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1. Objectives  

The overall objective of WP1 is to identify and validate promising panels of 
biomarkers to be used as integrative tools to accurately measure and predict growth 
responses, and metabolic and health effects for their application in other WPs. Thus 
far, more than 700 independent entries for nutritionally related biomarkers 
informative of health and metabolic condition in the five species of the project have 
been uploaded to the on-line database of ARRAINA biomarkers (www.nutrigroup-
iats.org/arraina-biomarkers) as part of the delivered D1.1 (task 1.1). This database is 
periodically updated with new partner inputs, and especially valuable as part of D1.2, 
(task 1.2) are the reporting data to establish the normal range of variation and 
robustness of selected biomarkers in nutritionally challenged fish. Current research 
is related to task 1.3 and the specific aim of D1.3 is to provide an updated list of new 
biomarkers and integrated tools to fill the gaps in the diagnosis of nutritional status 
and health condition in other WPs.  

 

2. Rationale  

As indicated in D1.2 for the validation procedures, the definition of a practical list of 
new biomarkers and integrative tools to be used in other WPs is a fish species-
specific process that combines conventional and “omics” approaches and 
methodologies. At the end of the project, result feedbacks from the other WPs will 
serve to integrate tools and biomarkers capable of predicting and describing any 
growth, metabolic and healthy disturbance arising from specific nutrient deficiencies 
and/or imbalances.  

The work is planned for all the species in the project (salmon, trout, sea bass and 
sea bream) with the exception of carp. At the present stage, the envisaged work is 
mostly completed for all of them, although the differences between each species due 
to differences in their inherent biology (life cycles), diet compositions, nutrient 
requirements and available methodologies make more suitable to consider each 
species individually.  

At the end of the project, a final overall synthesis will be built up with the final 
feedback inputs from other WPs, which should serve to draw more generalized 
conclusions that can be extrapolated for at least the most closely related species 
(salmon/trout; sea bass/sea bream). 

 

Teams involved: INRA, NIFES, CSIC, ULPGC, USI 

CCMAR has not contributed to this deliverable, but its current work towards the 

characterisation of post-translational modifications of protein markers is fish fed 

nutrient deficient diets is considered of relevance for the final integrative tools in D1.4   

http://www.nutrigroup-iats.org/arraina-biomarkers
http://www.nutrigroup-iats.org/arraina-biomarkers
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3. Atlantic salmon (NIFES)  

3.1 Micronutrient-related markers 

In two feeding experiments with Atlantic salmon in fresh water (12 weeks; 10g80g) 
and seawater (120g; 20 weeks), available classical markers from WP1 and some 
new markers (whole body nutrient retention, gene expression) were applied to 
assess micronutrient requirements. The aim of these studies was to evaluate 
practical requirements of vitamins and minerals in diets with high inclusion of plant 
based ingredients. The hypothesis was that novel ingredients change both the 
nutrient composition and interacting anti-nutrients and undesirables, and thereby 
affecting the necessity to supplement nutrients to meet requirements. The design 
included increasing inclusion levels of a combined vitamin and mineral premix (incl. 
histidine, methionine and cholesterol in addition to the vitamins and minerals). This 
approach examines systematically all the micronutrients simultaneously. The 
outcome of the markers will therefore be a combined result from the micronutrient 
contents, and the most sensitive will indicate the first limiting micronutrient(s). From a 
similar feeding study on rainbow trout in fresh water, pantothenic acid and vitamin C 
were identified as the first limiting vitamins for growth performance, histopathology, 
classical micronutrient markers and liver gene expression profiling (Olsvik et al. 
2013; PLOS One e69461, 1-14).  

In the present feeding studies, growth performance, somatic indices, nutrient status, 
digestibility and retention, blood chemistry, selected specific biochemical and genetic 
markers and physiological processes were assessed.  

 

3.1.1 Classical markers  

a) Growth performance and organ indices 

Growth in the freshwater stage indicated that the fish benefitted from nutrient 
supplementation above present requirements. The organ indices (fish size 
dependency and/or indicative on lipid accumulation) decreased at nutrient 
supplementation above current requirement levels, and strengthened the 
conclusions from the growth results. Salmon in seawater benefitted from nutrient 
supplementation above present requirements for growth and lipid retention. 

b) Nutrient status markers – tissue micronutrient concentration and nutrient retention 

The results from all organ micronutrient concentrations confirmed the increasing 
dietary inclusion levels. Except for the water-soluble vitamins (pantothenic acid, 
pyridoxine, cobalamin, ascorbic acid), however, few nutrients reached tissue 
saturation in target tissues. The respective micronutrient target tissues were chosen 
from responsive organs found in the scientific literature. These status markers (here 
tissue concentrations) are therefore not unambiguous, unless supported by other 
specific biomarkers or related to the outcome of these.  

Nutrient digestibility and retention add value to the requirement evaluation. 
Generally, mineral apparent digestibility decreased with increasing micronutrient 
supplementation. Whole body micronutrient retention over a period represents the 
net resultant of the respective micronutrient metabolism (intake, digestibility, 
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absorption, metabolism and excretion). The usefulness is however only valid if the 
retention value stabilizes when the requirement is met, independently of the target 
organ accumulation for each nutrient.  

c) Basic blood haematology and clinical biochemistry 

No differences in basic haematology indicate any signs of nutritional related anaemia 
at present nutrient requirements. Plasma markers [protein, triacylglycerol, 
cholesterol, free fatty acids, and the enzymes aspartate aminotransferase (AST) and 
alanine aminotransferase (ALT) were assessed. Only plasma AST activity increased 
with increasing premix inclusion in freshwater. Basic AST activity origins from cell 
leakage in organs like liver or muscle tissues, while severely elevated plasma activity 
arise from tissue damages. However, with no similar rise in ALT (liver tissue marker), 
the steady and moderate increase in plasma AST indicates leakage from muscle 
tissue, and correlates with the increasing status of vitamin B6 (pyridoxal form) as 
cofactor to AST. The lower liver lipid levels in these groups support a good liver 
health at feed levels 50% above the NRC recommendations.  

d) Clinical stress markers 

A mild confinement stress test (crowding stress) was applied on the dietary groups of 
Atlantic salmon in fresh water. The maximum stress level, and recovery after 4 hrs, 
measured as plasma cortisol, plasma glucose and basic haematology, confirmed a 
successful stress test, but the outcome did not differ among the dietary groups. This 
indicates a first priority of stress related events, beyond suboptimal or excess 
micronutrient status. 

