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Abstract

Background: The zootechnical performance of three different commercial feeds and their impact on liver and
serum proteins of gilthead sea bream (Sparus aurata, L.) were assessed in a 12 week feeding trial. The three feeds,
named A, B, and C, were subjected to lipid and protein characterization by gas chromatography (GC) and liquid
chromatography-tandem mass spectrometry (LC-MS/MS), respectively.

Results: Feed B was higher in fish-derived lipids and proteins, while feeds C and A were higher in vegetable
components, although the largest proportion of feed C proteins was represented by pig hemoglobin. According to
biometric measurements, the feeds had significantly different impacts on fish growth, producing a higher average
weight gain and a lower liver somatic index in feed B over feeds A and C, respectively. 2D DIGE/MS analysis of liver
tissue and Ingenuity pathways analysis (IPA) highlighted differential changes in proteins involved in key metabolic
pathways of liver, spanning carbohydrate, lipid, protein, and oxidative metabolism. In addition, serum proteomics
revealed interesting changes in apolipoproteins, transferrin, warm temperature acclimation-related 65 kDa protein
(Wap65), fibrinogen, F-type lectin, and alpha-1-antitrypsin.

Conclusions: This study highlights the contribution of proteomics for understanding and improving the metabolic
compatibility of feeds for marine aquaculture, and opens new perspectives for its monitoring with serological tests.

Keywords: Gilthead sea bream, Aquaculture, Fish feed, Farmed fish, Liver proteins, Serum proteins, 2D DIGE, Mass
spectrometry, Ingenuity pathway analysis, Proteomics
Background
Compatibility of feeds with fish metabolism is para-
mount for optimal zootechnical performance of the
aquaculture plant [1]. However, producing the optimal
diet for carnivorous marine species such as the gilthead
sea bream (Sparus aurata, L.) would require the trans-
formation of large amounts of wild fish in fish meal and
fish oil [2]. The high costs and the unsustainable overex-
ploitation of the wild fish stock have generated an increas-
ing demand for developing feed formulations incorporating
alternative raw materials, involving the replacement of fish
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meal with cheaper proteins of vegetable plant origin,
including soybean, lupin seeds, peas, and sunflower [3].
However, although vegetable substitutes have produced
encouraging results for species such as the rainbow
trout (Onchorynchus mykiss) [4,5], these do often have
limited compatibility with the metabolism of marine
fish [6,7], due to the paucity or total lack of essential
nutrients including specific aminoacids such as lysine
and methionine, and fatty acids such as eicosapentanoic
acid (EPA) and docosahexaenoic acid (DHA), that add
to the poor protein digestibility [5,8]. Finding the key
nutritional integrations is therefore becoming para-
mount to improve the metabolic compatibility of sus-
tainable feeds, fish quality and its certification that, in
l Ltd. This is an Open Access article distributed under the terms of the Creative
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turn, will attract consumer interest in higher level
products. To this aim, sustainable and cheap protein
sources, such as meat byproducts including blood meal,
bone meal and, more recently, poultry or porcine waste
matter, can integrate plant-based meals with some of
the essential nutrients present only in fish meal and not
in vegetable sources. Additional solutions to improve
growth and protein utilization are represented by sup-
plementing feed components with crystalline essential
amino acids [5,9-11].
Insights into the response of fish metabolism to dietary

substitutions can be provided by investigating how the
proteome of pivotal tissues of the organism is affected
by nutritional changes [12,13]. With this purpose, nu-
merous research groups have applied proteomic analysis
to farmed fish biofluids or tissues such as serum, liver,
muscle, and other organs [12-21]. In particular, liver has
gained the greatest attention for studying the influence
of feed composition on fish metabolism. In fact, liver
can be considered as the main metabolic reactor of the
body: over 10,000 biochemical reactions are estimated to
occur in this organ at any given time point, including
carbohydrate, fat, and protein metabolism, storage of vi-
tamins and minerals, and this organ is also known to
possess a number of regulatory functions. Liver metabol-
ism is considerably influenced by factors such as diet,
environment, and stress, and might be affected by a wide
range of xenobiotics and toxins [12]. In the past, Martin
and coworkers [8,16] studied the changes occurring in
the liver proteome as a consequence of different feeding
regimens, including dietary plant protein substitution.
Other authors investigated the liver proteome changes
in gilthead sea breams exposed to low temperatures [22];
liver proteomics was also used to study the influence of
handling and crowding as chronic stressors [18] and to
study the effects of different contaminants, antibacterial,
and antiparasitic agents [23,24].
Blood serum (or plasma) is a biological fluid of primary

