. 2007) which can be considered as a moderate exercise. However, exercise enhanced further the 

contractile machinery of WM than RM. This fact is reflected in the overexpression of several 

myomesin forms in WM, a protein involved in sarcomer stabilization of vertebrates during continuous 

expansion (Schonauer et al. 2005), while the only form altered in RM was down-regulated. Enhanced 

expression of different parvalbumins has been observed in carp muscle fibers with great relaxation rate 



 

  39 

 

due to its Ca
2+

 sequestering activity (Brownridge et al. 2008). Hence, the down-regulation of one 

parvalbumin form in WM by exercise is consistent with a low relaxation rate while the up-regulation of 

the form altered in RM would point to a lower contractile activity. An accumulation of partially 

degraded products of creatine kinase (CK), one of the most abundant sarcoplasmic protein with a 

complex pattern of isoforms and fragments, has been shown in muscle of carp under high-energy 

demands (McLean et al 2007). Furthermore, CK activity increased in muscle of coalfish exercised 

continuously at 2.1 bl/s in order to maintaining the immediate energy supply for contraction (Johnston 

and Moon, 1980).  Therefore, the increased abundance of two of CK fragments (mass below the 

predicted) in WM and the downregulation of the forms altered in RM by exercise would indicate a 

higher use of this protein in WM during continuous swimming whereas in RM is lower. In this sense, 

the reduction in RM of the expression of cytoeskeleton proteins related with contraction (α-actin and α-

tubulin) together with cofilin, who plays a critical role in regulating actin dynamics during the 

contraction and relaxation of mammalian muscle tissues (Gunst and Zhang 2008), evidence a decrease 

in the contractile effort of RM from fish under continuous swimming.  

Changes experimented in WM under continuous and moderate exercise implies a higher energy cost 

than at voluntary swimming. Lipids are thought to be the primary fuel for swimming in both WM and 

RM (Davison 1997, Sanger and Stoiber 2001). Accordingly, 
13

C enrichment on the lipid reserve of 

WM by exercise would imply its higher use, since during decarboxilation processes enzymes break 

preferentially bonds with light isotopes which are weaker (Webb et al. 1998). Increased use of lipids 

matches the drop in fat reserve of WM. Down-regulation of apo-14, a fish-specific apolipoprotein 

ubiquitous expressed and homologous to mammalian apoA-II but with unknown biological function 

(Xia et al. 2008, Choudhury et al. 2009), could be involved in decrease of lipid store due to its 

presumed role as a lipid transporter. As the lipid, glycogen δ
13

C increased by exercise in WM, pointing 

to a higher use of this reserve. This is consistent with overexpression of one fragment of glycogen 

phosphorylase, which would indicate a higher use of this catabolic enzyme, and phosphoglucomutase, 

catalyzing the reversible conversion of glucose 1P to glucose 6P. Nevertheless, the decrease of 

glycogen store was not significant, probably due to high carbohydrate content of experimental diet 

which would enhance glucose disposal/availability. Sustainable and moderate exercise increase 

carbohydrate use in rainbow trout (Richards et al 2002; Felip et al. 2011), agreeing with up-regulation 
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in WM of key enzymes involved in glycolytic pathway: pyruvate kinase and lactate dehydrogenase. 

The latter catalyzes last step of anaerobic glycolisis which has also been enhanced in white muscle of 

fish subjected to sustained swimming (Wokoma and Johnston 1981, Hinterleitner et al. 1992, Sanger 

and Stoiber 2001). Long-term cruiser swimming (1.2 m/s) decreased activity of FBP to 37% in white 

muscle of horse mackerel (Lushchack et al. 2001). Accordingly, fructose bisphosphatase (FBP), 

indicator of gluconeogenesis pathway, was downregulated by exercise which somehow would indicate 

a preservation of amino acids for protein synthesis. These findings imply a higher relative rate of 

glycolytic versus gluconeogenic flux in WM, in order to meet energy cost derived from swimming/ to 

face energy requirements of exercise. The enhancement of glycolitic pathway jointly to higher lipid 

use, which would be catabolized via beta oxidation, may increase NADH/H
+
 formation in WM during 

continuous swimming. Increasing of reducing power should go along with further enhancement of 

aerobic respiration into mitochondrion, according to higher COX activity with exercise found in WM. 