3.1.2. New gene markers for biochemical processes in target tissues  

Selected gene markers within growth regulation, anti-oxidation, detoxification, and 
metabolism were performed. 

Panel of growth and lipid metabolism gene markers in liver were affected at 50% 
over supplementation (IGF1, GHR2 increased), and CPT1 and ACC increased after 
2 times NRC supplementation. This supports the outcome of the classical 
performance markers. Detailed multivariate data analysis may explore details on 
which micronutrient(s) that affect these markers.  

Panel of liver antioxidant enzymes gene markers (CAT, Cu/Zn SOD and GPX3) 
indicated sufficiency above present requirement levels in Atlantic salmon in 
seawater, which showed reduction at supplementation level equal to two times NRC 
recommendations. Mn SOD gene expression increased at 50% over 
supplementation. In freshwater, no differences were found in CAT and GPX3 
expression. Again, detailed multivariate data analysis may explore which 
micronutrient(s) that affects these markers. One has to keep in mind that the 
increase in micronutrient premix supplementation may in itself awake an antioxidant 
response in the fish. 

Panel of immune gene markers (NkFB1 and TNF) in liver indicated no differences 
in gene expression in the dietary groups in freshwater salmon, and did not add 
sensitive markers in micronutrient studies. 
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3.2 Summary of key results 

The overall outcome at present stage suggests that the current nutrient 
recommendations are insufficient for many of the studied micronutrients. The 
experimental approach needs to relate the outcomes of growth and tissue status to 
the specific classical and novel biomarkers. The multivariate nutrient approach is a 
useful and timesaving approach if the biomarkers and specific symptoms relate to 
the single nutrient status.  

So far, the recommendations for plant based diets to Atlantic salmon in freshwater 
and seawater, based on the present multivariate approach, implies an increase of 
the NRC levels with 50% for the B-vitamins pantothenic acid, pyridoxine and niacin. 
More results are needed to support potential changes in the recommendations for 
vitamins D, E and C. 
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4. Rainbow trout (INRA)  

4.1 Metabolic markers of nutrient utilisation 

The physiological processes studied are the utilisation and metabolism of nutrients 
for maintenance and growth of rainbow trout. The pathways of metabolism of the 
main nutrients are interconnected and we proposed a method that allows appraisal 
of overall metabolism.  

We have investigated 1H-NMR metabolomic profiles in biological fluids and relevant 
tissues. The metabolomic profiles of soluble compounds were more specifically 
studied. It accounted for the main metabolic pathways: protein, carbohydrates, 
energy except for lipid metabolism. The metabolomic profiles were characterized in 
plasma, muscle and liver, being plasma a potential target for a non-invasive 
appraisal of overall metabolism, and muscle and liver the main tissues involved in 
nutrition and fish growth.  

The new biomarkers that will be available are the annotated metabolic profiles in 
plasma, muscle and liver. 

4.2 Summary of key results  

4.2.1 Treatments and analysis  

The protocols for preparation of plasma and tissues and for analysis by 1H-NMR 
were developed and implemented successfully.  

a) Plasma 

The plasma was analysed directly. The 1H-NMR profile of overall circulating 
compounds in plasma was determined. The 1H-NMR spectra was corrected to 
remove signals for macro-molecules thus producing a profile of soluble compounds. 
The profile was annotated for the main compounds easily identified from their 
specific spectra (Fig 4.1). 

The whole spectra was segmented in buckets (205) and putative specific 
compounds were assigned to each bucket. 

The metabolomic approach in plasma was validated by analysing the changes with 
time after feeding in 1H-NMR profile. There was a clear discrimination of the profiles 
between 6h after feeding mainly related to dietary absorption of nutrients (amino 
acids, sugar) and 24h after feeding related to intermediate metabolites (Figs 4.2a 
and 4.2b). 

b) Tissues 

Muscle, liver and whole fish (for fry stage) were treated by a methanol-chloroform 
extraction to separate a polar extract containing free metabolites (amino acids, 
peptide, sugars, intermediate metabolites, nucleic acids) and a non-polar extract 
containing mainly lipids and lipid soluble compounds (vitamins). The 1H-NMR 
profiles of overall free compounds in polar extract of liver and muscle were 
determined.  
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The profiles were annotated for the main compounds easily identified from their 
specific spectra (Figs 4.3 and 4.4). The whole spectra was segmented in buckets 
(109 for muscle and 119 for liver) and putative specific compounds were assigned to 
each bucket. 

4.2.2 Validation of metabolic profiles as biomarkers 

The 1H-NMR profile of plasma, muscle and liver were analysed on rainbow trout fed on 
three different diets during one year and since the first feeding. The three diets tested were a 
complete marine diet, a mixed commercial diet and a complete vegetable diet. The 
discrimination of metabolic profiles between the diets was significant in plasma not only at 6 
h after feeding in the post-absorptive period, but also in starved fish at 48h after feeding (Fig. 
4.5). 

The same was observed in tissues of fish at 48h after feeding. There was a clear and 
significant discrimination of the metabolic profile in muscle and liver between the marine and 
the vegetable diets, the commercial diet had an intermediate profile (see for instance Fig. 4.6 
for muscle). 

The metabolites responsible for such discrimination were investigated in order to dissociate 
in plasma what is related to digestive and absorption process (microbiota functioning, 
balance between nutrients) and in tissues what is related to metabolic pathways (nutrient 
utilisation, balance between nutrients for anabolic pathways, etc.). 

A global analysis was performed on metabolic profiles of plasma, liver and muscle. Such 
analysis will help to draw an overview of the diet footprint on fish metabolism (Fig 4.7). It 
constitutes also a basis to identify metabolic networks. The global analysis will also help to 
conclude on the relevance of the information given by plasma compared to that of tissues in 
order to develop a non-invasive approach. 