importance, being typically considered to be a ‘river’ of
proteins and peptides bathing cells and tissues of the
whole organism, acting as a mirror/reporter of physio-
logical or pathological conditions [12,25]. Due to the many
advantageous analytical traits, such as ease of sampling,
handling and storage, elevated characterization, and lim-
ited processing required for analysis, serum is the pre-
ferred biological sample for monitoring a plethora of
physiological and pathological parameters. In fish, serum
proteomics has been successfully applied to investigate the
response to numerous factors occurring in fish farming,
including the response to domestication, the impact of
various types of physical stressors, infections, and the ad-
ministration of probiotics [12,17,19,21].
In this work, a twelve week feeding trial with three dif-

ferent commercial feeds was carried out on gilthead sea
bream (Sparus aurata), the most relevant Mediterranean
aquacultured fish species. Feeds were characterized for
lipid composition by gas chromatography and for pro-
tein composition by shotgun proteomics followed by
label-free quantitation. Liver tissue and blood serum of
gilthead sea breams were subjected to proteomic
characterization by 2D DIGE, nanoLC chip-cube ion
trap tandem mass spectrometry, and pathway analysis.
This study illustrates the contribution of proteomics in
understanding the compatibility of feeds with fish me-
tabolism, and discusses how the data gathered following
these studies can provide inputs to improve feed formu-
lations and, consequently, fish quality and economical
value.

Results
Lipid and protein composition of the three feeds
Fatty acid (FA) composition of the three feeds is re-
ported in Table 1. Feeds A and C were characterized by
very high levels of linoleic acid (9c,12 t-18:2 n-6), and
monounsaturated fatty acids, such as oleic (9c-18:1) and
palmitoleic (9c-16:1) acids, probably as a consequence of
high amounts of vegetable ingredients such as soy flour
and oil. Feed B, on the other hand, showed a relatively
high content of saturated FA (myristic 14:0, and palmitic
16:0) and essential long chain n-3 FA, such as eicosa-
pentaenoic (EPA 20:5 n-3), docosapentaenoic (DPA 22:5
n-3) and docosaexaenoic (DHA 22:6 n-3), certainly de-
rived from the higher amount of fish ingredients or fish
oil components. Typical vegetable oils, such as oleic and
linoleic acid, represented only a minor fraction of Feed
B. It is worth noting that Feed A showed high contents
of both DHA and EPA, which is in keeping with a sub-
stantial supplementation of fish oil to the vegetable
matrix. On the other hand, Feed C, although based on
raw materials similar to those of Feed A, contained the
lowest percentages of DHA and EPA and the highest
content of linoleic and oleic acids, likely due to a re-
duced supplementation with fish oil and a corresponding
prevalence of vegetable lipids. Overall, these data fit with
the raw materials listed in feed labels.
With the aim of gathering information on their com-

position in terms of vegetable or animal proteins, feeds
were also subjected to LC-MS/MS analysis. Protein com-
position percentages were assessed based on the protein
identification ontology (Additional file 1). As illustrated
in Figure 1, Feed B was the one with the highest relative
fish protein composition (29%), followed by feed A
(28%), and feed C (10%). Feed B, however, showed also
the highest vegetable protein content (69% vs 61% and
23% for feeds A and C, respectively). Actually, Feed B
did not contain any animal blood protein, which was by
far the most relevant component of Feed C (65%), and
accounted also for 9% of Feed A.