CS activity decreased contrarily to the enhancement found in other sustained-swimming studies 

(Farrell et al 1991, McClelland et al 2006). The lower activity of CS and higher activity of COX, have 

also been found in lymphocytes of obese patients probably reflecting some changes in the composition 

of mitochondrial compartments and proportions between respiratory chain and TCA cycle enzymes 

(Capkova et al 2002). Thus higher COX:CS ratio would reflect a change in the shape of mitochondria, 

increasing the amount of the inner membrane relative to the matrix compartment, i.e. reducing 

mitochondrial volume density. This agrees with increase of cell diameter of WM fibers since large fast 

fibers generally have lower mitochondrial densities than smaller fibers (Johnston and Moon 1981). 

Moreover, sea breams were fed with a low-protein/high-carbohydrate (LP/HC) diet. Lower activities of 

enzymes introducing amino acids to TCA cycle (Thr-DHase, Ala-aminotransferase, glutamateDHase) 

have been found in trout fed LP/HC diets (Walton 1986). Thus, scarce dietary protein content would 

not be catabolized via TCA cycle and could be „spared‟ for protein synthesis. This agrees with decrease 

of protein use to 15% in trout swimming at 1 or 3 bl/s (Kieffer et al. 1998). Furthermore, the enhanced 

energy production via glycolysis abovementioned would also contribute since ATP and NADH inhibit 

CS (Srere, 1974). Surprisingly, the expression of ATP-synthase-  subunit was reduced by exercise in 

WM. A high workload will lead to increased breakdown of ATP, hence increased amounts of ADP and 

increased substrate saturation of the ATP-synthase (Das, 2003). Moreover, the 
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creatine/phosphocreatine system has also been proposed as regulator of mitochondrial ATP synthesis 

on myocites (Saks et al. 1994). Thus, the enhanced production of ATP via anaerobic glycolisis and 

creatine metabolism in WM during training could explain the lower expression of this enzyme. Also 

the swimming activity downregulated two forms of AMP-deaminase in WM which can be related to 

change in the distribution between free and bound states of this enzyme as shown in muscle of 

exercised rainbow trout (Lushchak and Storey 1994). Moreover, inactivation of AMPD by free radicals 

has been observed in WM of common carp (Luschack et al 2008). The enhanced glycolytic potential in 

WM is liable to increase oxidative stress and lactate production and possibly, their associated harmful 

effects. Accordingly, several antioxidants enzymes were up-regulated as glutathione-S-transferase 

(GST), catalyzing the detoxification peroxidation products (Mourente et al. 2002), and DJ-1 a 

multifunctional protein playing a pivotal role in neuronal protection against oxidative stress (Bonifati et 

al. 2004). However, recent studies in mammals (Hwang 2004; Sayd et al. 2006) and fish (Morzel et al. 

2006) demonstrate the presence of DJ-1 in skeletal muscle, more predominantly in mostly glycolitic 

muscles. Finally, exercise also increased expression of iron binding proteins as transferrin (TF) and 

Wap-65, an homologue to mammalian hemopexin in poikilothermic animal, which functions as 

scavenger of free heme with high affinities (Sha et al. 2008). Iron is potentially toxic due to the 

tendency to potentiate the production of reactive oxygen species, ROS. Binding proteins to pro-oxidant 

metal ions, such as iron, are a defense mechanism against free radical-induced oxidative damage 

(Limon-Pacheco and Gonsebatt 2009). Moreover, highly expression of transferrin has been observed in 

association with a greater glycolytic expression in breed skeletal muscle (Hamelin et al. 2006). The 

more highly expression of iron binding proteins in WM by exercise could therefore be interpreted as a 

defense mechanism against oxidative stress generated by increased metabolic demand.  