 

Figure 4.1: Representative 
1
H-NMR 500 MHz spectra of rainbow trout plasma (fed on commercial diet, 6 h after the last 

meal). Spectra was acquired with a sequence (a) zgpr and (b) CPMG. Legend: 1 (ATP/ADP) ; 2 (PHE) ; 3 (TYR) ; 4 (HIS*); 5 (-
CH=CH-, unsaturated lipids) ; 6 (α-glucose) ; 7 (β-glucose) ; 8 (HOD) ; 9 (-CH2-, glucose) ; 10 (lactate) ; 11 (creatine) ; 12 
(ethanol) ; 13 (choline) ; 14 (THR) ; 15 (LYS) ; 16 (-CH3, lipoprotein, VLDL) ; 17 (MET) ; 18 (GLN) ; 19 (-CH2-C=O, lipids) ; 20 
(acetyl glycoprotein*) ; 21 (-CH2-CH2-C=O, lipids) ; 22 (ALA) ; 23 (-(CH2)n-, lipoprotein, HDL) ; 24 (VAL) ; 25 (ILE) ; 26 (LEU) ; 
27 (betaine). 
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Figure 4.2: Multidimensional analysis of 
1
H-NMR spectra of plasma in rainbow trout fed on a commercial diet. The spectra 

was segmented in 205 variable buckets. a) representation on the two first PC axis of the scores of plasma of individuals 

fish: light red diamond 6h post feeding and dark red diamond 48h00 post feeding and (b) a “Volcano plots” representation 

of the differences of signals of buckets between 48h vs 06h (as a reference): dark red diamond significant higher signal, 

blue non significant differences and light red diamond significantly lower signal (p < 0.05). Each bucket was assigned to a 

given metabolite compound or group of metabolite compounds except for unidentified signals Unks2.18 (singlet at 2.18), 

unkt3.99 (triplet at 3.99 ppm), unkd1.008 (doublet at 1.008 ppm), unk (shape of spectra not clear). 

 

Figure 4.3: Representative 500 MHz 
1
H-NMR spectra of hydroalcoholic extract of liver in rainbow trout fed on commercial 

diet. Legend: 1: niacinamide; 2: phenylalanine; 3: tyrosine; 4: inosine; 5: glucose; 6: mannose; 7: choline; 8: taurine; 9: 

methionine; 10: beta-alanine; 11: glutamine;, 12: glutamate; 13: acetate; 14: alanine; 15: valine; 17: leucine; 17: isoleucine; 

18: lactate.  
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Figure 4.4: Representative 500 MHz 
1
H-NMR spectra of hydroalcoholic extract of muscle in rainbow trout fed on 

commercial diet. Legend: GLU (Glutamate), GLN (Glutamine), TYR (Tyrosine), PHE (Phenylalanine), TRP(Tryptophane), HIS 

(Histidine), ALA (alanine), LYS (Lysine), ILE (Isoleucine), VAL (Valine), ADP/ATP (Adenosine Di et/ou Triphosphate). 

 

 

Figure 4.5: PCA Analysis on plasma 
1
H-NMR spectra (CPMG sequence) segmented in 205 buckets. Representation of the 

scores on the two first principal components of rainbow trout individuals at a) 6h and b) 48h after feeding on marine diet 

(blue triangle), vegetable diet (green circle) and commercial diet (red diamond). 
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Figure 4.6: PCA analysis of 
1
H-NMR spectra of muscle polar extract segmented in 109 buckets. Representation of the scores 

on the two first principal components of rainbow trout 48h after feeding on marine diet (blue square), vegetable diet 

(green triangle) and commercial diet (red diamond) 

 

Figure 4.7: Global PCA analysis of 1H-NMR spectra in plasma and in polar extracts of liver and muscle in rainbow trout. a) 

Scores on the two first principal components of individual fish fed on marine diet (blue labels), vegetable diet (green labels) 

and commercial diet (red labels). The ellipse corresponds to the scope of all the fishes of the same treatment. b) 

Correlation coefficient with the two first PC axes of P plasma, L liver and M muscle buckets: higher intensity of blue 

(marine) and red (vegetable) corresponds to increasing significance of correlation coefficient. 
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5. European sea bass (ULPGC/USI) 

5.1 Stress-related markers  
 
Dietary fatty acids (FA) exert a clear effect on fish stress response, by modulating 
the release of cortisol into blood stream, and affecting the response of the 
glucocorticoid receptor in different tissues. We have studied the following 
physiological processes: a) the steroidogenesis in the interrenal cells of anterior 
kidney before the release of cortisol; b) the in vivo modulation of the glucocorticoid 
receptor complex response.  
Target tissues: a) We used head kidney to study the effect of different FAs on the in 
vitro release of cortisol and on the expression of stress-related genes, induced by a 
pulse of adrenocorticotropic hormone (ACTH), and b) whole body larvae to study the 
effect of dietary levels of FAs on the basal expression levels of stress-related genes. 
 
Relevant genes studied: for steroidogenesis, we quantified mRNA copies of 
steroidogenic acute regulatory protein (StAR), c-fos and cytochrome 11β-
hydroxylase genes; for glucocorticoid receptor complex, glucocorticoid receptor 
(GR), heat shock protein (HSP) 90 and HSP70 mRNA levels were measured. 
Furthermore, we measured the circulating cortisol levels and mRNA copies of genes 
coding for antioxidant enzymes, such as GPX (glutathione peroxidase), SOD 
(superoxide dismutase), and CAT (catalase).  
 

5.2 Summary of key results 

There is a clear modulation effect of different FAs on the cortisol release from 
European sea bass head kidney. This is partly mediated by changes in the 
expression of stress-related genes.  

Alpha linolenic acid (ALA) increases basal and post stress blood cortisol levels in 
marine fish. This is at least in part, due to the inducing effect of ALA on StAR 
(involved in the transport of cholesterol into the mitochondria), and on c-fos (a 
member of the activation protein 1 response elements) expression in anterior kidney. 

Docosahexaenoic acid (DHA) is also involved in the release of cortisol from anterior 
kidney through the increase of mRNA copies of c-fos gene. This suggests a possible 
action of DHA on steroidogenesis through mechanisms other than COX2 pathway.  