Table 1 Fatty acid composition of the three feeds according to GC-MS analysis

Common name Feed A Feed B Feed C

Fatty acid % SD % SD % SD

14:0 myristic 5.45 0.01 8.33 0.00 2.55 0.02

16:0 palmitic 14.96 0.13 19.82 0.02 12.67 0.04

16:1 n-7 palmitoleic 5.56 0.03 8.63 0.02 3.29 0.02

18:0 stearic 3.52 0.01 3.94 0.01 2.87 0.01

18:1 n-9 n-9 oleic 16.67 0.05 12.01 0.01 17.72 0.11

18:1 n-11 n-11 oleic 2.31 0.01 3.41 0.00 1.79 0.04

18:2 n-6 linoleic 19.13 0.05 4.46 0.03 34.89 0.45

18:3 n-3 (linolenic acid) α-linolenic 1.01 0.00 1.18 0.00 4.39 0.01

18:4 n-3 stearidonic 1.80 0.01 0.30 0.01 1.30 0.01

20:5 n-3 eicosapentaenoic 11.61 0.02 15.78 0.00 3.56 0.02

22:5 n-3 docosapentaenoic 1.44 0.01 2.05 0.04 0.36 0.00

22:6 n-3 docosahexaenoic 7.96 0.05 7.47 0.12 4.29 0.02
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Differences in fish growth performance according to
different feeds
The impact of three different feeds (A, B, and C) on fish
growth was initially assessed by evaluating the corre-
sponding biometrical data (Table 2). A significantly
higher average weight gain (AWG) (p < 0.05) was ob-
served for Feed B (AWG= 121.19 ± 5,17 g) when com-
pared to Feed C (AWG= 96,56 ± 7,21 g) and Feed A
(AWG= 107,89 ± 7,71 g). Liver somatic indexes mea-
sured at the end of the trial accounted for the statisti-
cally significant differentiation of Feed B (LSI = 0,86 ±
0,11) from Feed A (LSI = 1,00 ± 0,17) and Feed C (LSI =
0,96 ± 0,11) (p < 0.05).

Differential expression of gilthead sea bream liver
proteins upon administration of the three feeds
To assess the impact of the three different feeds on the
expression profile of sea bream liver proteins, a 2D
DIGE analysis was implemented. The 2D DIGE ap-
proach was chosen in order to enable also detection of
proteoforms differing in size and isoelectric point. In
addition, the low level of sequencing and annotation of
the S. aurata genome, and of fish species in general, was
not ideal for carrying out a shotgun proteomics ap-
proach combined with label-free quantitation for differ-
ential protein profiling. 2D DIGE analysis of liver tissues
was carried out by comparing expression levels at the
beginning of the study (T0) and after 12 weeks of feed-
ing with feeds A, B, and C, (T12A, T12B, and T12C, re-
spectively). Unfortunately, the protein pattern of one of
the Feed C gels presented technical problems and was
not considered in the final analysis.
As a result, 21, 24, and 11 statistically different spots

(p < 0.05) with abundance levels above or below 1.5 fold
were detected at T12A, T12B, and T12C, respectively.
Multivariate analysis based on the principal component
analysis (PCA) performed on all differential protein
spots (p < 0.05) generated separate clusters (Figure 2b)
differentiated by two principal components that distin-
guish the variance.
As a first result, a significant divergence was seen for

liver samples at T0 when compared to T12 for all feeds.
In addition, among the three T12 groups, T12B clustered
separately from T12A and T12C, in line with the bio-
metrical results. Hierarchical clustering (HC) of differen-
tial spots and their levels of intensity (heat map) is
presented in Figure 2a. The heat map and the hierarch-
ical tree constructed using protein expression pattern
similarities defined four separate groups (T12C, T12A,
T0, T12B), highlighting also in this case a stronger sep-
aration of T12B from the other sample groups. Figure 3
reports a representative 2D PAGE of gilthead sea bream
liver proteins indicating all the protein spots that under-
went statistically significant differences in one of the
sample groups, while Table 3 summarizes protein identi-
fications and expression trends. Complete data on pro-
tein identifications are reported in Additional file 2.
Spots that did not provide a valid protein identification
are not reported.