There is a general assumption that moderate and continuous swimming produces a metabolic 

enhancement of red muscle since it is the organ supporting this type of activity (Davison 1997, Sanger 

and Stoiber 2001). However in our study, energy metabolism of RM, unlike WM, was not found 

enhanced by sustained swimming as shown in the unchanged isotopic composition of reserves and 

aerobic enzymes activities. Indeed, we found a lower expression in RM of proteins involved in several 

pathways related to energy production as glycolysis (ENO, PDH, GPI, PGK and PK), Krebs cycle (FH, 

IDH and MDH), beta oxidation (HADH, ACMD and ECH), pentose shunt (HIBADH) and ATP 
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synthesis (ATP5A). Accordingly, the expression of antiquitin, an aldehyde dehydrogenase involved in 

detoxification of lipid and carbohydrate metabolism (Tang et al. 2005), and one form of the protein 

analogue to hemopexin Wap-65 decreased. In addition to the lower antioxidant protection, chaperons 

GRP-75 (a member of HSP-70 family) and TERA (also known as VCP) downregulated. HSP 

expression has been considered as an adaptive mechanism of exercise induced oxidative stress (Naito 

et al. 2001). Recently, it has been found that HSP-70 is involved in detoxifying insoluble aggregates of 

SOD protein (Trosse et al. 2010), and also interacts with VCP during the ubiquitin-dependant protein 

degradation process (Ushioda et al. 2008). Therefore, lower expression of both proteins in RM during 

exercise training could indicate a reduction of stress derivate from protein oxidation. Moreover 

downregulation of GDP dissociation inhibitor-2, controlling membrane trafficking in skeletal muscle 

(Shisheva et al. 1994) and GBAS which is localized to mitochondria and plays a role in oxidative 

phosphorylation (Martherus et al. 2010), again evidenced the decline of RM metabolism with exercise. 

On the other hand, glycogen content of RM was lower in exercised fish pointing to a lower 

accumulation of dietary carbohydrates as glycogen. Various authors have suggested that RM has a role 

in the synthesis of glucose from WM lactate during swimming (Braekkan, 1956, Wittenberg et 

al.1975). Since enhanced glycolytic potential of WM during exercise suggests increased lactate 

production, RM could use this lactate as precursor for gluconeogenesis whereas most of dietary 

carbohydrate is shunted to WM. Therefore, RM has a reduced need to accumulate glycogen. 

Furthermore, up-regulation of transferrin in RM by exercise, as in WM, could be involved in the 

possible lactate transfer between both muscles since it is known this protein to possess carboxylate-

anion binding sites (Schlabach and Bates, 1975).  

Contrary to most studies suggesting RM as the main tissue recluted for continuous exercise (Davison 

1997), our study reveal that the greatest effort of locomotion remains on WM whereas RM reduces its 

work load. The change on the work developed by white and red muscle during sustained and moderate 

swimming could be the result of improving the energy efficiency. In this sense, spontaneous swimming 

costs in sea bream may be considerable higher compared with those of moderate force swimming 

(Steinhausen et al 2010). The „schooling‟ behaviour would be reflected at molecular level by a 

reduction of energy wastes in RM which is balanced by a higher work of WM. Moreover, bulk of fish 

swimming muscle (80-95 %) is composed of white fibres (Johnston and Moon 1980) and low-
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swimming performance of benthic species such as sea bream means a lower percentage of RM than 

pelagic counterparts. Thus, sea bream has a relatively low aerobic capacity and show a high 

dependence on anaerobic metabolism even during sustained activity. In summary, WM plays a more 

important role than previously thought in sustained and moderate swimming. Probably, both WM and 

RM do not act as a closed system during continuous swimming, but there would be a complex 

relationship between them, exchanging metabolites and complementing the work done in order to 

achieve the more efficient swimming performance. 
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Study 3 - Use of stable isotopic analysis to explore the effects of variable dietary 

protein and lipid levels on growth of Gilthead Sea bream (Sparus aurata) 

Trial Description 

Sea bream juveniles (69.1 ± 8.1g) were reared with seven different experimental diets containing 

different percentage of raw materials which modified his lipid and protein content (table 1). The 

objective of this study was to study the effect of including different vegetable raw materials on several 

physiological parameters in sea bream.  