Arachidonic acid (ARA) has a clear effect on the expression of the cytochrome 
CYP11b, which is involved in the last step of cortisol synthesis. In vivo studies 
corroborate the effect of dietary ARA on the expression of CYP11b gene in whole 
larvae, together with an effect on the expression of GR. Within nutritional ranges that 
cover EPA and DHA requirements for this species, the more ARA in the diet, the 
higher expression of GR and the lower expression of CYP11b genes. This is in 
agreement with previous hypothesis proposed by different authors and with previous 
in vivo studies conducted in our labs. A decrease of cortisol synthesis-related 
CYP11β gene expression is expected to down-regulate the circulating levels of 
cortisol, avoiding thus the negative effects of high chronic levels of glucocorticoids in 
fish blood. Furthermore, by increasing glucocorticoid receptor complex-related genes 
(GR and HSP70) expression, tissues are expected to be better prepared to cope 
with a stress-related increase of circulating glucorticoids. This in turn optimizes the 
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ability of fish (adult or larvae) to cope with stressful situations and enhances fish 
welfare.  

 

6. GILTHEAD SEA BREAM (CSIC) 

6.1 Towards the generation of new genomic resources  

The development of molecular and genomic tools is highly desirable for research in 
aquaculture and Mediterranean fish in particular. Previous attempts have been made 
in this way and the assembly and annotation of more than 40,000 expressed 
sequence tags (ESTs) allowed the development of specific sea bream microarrays 
that have been used in transcriptomic studies of crowding stress and parasite and 
nutritional challenges within the framework of AQUAFIRST and AQUAMAX EU 
Projects. Nevertheless, public available genomic resources still remain relatively 
scarce in either European sea bass or gilthead sea bream in comparison to other 
farmed fish, such as salmon, trout and carp.  

With the next generation sequencing technologies, the gathering of large amounts of 
sequence data for a given organism at affordable costs is more feasible, and 
recently high-throughput 454 pyrosequencing has been used to explore the 
transcriptome of trout, Atlantic cod and turbot. In the case of gilthead sea bream, 
deep sequencing studies have been reported from whole larval tissues and skeletal 
muscle, yielding 43,000-68,000 assembled sequences. Nevertheless, the assembly 
of high-throughput sequences from one unique tissue has revealed to result in 
relatively short sequences that might be difficult to annotate. Thus, the use of more 
than one single tissue for sequencing and assembly becomes an interesting 
approach to maximize the number of annotated genes. This is the rationale for the 
generation -within the framework of Spanish and current EU projects (AQUAEXCEL, 
ARRAINA)- of a large amount of gilthead sea bream transcriptomic reads from 
metabolically and immunologically relevant tissues (454 pyrosequencing), combining 
them with Sanger sequences from public repositories and our own published data. 
The final aim is to build a reliable assembly database with a high confidence of 
functional annotation and detailed insights on pathway analysis to assist gene 
discovery and studies on functional genomics within ARRAINA as well as future 
aquaculture research projects.  

Examples of use include definition of molecular identities, discovery of fish-specific 
lineages and design of primer sets for the simultaneous gene expression profiling of 
selected markers of lipid metabolism, GH/IGF system, muscle protein turnover, 
mitochondria biogenesis and oxidative phosphorylation, protein folding and oxidative 
stress, immunological status and intestine function and integrity. 
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6.2 Summary of key results: 

6.2.1 Transcriptomic database 

The new assembly of gilthead sea bream sequences yielded more than 63,000 
annotated sequences encoding for more than 20,000 gene descriptions that were 
curated for redundancies and frameshifting at the homopolymer regions of open 
reading frames. Among the annotated gene descriptions, more than 16,000 were 
mapped in the Ingenuity Pathway Analysis (IPA) database, and approximately 
11,000 were eligible for functional analysis with a representation in practically all the 
IPA canonical pathways.  

The constructed database is hosted at www.nutrigroup-iats.org/seabreamdb with 
total access to external users by password login. Searches can be made by 
nucleotide or amino acid sequences, annotated names and GO terms.  

For citing the database the authors should refer to Calduch-Giner et al. (2013). BMC 
Genomics 14:178 

 

  

http://www.nutrigroup-iats.org/seabream
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6.2.2 Molecular markers of lipid metabolism 

The nutrigroup-seabream database contains 592 non-redundant sequences with the 
Gene Ontology term “lipid metabolic process” (GO:0006629). This allowed the 
unequivocal identification of 30 new gilthead sea bream sequences uploaded to 
GenBank with accession numbers JQ308822, JQ308826, JQ308829, JQ308831, 
JQ390609, JQ390612, JQ27703-JQ27707, and JX975700-JX975718.  

The list of new sequences included fatty acid elongases (ELOVL1b, ELOVL4, 
ELOVL6, ELOVL7), desaturases (SCD1a, SCD1b), phospholipases (PLA2G12A, 
PLA2G12B, PLA2G15, RARRES3, PLA2G6, cyt-PLA2, int-PLA2), LysoPL 
acyltransferases (LPCAT1, LPCAT2, LPCAT3), N-methyltransferases (PEMT) and 
acylglycerol lipases (LPL-like, LIPH, ATGL, DAGLB, ABHD6a, ABHD12b, CEL, cd-
PL, LMF1). These sequences together with those already available in public 
database repositories were used for the design of a pathway-focused PCR array with 
40 selected markers of lipid metabolism (Table 6.1).  

This PCR-array has been revealed as a highly informative tool to assess the different 
robustness and specificity of the molecular lipid-signatures of brain, liver, skeletal 
muscle and adipose tissue in well-nourished fish in comparison to fasted fish and 
fish fed to maintenance ration. This can contribute to fill the gaps in the lipid 
metabolic disorders arising for the use of low FM/FO diets and specific nutrient 
deficiencies in essential nutrients in WP4. 

Most of the data revealing the effects of ration size on the lipid-metabolic gene 

expression profile has been reported in D1.2, and two articles directly related to this 

have already been published: 

Benedito-Palos et al., 2013. British Journal of Nutrition 109, 1175-1187. 
Benedito-Palos et al., 2014. Gene 547, 34-42. 
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Table 6.1. List of genes included in the sea bream PCR/LIPID-CHIP. New sea beam 
sequences are in italics (30). 