Functional characterization of differential liver proteins:
Ingenuity pathway analysis
All liver proteins showing statistically significant differ-
ences in expression from T0 to T12 for the three feeds,
and their respective fold change values, were subjected
to pathway analysis using the IPA software, with the aim
of elucidating the main metabolic changes and repre-
senting them by networks. Since the IPA database builds
on the literature generated on human and rodents, the
UniProt codes for identified proteins were substituted



Table 2 Biometrical results obtained on gilthead sea
breams in the 12 week feeding trial

Feed A Feed B Feed C

IW (g) 268.54 ± 27.04 294.82 ± 28.05 276.61 ± 46.14

FW (g) 376.43 ± 45.09a 416.01 ± 47.65b 373.17 ± 55.28a

AWG (g) 107.89 ± 7.71b 121.19 ± 5.17a 96.56 ± 7.21b

LSI (%) 1.00 ± 0.17a 0.86 ± 0.11b 0.96 ± 0.11a

Values are reported as means ± S.E. (number of fish analyzed n = 45/feed for
IW, FW, and AWG; n = 9/feed for LSI); a, b, and c indicate statistically different
values (p < 0.05, Student’s t-test). IW: initial weight; FW: final weight; AWG:
average weight gain; LSI: liver somatic index.

Figure 1 Protein sources in feeds. Pie charts illustrating the
distribution of proteins according to their source in the three feeds
used for this study and named a, b, and c. Protein sources are classified
according to LC-MS/MS protein identification and ontology attribution.
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with the UniProt codes of the closest human protein
equivalents for the purpose of this analysis, as described
previously for sea bass [26] and sheep [27]. The analysis
was carried out considering the T12 for each feed and
comparing its impact on the liver protein profile when
compared to T0. For Feed A, the network scoring the
best significance value was cell-to-cell signaling and
interaction, inflammatory response, lipid metabolism
(score 38). For Feed B, two networks produced a high
score: cell-to-cell signaling and interaction, cellular func-
tion and maintenance, inflammatory response, with a
score of 35, and cell death and survival, cellular com-
promise, cell cycle, with a score of 15. For Feed C, the
highest scoring network (score 34) was lipid metabolism,
molecular transport, small molecule biochemistry. Net-
works are reported in Additional file 3. Concerning top
molecules, the highlighted differential proteins were 13
for Feed A (10 upregulated and 3 downregulated pro-
teins), 18 for Feed B (10 upregulated and 8 downregu-
lated proteins), and 12 for Feed C (9 upregulated and 3
downregulated proteins). Top molecules according to
IPA are listed in Table 4.
Differential expression of gilthead sea bream blood
serum proteins upon administration of the three feeds
In order to assess the variation of serum protein levels
following changes in feeding formulations, fish were
sampled at T0 and at T12A, T12B, and T12C. Proteins
from all samples were then compared for protein levels
by 2D DIGE. As a result, 14, 13 and 8 differential spots
were detected at T12A, T12B, and T12C, when com-
pared to T0, respectively.
HC of differential spots and their levels of intensity

(heat map) is presented in Figure 4a. The heat map and
the hierarchical tree constructed using protein expres-
sion pattern similarities defined four separate groups
(T12A, T0, T12B, T12C). Multivariate analysis based on the
PCA performed on all differential protein spots (p < 0.05)
generated four separate clusters (Figure 4b). However, sta-
tistically differential spots seen among the three feeds were
mainly very faint, low molecular weight spots, that did not
provide a valid identification or corresponded to higher
molecular weight proteins. Table 5 reports only the iden-
tities of all major spots identified, as indicated in Figure 5.
When examining the heat map and the PCA clustering

in Figure 4, Feed C produced less significant variations at
T12 when compared to Feeds A and B. On the other
hand, Feeds A and B were clearly showing a higher impact
on both biometric parameters and the liver proteomes.
Therefore, a further experiment was carried out by using a
narrower pH gradient, and with a higher number of repli-
cates, to compare serum profiles at T12A and T12B, in
order to highlight the differences existing between serum
protein profiles in the two feeding trials at the end point.
As a result, 20 statistically different spots (p < 0.05) with
abundance levels above or below 1.5 fold were detected
between T12A and T12B.
HC of differential spots and their levels of intensity