 

Table 1. Diets composition (% dry matter) and gross energy (E) 

 

diet % protein % lipid E  (MJ/kg) 

A 35,00 26,80 23,6 

B 37,99 24,17 23,3 

C 40,99 23,05 23,3 

D 43,99 21,93 22,9 

E 47,00 20,82 23,0 

F 50,00 19,70 22,7 

G 53,00 18,62 22,9 

 

RESULTS 

Growth and body composition 

Length and weight of fish was higher with increasing the protein content of the diet (table 2). This fact 

was reflected in the increase of specific growth rate (SGR), calculated from data of IRTA. 

Hepatosomatic index (HSI) reflected an inverse relationship with respect to the level of protein in the 

diet, while the mesenteric fat index (MFI) no differences between groups. Group A also had a lower 

intake. 

 

Table 2. Biometric parameters of the different experimental groups 

 

 A B C D E F G 

weight 165,1 ± 2,2
d
 188,5 ± 2,0

c
 181,1 ± 3,0 

c
 202,0 ± 1,9 

b
 204,4 ± 2,5 

b
 216,2 ± 2,9 

a
 210,9 ± 2,2

ab
 

length 21,3 ± 0,1 
d
 21,9 ± 0,1 

c
 21,8 ± 0,1 

c
 22,5 ± 0,1 

b
  22,7 ± 0,1 

ab
 22,9 ± 0,1 

a
 22,9 ± 0,1 

ab
 

CF   1,7 ± 0,0 
b
   1,8 ± 0,0 

a
   1,7 ± 0,0 

ab
   1,8 ± 0,0 

a
    1,7 ± 0,0 

ab
 1,8 ± 0,0 

a
   1,7 ± 0,0 

ab
 

SGR 0,94 ±0,05
a 

1,14 ±0,05
b 

1,10 ±0,04
b 

1,21 ±0,03
bc 

1,22 ±0,05
bc 

1,30 ± 0,05
c
 1,26 ± 0,04

c 

HSI   1,7 ± 0,1 
a 

  1,7 ± 0,1 
a
   1,6 ± 0,1 

ab 
 1,6 ± 0,1 

ab
   1,4 ± 0,1 

b 
1,4 ± 0,1 

b
  1,3 ± 0,1 

b
 

MFI 1,4 ± 0,2
 

1,4 ± 0,1   1,6 ± 0,2
 

  1,6 ± 0,2 1,4 ± 0,1
 

  1,6 ± 0,1    1,1 ± 0,1 

Means ± s.e.m. (n=9). Different letters represents significant differences between groups (p<0.05) 
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Weight (g); Length (standard, cm); CF (Condition Factor); SGR (Specific Growth Rate); IHS 

(Hepatosomatic Index); MFI (Mesenteric Fat Index) 

 

Proximate composition of white muscle of the seven experimental groups is presented in table 3. 

Glycogen reserve increases with increasing diet protein content. In lipid and protein reserves, there 

were no differences between groups, although there was a trend toward increased lipid content as the 

amount of lipid increased in the diet. In the initial stage, muscle fish composition had lower protein 

content (17.3 ± 0.3%), larger pool of lipids (4.0 ± 0.3%) and glycogen content was 0.36 ± 0.05%.  