Gene name Symbol 
GenBank 
accession 

Elongation of very long chain fatty acids 1b ELOVL1b JX975700 

Elongation of very long chain fatty acids 4 ELOVL4 JX975701 

Elongation of very long chain fatty acids 5 ELOVL5 AY660879 
Elongation of very long chain fatty acids 6 ELOVL6 JX975702 

Elongation of very long chain fatty acids 7 ELOVL7 JX975703 

Fatty acid desaturase 2 FADS2 AY055749 
Stearoyl-CoA desaturase 1a SCD1a JQ277703 

Stearoyl-CoA desaturase 1b SCD1b JQ277704 

Lysophosphatidylcholine acyltransferase 1 LPCAT1 JQ390612 

Lysophosphatidylcholine acyltransferase 2 LPCAT2 JQ277705 

Lysophosphatidylcholine acyltransferase 3 LPCAT3 JQ277706 

Phosphatidylethanolamine N-methyltransferase PEMT JQ277707 

Group XIIA secretory phospholipase A2 PLA2G12A JX975704 

Group XIIB secretory phospholipase A2 PLA2G12B JX975705 

Group XV phospholipase A2 PLA2G15 JX975706 

Retinoic acid receptor responder protein 3 RARRES3 JX975707 

85kDa calcium-independent phospholipase A2 PLA2G6 JX975708 

Cytosolic phospholipase A2 cyt-PLA2 JX975709 

Intestinal phospholipase A2  int-PLA2 JX975710 

Hepatic lipase HL EU254479 
Lipoprotein lipase LPL AY495672 
Lipoprotein lipase-like LPL-like JQ390609 

Lipase maturation factor 1 LMF1 JX975718 

Lipase member H LIPH JX975715 

Lysosomal acid lipase LIPA JQ308831 

Hormone sensitive lipase HSL EU254478 
Adipose triglyceride lipase ATGL JX975711 

sn1-specific diacylglycerol lipase β DAGLB JX975716 

Monoacylglycerol lipase abhydrolase domain-containing protein 6 ABHD6a JX975713 
Monoacylglycerol lipase abhydrolase domain-containing protein 
12 ABHD12b JX975712 

Carboxyl ester lipase CEL JX975714 

Colipase-dependent pancreatic lipase cd-PL JX975717 

Carnitine palmitoyltransferase 1A CPT1A JQ308822 

Carnitine palmitoyltransferase 1B CPT1B DQ866821 
Enoyl-CoA hydratase ECH JQ308826 

Hydroxyacyl-CoA dehydrogenase HADH JQ308829 

Liver X receptor α LXRα FJ502320 
Peroxisome proliferator-activated receptor α PPARα AY590299 
Peroxisome proliferator-activated receptor β PPARβ AY590301 
Peroxisome proliferator-activated receptor γ PPARγ AY590304 
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6.2.3 Molecular markers of intestine function and integrity 

Several gastrointestinal syndromes due to nutritional and infectious agents have 
been described as important causes of low growth performance, poor health and 
even serious mortalities in cultured fish. Among the nutritional agents, the soya-
induced enteritis of salmonids is the most studied. In Mediterranean farmed fish, the 
soya susceptibility is much lower, but the total replacement of FM by plant-based 
aquafeeds leads to a wide range of metabolic disorders, affecting among others to 
lipoprotein and cholesterol metabolism. The gastrointestinal tract is also an important 
immunological site acting as a physical and chemical barrier against invading 
organisms entering the body. Hence, cells within the intestine produce a range of 
chemical substances, which can enhance the barrier function, contribute to innate 
defences, or activate processes that lead to an adaptive immune response.  

As reported in D1.2, histopathological scoring system is a high valuable tool of 
clinical use for the assessment the nutritionally mediated effects of essential 
nutrients on the intestine function and architecture. Attempts to assess the intestine 
transcriptome have also revealed that this tissue is largely altered by nutritional 
background and disease outcomes in either nutritional or parasitic enteritis. Routine 
assays for the transcriptomic assessment of intestine function and integrity remain, 
however, far to be established in most livestock animals. This is the rationale for 
exhaustive Blast-searches in the nutrigroup sea bream database as a first step for 
the design and validation of a 96-well PCR layout for the simultaneous profiling of 
selected markers of intestine function and integrity.  

The nutrigoup-sea bream database is specially enriched on intestinal reads and this 
allowed the unequivocal identification (E-value < 3e-42) of 60 new intestinal-related 
genes, uploaded to GenBank with accession numbers KF857309-
KF857346/KF861987-KF862004/JQ27710-JQ27713. This list included 15 markers of 
cell differentiation and proliferation (PCNA, BMPR1A, IHH, GLI1, GLIS3, HHIP, WLs, 
Myc, CTNNB1, Tcf4, NLE1, HES1-B, GFI-1, KLF4, VIM), 3 markers of cell adhesion 
(ITGB1BP1, ITGB6, ILK), 8 markers of tight-junctions (OCLN, CLDN12, CLDN15, 
TJP1, CDH1, CDH17, F11R, CXADR), 1 marker of desmosomes (DSP), 3 markers 
of gap junctions (CX32.2, CX32.7, GJB4), 4 mucins (MUC2, MUC2-like, MUC13, I-
MUC), 4 markers of differentiated enterocytes (ALPI, FABP1, PABP2, FABP6), 2 
markers of oxidative stress (CALR, CANX), 8 chemokine receptors (CXC, CCL25, 
CCR3, CCR9, CR11, CCL20, CD48, CD276) and 12 pattern recognition receptors 
(PRRs) (TLR1, TLR2, TLR5, NOD1, MRC1, CD209, CD302, CLEC10A, LGALS1, 
LGALS8, CSL2, FCL). Thirty-three among them comprised complete codifying 
sequences with open reading frames of 332-2708 nucleotides in length and a 
variable number of reads (2-4026) composing the assembled sequences. 

The entire list of genes (88) included in the array is shown in Table 6.2. This set 
included markers of cell differentiation and proliferation (15), intestinal architecture 
and permeability (19), enterocyte function and epithelia damage (9), immune-
surveillance (interleukins, cytokines and chemokines receptors (21); PRRs (13) and 
mitochondria function and biogenesis (11).  
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The functional validation as a whole of this list of candidate genes has been carried 
out in feeding trials with practical diets supplemented with commercial preparations 
of butyrate (BP-70®Norel), and essential oils and probiotics (NEXT ENHANCE ®150 
Novus). Overall, the gene expression pattern highlights changes in cell differentiation 
and proliferation and cell to cell communication, inducing also pro-inflammatory or 
anti-inflammatory profiles depending on the feed additive and intestine segment 
(anterior intestine, posterior intestine), with also a probable change on the absorptive 
capacity of vitamins, bile salts and xenobiotics. 