(heat map) is represented in Figure 6a. The heat map
and the hierarchical tree produced two clearly separated
groups (T12A, T12B). The PCA comparing all samples
generated the same clustering pattern, highlighting also
in this case a strong separation of the two sample groups
(Figure 6b). Statistically different protein spots were



Figure 2 Statistical analysis of 2D DIGE results. Statistical analysis of 2D DIGE results. The figure illustrates the heat map (a) and the score plot
(b) obtained upon comparison of the liver protein profiles of sea breams at T0 (blue) and after 12 weeks (T12) of feeding with feeds A (pink),
B (green), and C (dark red). In the heat map (a), each cell represents the differential protein expression trends, indicating increased expression in
green and decreased expression in red. Clustering is performed according to the proteins (left dendrogram) and the sample (top dendrogram). In
the score plot (b), sample clustering according to the principal component analysis is reported.

Figure 3 Representative 2D PAGE of gilthead sea bream liver proteins. Differentially expressed proteins are circled in the map, and information
on their differential expression and identity is reported in Table 3.
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Table 3 Protein expression trends observed for T12A, T12B, and T12C vs T0, expressed as average ratios

Spot T12A vs T0 T12B vs T0 T12C vs T0 Protein name

1 1.7 Heat shock protein

7 1.52 UTP-glucose-1-phosphate uridylyltransferase

8 1.83 Alpha-amylase

9 1.77 Alpha-amylase

UTP-glucose-1-phosphate uridylyltransferase

10 1.74 UTP-glucose-1-phosphate uridylyltransferase

12 1.55 Elongation factor 1-alpha

13 1.65 Betaine homocysteine methyltransferase

14 1.61 Betaine homocysteine methyltransferase

15 1.52 −4.58 2.01 Adenosylhomocysteinase

16 −2.02 Fumarylacetoacetate hydrolase

17 1.53 4-hydroxyphenylpyruvate dioxygenase

18 1.63 1.32 Isocitrate dehydrogenase

20 1.77 40S ribosomal protein SA

22 2 Malate dehydrogenase

23 −3.18 Fructose-bisphosphate aldolase

24 1.79 −1.91 Fructose-bisphosphate aldolase

27 −2.08 Fructose-bisphosphate aldolase

28 −1.83 Fructose-bisphosphate aldolase

29 −2.08 Malate dehydrogenase

Betaine homocysteine methyltransferase

30 1.64 Fructose-bisphosphate aldolase

31 −1.59 −1.73 Guanine nucleotide-binding protein subunit beta-2 like 1

33 −2.06 −1.62 Prohibitin

High choriolytic enzyme 1

34 −1.57 3-hydroxyanthranilate 34-dioxygenase

36 1.69 Betaine homocysteine methyltransferase

37 −1.08 Apolipoprotein A-IV

38 1.89 Apolipoprotein A-I

39 1.66 Apolipoprotein A-I

40 1.75 Betaine homocysteine methyltransferase

41 −2.1 1.41 Betaine homocysteine methyltransferase

42 −2.34 1.55 Peptidyl-prolyl cis-trans isomerase

43 1.9 −2.17 Fatty acid binding protein-like protein

44 1.7 Alpha-2 globin

45 −1.35 −4.35 −1.95 Alpha-1 globin

46 2.02 1.59 14 KDa Apolipoprotein

47 1.77 14 KDa Apolipoprotein

Nucleoside disphosphate kinase

49 −2.2 −7.18 −1.87 Alpha-2 globin

Spots are numbered according to Figure 3. Details on protein identification by mass spectrometry are reported in Additional file 2. Non-significant changes and
spots that did not provide a valid protein identification are not reported.
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Table 4 Top scoring molecules according to IPA analysis
obtained when comparing expression levels at T12 with
expression levels at T0