Table 3. Muscle proximate composition of fishes fed with different diets 

 

 A B C D E F G 

lipid   2,3 ± 0,3   1,9 ± 0,1   1,8 ± 0,1   1,8 ± 0,1   1,8 ± 0,1   1,8 ± 0,2   1,6 ± 0,0 

water 76,6 ± 0,1
 a
 76,3 ± 0,3

 ab
 76,4 ± 0,3 

ab
 76,6 ± 0,3

 ab
 76,6 ± 0,1

 a
 75,9 ± 0,1

 b
 76,7 ± 0,3

 ab
 

glycogen 0,31 ± 0,03 
b
 0,35 ± 0,04 

ab
 0,42 ± 0,03 

ab
 0,41 ±0,04 

ab
 0,39 ±0,03 

ab
 0,48 ±0,03 

ab
 0,46 ±0,02 

a
 

proteín 20,3 ± 0,3 20,8 ± 0,3 20,8 ± 0,2 20,9 ± 0,2 21,0 ± 0,2 21,2 ± 0,2 20,9 ± 0,3 

Means ± s.e.m. (n=9). Different letters represents significant differences between groups (p<0.05) 

 

 
15

N/
13

C Isotopic composition of diets and white muscle of sea bream 

 

Natural abundance of stable isotopes 
15

N and 
13

C of experimental diets are shown in table 4 while the 

isotopic signature (δ
15

N with respect to δ
13

C) is shown in figure 1. All values are very similar in 
15

N, 

but there are differences in 
13

C, being the lowest values for B and the highest for G. This gradation 

responds to diet lipid content because of lipid δ
13

C impoverishment. Diet A not responds at this 

gradation because of his low content in wheat gluten which is also an ingredient impoverished in δ
13

C. 

 

Table 4. 
15

N and 
13

C delta values of the experimental diets  

Diets A B C D E F G 

δ
15

N  6,7 6,4 6,4 6,7 6,5 6,5 6,7 

st. d. 0,7 0,2 0,5 0,0 0,4 0,2 0,0 

δ 
13

C 
(1)

 -25,1
bc

 -25,9
a
 -25,5

ab
 -25,1

bc
 -24,9

bc
 -24,9

bc
 -24,6

c
 

st. d. 0,4 0,1 0,2 0,2 0,1 0,3 0,3 

Values as mean (n=3). Different letters represents significant differences between groups (p<0.05) 
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Figure 1. Isotopic signature of diets (mean ± st.d; n = 3). Different letters represents significant 

differences between groups (p<0.05) in δ
13

C. 

 

White muscle δ
15

N decreased as the protein content in diets increased (table 4 and figure 2) because 

fish eating high protein diets use directly part of dietary amino acids for the synthesis of proteins and 

therefore δ
15

N of the fish approached more closely δ
15

N of the feed. In consequence the isotopic 

fractionation of N (∆δ
15

N = δ
15

Nwm – δ
15

Ndiet), also called trophic shift, was lower in fish fed with 

higher protein content (figure 2). Group A have lower ingest due maybe to higher lipid content, this 

low feeding level affect trophic shift because of lower protein input should cause higher protein turn-

over and higher trophic shift. Also lower protein diets have higher plant derived materials content, 

tended to produce a greater trophic shift than diets based on animals products. 

 

Table 4. White muscle stable isotopes content (δ
15

N and δ
13

C) and isotopic fractionation (∆δ = δwm 

– δdiet) of fish fed with different diets   

 A B C D E F G 

δ
15

N 10,85 
a
 10,58 

ab
 10,36 

bcd
 10,43 

bc
 10,21 

cd
 10,02 

d
 10,22 

cd
 

St.d. 0,25 0,17 0,23 0,26 0,25 0,17 0,09 

δ
13

C -21,30 -21,36 -21,53 -21,37 -21,42 -21,61 -21,30 

St.d. 0,22 0,05 0,23 0,06 0,10 0,29 0,17 

∆δ 
15

N 4,10 
a
 4,15 

a
 3,97 

ab
 3,74 

ab
 3,74 

bc
 3,54 

c
 3,56 

c
 

St.d. 0,25 0,17 0,23 0,26 0,25 0,17 0,09 

∆δ 
13

C 3,79 
ac

 4,50 
b
 3,97 

a
 3,73 

a
 3,54 

cd
 3,27 

e
 3,28 

de
 

St.d. 0,22 0,05 0,23 0,06 0,10 0,29 0,17 

Values as mean and st.d. n=9. Different letters represents significant differences between groups (p<0.05) 

 

Signature  
15 

N/ 
13 

C Skreeting diets 

A 
bc

 

B 
a
 

C 
ab

 D 
bc

 
E 

bc
 

F 
bc

 

G 
c
 

3 

4 

5 

6 

7 

8 

-26,5 -26,0 -25,5 -25,0 -24,5 -24,0 

 
13 

C (‰) 

 1
5
N

 (
‰

) 



 

  47 

 

 
Figure 2. White muscle δ

15
N – diet protein content relationship. Values of ∆δ

15
N are shown over 

the lines. Regression line is represented as a solid line. 