The intestine transcriptomic profiling of gilthead sea bream fed feed additives 

resulted in two poster communications (Aquaculture conference: To the Next 40 

Years of Sustainable Global Aquaculture, Las Palmas Gran Canaria, Spain) and one 

article recently accepted for its publication in Fish and Shellfish Immunology (Pérez-

Sánchez et al., 2015). 

A second publication is derived from the molecular characterisation and functional 

regulation of six mucins, one of them specific of fish lineage (Pérez-Sánchez et al., 

2013, PLOS One 8:e65457.
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Table 6.2. List of genes included in the sea bream PCR/INTESTINE-HEALTH-CHIP. New 
sea bream sequences are in italics (60) 

 Gene name  Symbol 
 GenBank 

accession 

Proliferating cell nuclear antigen PCNA KF857335 

Bone morphogenetic protein receptor type-1A BMPR1A KF857333 

Indian hedgehog protein IHH KF857334 

Zinc finger protein GLI1 GLI1 KF857336 

Zinc finger protein GLIS3 GLIS3 KF857337 

Hedgehog-interacting protein HHIP KF857338 

Protein wntless homolog WLs KF857339 

Transcriptional regulator Myc Myc KF857340 

Catenin beta-1 CTNNB1 KF857341 

Transcription factor 4 Tcf4 KF857342 

Notcheless protein homolog 1 NLE1 KF857343 

Transcription factor HES-1-B HES1-B KF857344 

Zinc finger protein GFI-1 GFI-1 KF857345 

Krueppel-like factor 4 KLF4 KF857346 

Integrin beta-1-binding protein 1 ITGB1BP1 KF861987 

Integrin beta-6 ITGB6 KF861988 

Integrin-linked protein kinase ILK KF861989 

Occludin OCLN KF861990 

Claudin-12 CLDN12 KF861992 

Claudin-15 CLDN15 KF861993 

Tight junction protein ZO-1 TJP1 KF861994 

Cadherin-1 CDH1 KF861995 

Cadherin-17 CDH17 KF861996 

Junctional adhesion molecule A F11R KF861997 

Coxsackievirus and adenovirus receptor homolog CXADR KF861998 

Desmoplakin DSP KF861999 

Gap junction Cx32.2 protein CX32.2 KF862000 

Gap junction Cx32.7 protein CX32.7 KF862001 

Gap junction beta-4 protein GJB4 KF862002 

Mucin 2 MUC2 JQ27710 

Mucin 2-like MUC2-like JQ27711 

Mucin 13 MUC13 JQ27713 

Intestinal mucin I-MUC JQ27712 

Intestinal-type alkaline phosphatase ALPI KF857309 

Liver type fatty acid-binding protein FABP1 KF857311 

Intestinal fatty acid-binding protein FABP2 KF857310 

Ileal fatty acid-binding protein FABP6 KF857312 

Calreticulin CALR KF857313 

Calnexin CANX KF857314 

Glutathione reductase GR AJ937873 
Glutathione S-transferase 3 GST3 JQ308828 
Superoxide dismutase [Cu-Zn] SOD1 / Cu-Zn-SOD JQ308833 
Interleukin 1 beta IL-1β AJ419178 
Interleukin 1 receptor type 1 IL-1R1 JX976615 

 



ARRAIN
A P

roj
ec

t 2
01

6

 

20 
 

 

 Gene name  Symbol 
GenBank 
accession 

Interleukin 6 IL-6 EU244588 
Interleukin 6 receptor subunit beta IL-6RB JX976617 
Interleukin 7 IL-7 JX976618 
Interleukin 15 IL-15 JX976625 
Interleukin 8 IL-8 JX976619 
High affinity interleukin-8 receptor A IL-8RA JX976620 
Interleukin 10 IL-10 JX976621 
Interleukin 10 receptor subunit alpha IL-10RA JX976621 
Interleukin 34 IL-34 JX976629 
Tumor necrosis factor alpha TNF-α AJ413189 
Macrophage colony-stimulating factor 1 receptor 1 CSF1R1 AM050293 
C-X-C chemokine CXC KF857315 

C-C motif chemokine 25 CCL25 KF857316 

C-C chemokine receptor type 3 CCR3 KF857317 

C-C chemokine receptor type 9 CCR9 KF857318 

C-C chemokine receptor type 11 CCR11 KF857319 

C-C chemokine CK8 / C-C motif chemokine 20 CK8 / CCL20 GU181393 
CD48 antigen CD48 KF857320 

CD276 antigen CD276 KF857321 

Toll-like receptor 1 TLR1 KF857322 

Toll-like receptor 2 TLR2 KF857323 

Toll-like receptor 5 TLR5 KF857324 

Toll-like receptor 9 TLR9 AY751797 
Nucleotide-binding protein oligomerization domain-
containing protein 1 NOD1 KF857325 