Feed Proteins Exp.value

A Apolipoprotein A2 (APOA2) 2.020

Aldehyde Dehydrogenase (ADH5) 2.000

Malate dehydrogenase (MDH) 2.000

Fatty Acid Binding Protein 1 (FABP1) 1.900

Apolipoprotein A1 (APOA1) 1.890

Aldolase B (ALDOB) 1.790

Ribosomal 40S subunit (RPSA) 1.770

Betaine-homocysteine S-methyltransferase 1 (BHMT) 1.750

4-hydroxyphenylpyruvate dioxygenase (HPD) 1.530

Adenosylhomocysteinase (AHCY) 1.520

Fumarylacetoacetate hydrolase (FAH) −2.020

Guanine nucleotide-binding protein
subunit beta-2-like 1 (GNB2L1)

−1.590

Alpha-1 globin (HBA1) −1.350

B Apolipoprotein A2 (APOA2) 2.020

Aldehyde Dehydrogenase (ADH5) 2.000

Apolipoprotein A1 (APOA1) 1.890

Alpha-amylase (AMY1A) 1.830

Nucleoside-diphosphate kinase (NME4) 1.770

Ribosomal 40S subunit (RPSA) 1.770

UTP-glucose-1-phosphate uridylyltransferase (UGP2) 1.740

Heat shock protein (HSPB1) 1.700

Isocitrate dehydrogenase (IDH) 1.630

Elongation factor 1-alpha (EEF1A1) 1.550

Adenosylhomocysteinase (AHCY) −4.850

Alpha-1 globin (HBA1) −4.350

Aldolase B (ALDOB) −3.180

Fatty Acid Binding Protein 1 (FABP1) −2.170

Betaine-homocysteine S-methyltransferase 1 (BHMT) −2.100

Malate dehydrogenase (MDH1) −2.080

Prohibitin (PHB) −2.060

Guanine nucleotide-binding protein
subunit beta-2-like 1 (GNB2L1)

−1.730

C Apolipoprotein A2 (APOA2) 2.020

Adenosylhomocysteinase (AHCY) 2.010

Aldehyde Dehydrogenase (ADH5) 2.000

Fatty Acid Binding Protein 1 (FABP1) 1.900

Apolipoprotein A1 (APOA1) 1.890

Aldolase B (ALDOB) 1.790

Ribosomal 40S subunit (RPSA) 1.770

Betaine-homocysteine S-methyltransferase 1 (BHMT) 1.650

Isocitrate dehydrogenase (IDH) 1.320

Alpha-1 globin (HBA1) −1.950

Table 4 Top scoring molecules according to IPA analysis
obtained when comparing expression levels at T12 with
expression levels at T0 (Continued)

Apolipoprotein A4 (APOA4) −1.800

Prohibitin (PHB) −1.620
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subjected to mass spectrometry identification. Figure 7
reports a representative map indicating all the major,
statistically significant, differential spots, while Table 6
reports protein identities and their respective abundance
changes. Detailed protein identifications are reported in
Additional file 4.
Then, IPA was carried out for differential serum pro-

teins, as previously done for liver proteins. However, in
this case some significant differential proteins were ei-
ther not assigned or provided controversial results, due
to their unique functions in fish when compared to
humans, mouse and rat (on which IPA is based), such as
the warm temperature acclimation-related 65 kDa pro-
tein (Wap65). Consequently, the biological role of pro-
tein abundance differences was evaluated based on
previous data available for fish in the scientific literature.
Discussion
This study presents a comprehensive evaluation of the
impact of three commercial feeds, designated as A, B,
and C, on gilthead sea bream growth and metabolism,
carried out by assessing protein abundance changes in
liver tissue and blood serum at the end of a 12 week
feeding trial (T0 vs T12A, T12B, and T12C, respect-
ively). On a biometric scale, the three feeds produced
differences in growth efficiency and in terms of liver
somatic index, advantaging Feed B vs Feeds A and C
(Table 2). In addition, the characterization of feeds re-
vealed a higher amount of fish-derived lipids and pro-
teins in Feed B when compared to Feeds A and C. The
proteomic analysis of liver and serum of gilthead sea
breams carried out at the end of the feeding trial
highlighted a higher divergence of T12B from T12A and
T12C, in agreement with the biometric observations. In
addition, T12C fish diverged less from T0. Concerning
this latter observation, it should be considered that all
sea breams had been administered Feed C during the ac-
climation period preceding the trial, and therefore this
group did probably undergo lesser metabolic changes
when compared to T12A and T12B. As a further obser-
vation, T12A behavior was closer to T12C than to T12B,
both in terms of growth and proteomic results. This is
also consistent with the feed formulation, which was
more similar for Feeds A and C in terms of lipid and
protein composition.