 

The relationship observed between ∆δ
15

N and SGR of different groups (figure 3), clearly indicated that 

the protein turn-over is decreased as protein content in diets increase, producing a better growth.  

 
Figure 3. Relationship between N isotopic fractionation (∆δ

15
N) and SGR 

 

 

Amino acid composition of diets and white muscle of sea bream 

Amino acid composition of experimental diets is showed in table 5 (in percentage of dry matter, DM) 

and figure 4 (in percentage of protein, PP). Higher protein diets have consequently higher total amino 
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acid contents. The amino acid composition (PP) and the ratio essential/non essential amino acid 

(EAA/NEAA) are very similar between diets. 

Table 5. Amino acid composition of Skreeting diets (g/100 g DM) 

 A B C D E F G 

ASP 3,03 3,17 3,06 3,49 4,12 4,49 4,98 

SER 1,75 1,85 1,84 2,09 2,40 2,64 2,95 

GLU 7,72 8,46 8,77 9,91 11,23 12,17 13,07 

PRO 2,34 2,54 2,64 3,01 3,36 3,59 3,87 

GLY 2,11 3,40 1,86 2,12 2,45 2,64 2,94 

ALA 1,87 1,92 1,84 2,13 2,56 2,65 2,97 

CYST 0,24 0,27 0,26 0,31 0,37 0,40 0,44 

VAL 1,12 1,18 1,15 1,33 1,71 1,65 1,78 

THR 1,22 1,26 1,25 1,43 1,67 1,87 2,08 

MET 0,87 0,88 1,02 1,19 1,38 1,52 1,71 

ILE 1,00 1,06 1,05 1,21 1,39 1,49 1,62 

LEU 2,51 2,65 2,62 3,01 3,40 3,68 4,06 

TYR 0,91 0,93 0,91 1,07 1,22 1,35 1,45 

PHE 1,53 1,63 1,67 1,86 2,14 2,26 2,48 

LYS 2,24 2,45 2,35 2,68 3,07 3,32 3,67 

HIS 0,71 0,75 0,74 0,87 0,94 1,01 1,12 

ARG 1,84 1,92 1,87 2,15 2,48 2,71 3,01 

total 33,01 36,31 34,91 39,86 45,89 49,44 54,20 

EAA 13,94 14,71 14,64 16,79 19,40 20,86 22,98 

NEAA 19,07 21,60 20,27 23,06 26,49 28,57 31,22 

EAA/NEAA 0,73 0,68 0,72 0,73 0,73 0,73 0,74 

 

 

 
Figure 4. Skreeting diets amino acid composition (g * 100 g protein

-1
) 

The relationship between EAA of muscle and diet was similar for all groups (figure 5) 

showing a good balance in all them. Regression line is represented as a solid line; dashed line is the 
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line of slope 1 and intercepts 0: Amino acids represented above the line suggest deficiencies for that 

AA in diet and under the line suggest excess on diet. 
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Difference in the most of amino acids in white muscle were not observed (table 6) except on Gly and 

Lys. Especially groups fed with lower protein content had higher Gly and lower Lys levels. 

Consequently ratio EAA/NEAA is higher in groups fed with higher protein content. This may be due to 

lower ingest in A group. 

Table 6. White muscle amino acid composition (g/100 g protein) of sea bream fed with different 

diets 

 WM A st.d. WM B st.d. WM C st.d. WM D st.d. WM E st.d. WM F st.d. WM G st.d. 