Macrophage mannose receptor 1 MRC1 KF857326 

CD209 antigen CD209 KF857327 

CD302 antigen CD302 KF857328 

C-type lectin domain family 10 member A CLEC10A KF857329 

Galectin-1 LGALS1 KF862003 

Galectin-8 LGALS8 KF862004 

L-rhamnose-binding lectin CSL2 CSL2 KF857330 

Fucolectin FCL KF857331 

Vimentin VIM KF857332 

Mitochondrial 10 kDa heat shock protein mtHsp10 JX975224 
Mitochondrial 60 kDa heat shock protein mtHsp60 JX975227 
Mitochondrial 70 kDa heat shock protein mtHsp70 DQ524993 
Enoyl-CoA hydratase ECH JQ308826 
Hydroxyacyl-CoA dehydrogenase HADH JQ308829 
Citrate synthase CS JX975229 
Mitochondrial import inner membrane translocase 
subunit 44 Tim44 JX975239 
Mitochondrial import receptor subunit Tom22 Tom22 JX975236 
Mitochondrial Transcription factor A mtTFA JX975262 
Nuclear respiratory factor 1 NRF1 JX975263 
Proliferator-activated receptor gamma coactivator 1 
alpha PGC1α JX975264 
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PCR/INTESTINE-HEALTH-CHIP (CONT.) 
Cell differentiation and proliferation (15): PCNA, BMP pathway (BMPR1A), Hh pathway (IHH, GLI1, 
GLIS3), Wnt pathway (HHIP, WLs, Myc, CTNNB1, Tcf4), Notch pathway (NLE1, HES1-B, GFI-1, 
KLF4), VIM. 
Intestinal architecture and permeability (19): ITGB1BP1, ITGB6, ILK, OCLN, CLDN12, CLDN15, TJP1, 
CDH1, CDH17, F11R, CXADR, DSP, CX32.2, CX32.7, GJB4, MUC2, MUC2-like, MUC13, I-MUC. 
Enterocyte mass and epithelia damage (9): ALPI, FABP1, FABP2, FABP6, CALR, CANX, GR, GST3, 
SOD1. 
Interleukines, cytokines and chemokine receptors (21): IL-1β, IL-1R1, IL-6, IL-6RB, IL-7, IL-15, IL-8, 
IL-8RA, IL-10, IL-10RA, IL-34, TNF-α, CSF1R1, CXC, CCL25, CCR3, CCR9, CCR11, CCL20, CD48, 
CD276. 
Pattern recognition receptors (13): TLR1, TLR2, TLR5, TLR9, NOD1, MRC1, CD209, CD302, 
CLEC10A, LGALS1, LGALS8, CSL2, FCL. 
Mitochondrial function and biogenesis (11): mtHsp10, mtHsp60, mtHsp70, ECH, HADH, CS, Tim44, 
Tom22, mtTFA, NRF1, PGC1α.  
 

6.2.4 Molecular markers of growth performance 

The GH/IGF system is one of the most important endocrine determinants of growth 
in a vast array of metabolic disorders arising from crowding and handling stress or 
changes in feeding levels and diet composition. Certainly, attempts to assess the 
liver and extra-hepatic expression of IGFs and GH receptors indicate that these 
growth-promoting factors highly reflect the growth potentiality of gilthead sea bream 
through all the productive cycle. Hence, within the PEPPA and AQUAMAX EU 
projects, it is well documented that malnutrition down-regulates the expression of 
hepatic GH receptors, decreasing hepatic IGF production and circulating IGF-I 
concentration, which in turn enhances the pituitary GH expression due to the 
reduced negative feedback effect of IGFs. However, it remains to be established 
how different deficiencies in essential nutrients affect as a whole the different 
components of the GFH/IGF system, including GH, IGFs, GH receptors, IGF 
receptors, insulin receptors and IGF-binding proteins.  

Similarly, the gene expression pattern of inhibitory and stimulatory factors of muscle 
cell proliferation and differentiation, including myogenic factors, myostatin, follistatin 
and cadherin 15, have been reported in many fish species, but its use to evaluate 
the requirements or deficiencies in essential nutrients is in an infancy state. The 
same happens for markers of muscle protein breakdown, including the 
calpain/calpastatin system, and proteases of the lysosomal and ubiquitin-
proteasome pathways.  

Attempts to assess the expression and regulation of markers of molecular 
chaperones of mitochondria and endoplasmic reticulum have also been done in last 
years as highly informative markers of oxidative stress in fish exposed to 
environmental and nutritional stressors. However, the combined use of these 
markers with other more specific deficiencies in essential nutrients is yet limited, and 
the routine tools for the fine tuning at the molecular level of growth performance is an 
urgent need of the aquaculture industry and scientific community.  
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Currently, important research efforts have been done within the AQUAEXCEL EU 
project for the functional phenotyping of mitochondria at the molecular level, and 
importantly almost all the mitochondria-related genes are represented in the 
nutrigroup-seabream database, which makes possible to construct a pathway-
focused PCR array of selected markers of growth performance including among 
others markers of GH/IGF system (12), muscle cell growth and differentiation (16), 
protein breakdown (20), protein folding and assembly (10), inflammatory response 
(13), energy sensing (5), oxidative phosphorylation and mitochondrial respiration 
uncoupling (10) (Table 6.3). This yielded 49 new gilthead sea bream sequences 
uploaded to GenBank with accession numbers KM522771-KM522804, JX976616-
JX976623, KF018666-KF018670, KF444899-KF444900. 

This growth-PCR array has been used in WP4 to assess at the molecular level the 
long-term effects of low FM/FO diets supplemented with butyrate on the gene 
expression profiling of liver and skeletal muscle. These results are part of the 
deliverable D4.3 and highly support the use of alternative diets with less than 7.5% 
of raw materials when the theoretical needs in essential nutrients are met by diet. 
Importantly, this new genomic tool is able to differentiate the molecular signatures of 
fish fed FM-free diets formulated for deficiencies in Met, n-3 LC-PUFA, 
phospholipids, phosphorus, minerals and vitamins. In the next deliverable (D1.4), 
this information will be especially relevant to define integrated tools for the clinical 
assessment of nutrient deficiencies in gilthead sea bream and perhaps other farmed 
fish considered in the project.   
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 Table 6.3. List of genes included in the sea bream PCR/GROWTH-CHIP. New sea 
bream sequences are in italics (49). 

 Gene name  Symbol 
 GenBank 
 accession 

Growth hormone receptor I GHR-I AF438176 
Growth hormone receptor II GHR-II AY573601 
Insulin-like growth factor-I IGF-I AY996779 
Insulin-like growth factor-II IGF-II AY996778 
Insulin-like growth factor binding protein 1 IGFBP1 KM522771 
Insulin-like growth factor binding protein 2 IGFBP2 AF377998 
Insulin-like growth factor binding protein 4 IGFBP4 KM658998 
Insulin-like growth factor binding protein 7 IGFBP7 KM522772 
Insulin-like growth factor-binding protein complex acid labile 
subunit IGFALS KM522773 

Insulin receptor INSR KM522774 

Insulin-like growth factor receptor I IGFR1 KM522775 

Insulin-like growth factor receptor II IGFR2 KM522776 

Myoblast determination protein 1 MyoD1 AF478568 
Myogenic factor MYOD2 MyoD2 AF478569 
Myogenic factor 5 Myf5 JN034420 
Myogenic factor 6 Myf6/MRF4 JN034421 
Myostatin/Growth differentiation factor 8 MSTN/GDF-8 AF258448 
Myocyte-specific enhancer factor 2A MEF2A KM522777 