ASP 10,55 0,46 10,42 0,37 10,55 0,47 10,47 0,37 10,73 0,50 10,62 0,34 10,69 0,28 

SER 4,72 0,08 4,74 0,05 4,65 0,09 4,64 0,12 4,70 0,14 4,58 0,01 4,68 0,02 

GLU 15,63 0,04 15,62 0,05 15,79 0,14 15,81 0,08 15,95 0,25 15,59 0,10 15,60 0,06 

PRO 3,43 0,10 3,46 0,03 3,44 0,14 3,50 0,07 3,51 0,13 3,51 0,16 3,47 0,12 

GLY 5,49
a
 0,15 5,16

a
 0,19 5,20

a
 0,04 5,21

a
 0,10 4,78

b
 0,19 4,61

b
 0,05 4,66

b
 0,09 

ALA 6,09 0,06 5,95 0,12 5,96 0,04 5,99 0,07 6,05 0,20 5,94 0,05 6,03 0,07 

CYST 0,43 0,05 0,43 0,01 0,41 0,02 0,56 0,25 0,55 0,11 0,50 0,11 0,58 0,10 

VAL 5,28 0,13 5,30 0,04 5,24 0,05 5,27 0,03 5,42 0,25 5,40 0,05 5,38 0,04 

THR 4,93 0,06 4,99 0,05 4,94 0,10 4,91 0,12 4,98 0,11 4,93 0,09 4,95 0,04 

MET 3,37 0,11 3,40 0,07 3,36 0,10 3,35 0,14 3,40 0,04 3,34 0,05 3,19 0,20 

ILE 4,54 0,09 4,60 0,04 4,59 0,08 4,48 0,15 4,69 0,17 4,66 0,07 4,60 0,00 

LEU 8,26 0,09 8,21 0,07 8,22 0,12 8,25 0,08 8,37 0,03 8,29 0,06 8,32 0,07 

TYR 3,08 0,09 3,10 0,01 3,11 0,02 3,13 0,10 3,19 0,08 3,14 0,04 3,12 0,07 

PHE 4,48 0,04 4,49 0,03 4,47 0,06 4,45 0,08 4,56 0,11 4,54 0,03 4,50 0,03 

LYS 10,15
a
 0,06 10,28

ab
 0,06 10,26

ab
 0,16 10,28

ab
 0,18 10,59

b
 0,23 10,57

b
 0,03 10,50

ab
 0,06 

HIS 2,90 0,05 2,98 0,03 2,96 0,01 2,90 0,10 2,98 0,08 2,98 0,04 2,98 0,06 

ARG 6,68 0,07 6,87 0,04 6,84 0,11 6,79 0,16 6,92 0,09 6,81 0,05 6,74 0,02 

 

EAA 53,6
a
 0,06 54,23

ab
 0,10 53,98

ab
 0,23 53,82

ab
 0,54 53,72

ab
 1,30 54,66

b
 0,19 54,29

ab
 0,28 

NEAA 46,33
a
 0,06 45,77

ab
 0,10 46,02

ab
 0,23 46,18

ab
 0,54 46,28

ab
 1,30 45,34

b
 0,19 45,71

ab
 0,28 

ratio 1,159
a
 0,003 1,185

ab
 0,005 1,173

ab
 0,011 1,166

ab
 0,025 1,162

ab
 0,060 1,206

b
 0,009 1,188

ab
 0,013 

Values as mean and st.d. n=3. Different letters represents significant differences between groups (p < 0.05) 

 

CONCLUSIONS 

Differences in the percentage of protein raw materials affect fish growth. This is reflected in the 

isotopic composition of white muscle. In group A greater differences are observed because the intake 

was lower.  

Thus animals fed diets with a higher percentage protein present δ
15

N lower due to lower recycling rate 

of protein deposition and increased protein in the diet directly. This is reflected in a lower division 

(distance muscle - diet) indicating a higher growth. 

Diet D would be the more appropriate since it is closer to the hypothetical optimum growth with 

respect to protein content, which would be between diets C and D. 
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Study 4 - Stable isotopes (
13

C and 
15

N): ‘sensitive’ markers of nutritional stress in 

sea bream (Sparus aurata) 

STUDY 4A- SHORT TERM FASTING IN FINGERLINGS 

There are many situations that cause brief periods of nutritional stress (feeding failures, diseases, 

establishing hierarchies) and produce major economic losses, especially in hatcheries, nurseries, where 

the fish are more active metabolically and with undeveloped reserves. The aim of the study is to 

test changes in the natural abundance of 
13

C and 
15

N in sea bream fingerlings tissues (whole fish and 

white muscle) subjected to fasting for short duration, and whether stable isotopes can be good 

indicators of nutritional stress conditions. 

After 4 days of fasting, we analyzed the proximal and isotopic composition of the muscle from 

different sources. No differences in fish weight were observed and the lipid and protein reserves in 

muscle remained unchanged. Fasting produced an increase of δ
15

N in muscle protein due to increased 

turnover reflected increases in δ
15

N and δ
13

C of the protein (Figure 1).  The reduction of δ
13

C lipid in 

muscle reflects a replacement of the reserve. 

 

Figure 1 – Evolution of isotopic signature of muscle after 4 days of fasting (**, p<0.01; ***, p<0.001) 

 

All these changes, particularly increasing the δ
15

N muscle, are good indicators of nutritional stress, 

being more sensitive to changes in proximate composition. 
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STUDY 4B- LONG TERM FASTING IN JUVENILES 

Trial: Juveniles of gilthead (127.3 ± 3.6 g) were subjected to fasting for 30 days, controlling the 

evolution of weight and other biometric parameters (muscle-somatic index, IMS, hepato-somatic index, 

IHS; index mesenteric fat, MHC) at 3, 7, 15 and 30 days. Samples were obtained from white (WM) and 

red (RM) muscle at 0, 7 and 30 days of fasting, to analyze the proximate and isotopic composition of 

the tissues and its reserves. 

Results: There was a progressive decrease of animal weight significant at 30 days (101.8 ± 5.6g) and 

also on IHS (0.6 ± 0.0%) and MHC (0.6 ± 0.1%). The IMS showed no difference up to 30 days (32 ± 

0.5%) indicating that the muscle has begun to be degraded (Figure 1).  

 

Figure 1. Evolution of various biometric parameters along the fasting period 

After performing the analysis of proximate composition (% fresh matter), we observed a decrease in 

lipid reserves (1.9 ± 0.6%) and glycogen (0.26 ± 0.04%) in WM respect to the initial moment (2.7 ± 

0.7% and 0.31 ± 0.04%, respectively). These reserves also decreased in RM. This would indicate that 

early reserves in being mobilized are the lipid and glycogen, as it has been widely described The 

protein descended in the final moment in WM (18.9 ± 0.8) but in this case compared to 7 days (20.1 ± 

0.6). In contrast, RM increased the percentage of this reserve at 30 days of fasting. Consequently, the 

protein of RM tends to be preserved as it is mainly in charge of swimming, while the protein in WM 

begins to be degraded acting as a reservoir. 
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On WM, δ
15

N significantly increased after 7 days due to the increase of this isotope in the protein 

fraction (Figure 2). However, this increase is not maintained after 30 days of fasting, returning to 

values close to initial δ
15

N. The same pattern of differences is observed in protein δ
13

C of WM. Fasting 

also caused an increase in lipid δ
13

C which remains from 7 days to 30 days. The RM did not show 

differences in δ
15

N, indicating the conservation of the protein fraction, whereas δ
13

C increases 

significantly after 30 days. This increase can be due to the decrease in lipids during fasting, which is 

the reserve with lower values of δ
13

C. Accordingly, we also observed an increase in δ
13

C of lipid at 30 

days, as observed in WM, which could indicate a variation of the fatty acid profile. 

WHITE MUSCLE    RED MUSCLE 

 

 
Figure 2. Isotopic evolution during fasting (blue line: tissue; red line: protein; green line: glycogen; 

yellow line: lipid). Different letters indicate significant differences between time points (p<0.05). 
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