Myocyte-specific enhancer factor 2C MEF2C KM522778 

Follistatin FST AY544167 
Caveolin 3 CAV3 KM522779 

Desmin DES KM522780 

Vimentin VIM KF857332 
Cadherin 15 CDH15 KM522781 

Proliferating cell nuclear antigen  PCNA KF857335 
Paired box 7 PAX7 KM522782 

Transcription factor SOX3 SOX3 KM522783 

c-met/hepatocyte growth factor receptor MET KM522784 

Calpain 1 CAPN1 KF444899 

Calpain 2 CAPN2 KF444900 

Calpain 3 CAPN3 KM522785 

Calpastatin CAST KM522786 

Cathepsin B CTSB KJ524457 
Cathepsin D CTSD AF03619 
Cathepsin L CTSL KM522787 

Cathepsin S CTSS KM522788 

26S proteasome non-ATPase regulatory subunit 4 PSMD4 KM522789 

26S proteasome non-ATPase regulatory subunit 12 PSMD12 KM522790 

Proteasome subunit alpha type-5 PSMA5 KM522791 

Proteasome subunit beta type-1-A PSMB1 KM522792 

Ubiquitin carboxyl-terminal hydrolase isozyme L3 UCHL3 KM522793 

Ubiquitin-conjugating enzyme E2 A UBE2A KM522794 

Ubiquitin-conjugating enzyme E2 D2 UBE2D2 KM522795 

Ubiquitin-conjugating enzyme E2 L3 UBE2L3 KM522796 
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PCR/GROWTH-CHIP (CONT.) 

 

  

Gene name Symbol 
GenBank 
accession 

Ubiquitin-conjugating enzyme E2N UBE2N KM522797 

Cullin 2 CUL2 KM522798 

Cullin 3 CUL3 KM522799 

Cullin 5 CUL5 KM522800 

10 kDa heat shock protein, mitochondrial mtHsp10 JX975224 
30 kDa heat shock protein Hsp30 KM522801 

60 kDa heat shock protein, mitochondrial mtHsp60 JX975227 
70 kDa heat shock protein, mitochondrial mtHsp70/GRP-75 DQ524993 
90 kDa heat shock protein alpha 1 Hsp90α KM522802 

90 kDa heat shock protein beta Hsp90β KM522803 

Glucose-regulated protein, 170 kDa GRP-170 JQ308821 
Glucose-regulated protein, 94 kDa GRP-94 JQ308820 
Derlin-1 DER-1 JQ308825 
ER-associated Hsp40 co-chaperone ERdj3 JQ308827 
Interleukin-1 beta IL-1β AJ419178 
Interleukin-1 beta receptor 1 IL-1R1 JX976615 
Interleukin-1 beta receptor 2 IL-1R2 AM296027 
Interleukin-6 IL-6 EU244588 
Interleukin-6 receptor A IL-6RA JX976616 

Interleukin-6 receptor B IL-6RB JX976617 

Interleukin-8 IL-8 JX976619 

Interleukin-8 receptor A IL-8RA JX976620 

Interleukin-10 IL-10 JX976621 

Interleukin-10 receptor A IL-10RA JX976622 

Interleukin-10 receptor B IL-10RB JX976623 

Tumor necrosis factor-alpha TNF-α AJ413189 
Tumor necrosis factor receptor type 1-associated 
DEATH domain protein TRADD KM522804 

Sirtuin1 SIRT1 KF018666 

Sirtuin2 SIRT2 KF018667 

Sirtuin3 SIRT3 KF018668 

Sirtuin4 SIRT4 KF018669 

Sirtuin5 SIRT5 KF018670 
Proliferator-activated receptor gamma coactivator 1 
alpha PGC1α JX975264 
Carnitine palmitoyltransferase 1A CPT1A JQ308822 
Citrate synthase CS JX975229 
NADH-ubiquinone oxidoreductase chain 2 ND2 KC217558 
NADH dehydrogenase (ubiquinone) 1 alpha 
subcomplex, assembly factor 2  NDUFAF2 KC217598 
Cytochrome c oxidase subunit I COXI KC217652 
SCO1 protein homolog, mitochondrial SCO1 KC217649 
Uncoupling protein 1 UCP1 FJ710211 
Uncoupling protein 2 UCP2 JQ859959 
Uncoupling protein 3 UCP3 EU555336 
Liver X receptor α LXRα FJ502320 
Peroxisome proliferator-activated receptor α PPARα AY590299 
Peroxisome proliferator-activated receptor γ PPARγ AY590304 
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GH/IGF system (12): GHR-I, GHR-II, IGF-I, IGF-II, IGFBP1, IGFBP2, IGFBP4, IGFBP7, 
IGFALS, INSR, IGFR1, IGFR2 
Muscle growth and differentiation (16): MyoD1, MyoD2, Myf5, Myf6, MSTN, MEF2A, 
MEF2C, FST, CAV3, DES, VIM, CDH15, PCNA, PAX7, SOX3, MET 
Protein breakdown (20): CAPN1, CAPN2, CAPN3, CAST, CTSB, CTSD, CTSL, CTSS, 
PSMD4, PSD12, PSMA5, PSMB1, UCHL3, UBE2A, UBE2D2, UBE2L3, UBE2N, CUL2, 
CUL3, CUL5 
Protein folding and assembly (10): mtHsp10, Hsp30, mtHsp60, mtHsp70, Hsp90α, Hsp90β, 

GRP-170, GRP-94, DER-1, ERdj3 
Inflammatory/anti-inflammatory response (13): IL-1β, IL-1R1, IL-1R2, IL-6, IL-6RA,IL-6RB, 
IL-8, IL-8RA, IL-10, IL-10RA, IL-10RB, TNF-α, TRADD 
Energy sensors (5): SIRT1, SIRT2, SIRT3, SIRT4, SIRT5 
Oxidative phosphorylation (7): PGC1α, CPT1A, CS, ND2, NDUFAF2, COXI, SCO1 
Mitochondrial respiration uncoupling (3): UCP1, UCP2, UCP3 
Transcriptional factors (3): LXRα, PPARα, PPARγ 
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2. Conclusion  

This deliverable presents intermediate results on the validation of new biomarkers in 
the different species. It was not possible to conclude on species together because the 
approach is specific of each species combining conventional and “omics” approaches 

and methodologies 

The final aim is to test new biomarkers in the different species and to extrapolate the 
approaches between closely related species. In the end this will result in a database 
including all the information on biomarkers in the different species. The inputs from the 
other workpackages will also enable to integrate tools and biomarkers capable of 
predicting and describing any growth, metabolic and healthy disturbance arising from 
specific nutrient deficiencies and/or imbalances.  

 