Figure 4 Statistical analysis of 2D DIGE results obtained for fish serum. The figure illustrates the heat map (a) and the score plot (b) obtained
upon comparison of the serum protein profiles of sea breams at T0 (blue) and after 12 weeks (T12) of feeding with Feeds A (pink), B (green), and C
(dark red). In the heat map (a), each cell represents the differential protein expression trend, indicating increased expression in green and decreased
expression in red. Clustering is performed according to the proteins (left dendrogram) and the sample (top dendrogram). In the score plot (b), sample
clustering according to the principal component analysis is reported.
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Liver proteomics
Similar changes in lipid metabolism were observed from
T0 to T12 in all sea bream groups, although with few in-
teresting differences induced by the three feed formula-
tions investigated in this study. In liver, all three feeds
induced a consistent and concerted overexpression of
apolipoprotein A1 (APOA1) and 14 kDa apolipoprotein
(apo-14), which is the fish homologue of apolipoprotein
A2 (APOA2) [28]. This was also supported by the
increase seen in serum apolipoprotein abundance.
Table 5 Serum protein expression trends observed for
T12A, T12B, and T12C vs T0

Spot T12A vs T0 T12B vs T0 T12C vs T0 Protein name

1 2.3 Alpha 1 antitrypsin

2 1.7 Alpha 1 antitrypsin

3 1.5 Transferrin (fragments)

4 1.9 Fibrinogen beta chain

5 1.8 2.0 1.3 Fibrinogen beta chain

6 1.4 1.6 Fibrinogen beta chain

7 1.5 14 kDa apolipoprotein

8 1.5 1.3 1.3 14 kDa apolipoprotein

9 1.5 14 kDa apolipoprotein

Spots are numbered according to Figure 5. Spots with average ratios +/- 1.5
are indicated in bold. Details on protein identification by mass spectrometry
are reported in Additional file 4.
However, information on apolipoprotein functions are
limited concerning lower vertebrates; in this respect, it
should also be reminded that fish use lipids as a main
source of energy, while higher vertebrates use carbohy-
drates [17,29]. A further consideration should be made
concerning factors different than lipids that influence ex-
pression of apolipoproteins. In their study on the effect
of dietary plant protein substitution in the rainbow
trout, Martin and coworkers [5] commented on the role
of phytoestrogens present in soy extracts on the increase
in apolipoprotein levels. In our study, soy and soy oil
were present in all feeds, and this may have accounted
for slight differences in the extent of apolipoprotein
overexpression. On the contrary, the three feeds were
different in fatty acid composition as a consequence of
high amounts of vegetable ingredients such as soy flour
and oil in Feeds A and C (Table 1). Interestingly, fatty
acid binding protein 1 (FABP1) showed a different be-
havior in Feed B when compared to Feeds A and C, be-
ing underexpressed in the former when compared to the
latter. FABPs bind free fatty acids and their coenzyme-A
derivatives, and are responsible for the transport and
maintenance of fatty acids, being involved in their tar-
geting to specific metabolic pathways, as well as in fatty
acid signaling [30,31]. In keeping with the different
FABP1 protein levels observed in liver of sea breams fed
with Feed B as compared to those fed with Feeds A and



Figure 5 Representative 2D PAGE of gilthead sea bream serum proteins in the 3 to 11 pH range. Spots showing a differential abundance
in T12A, T12B and T12C, and having a valid protein identification are circled in the map, and information on their changes and identities is
reported in Table 5.
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C, the transcription factors that control FABP1 expres-
sion might be regulated according to the assortment of
free fatty acid absorbed in the intestine. Isocitrate de-
hydrogenase (IDH) was also differently increased in feeds
B and C, while no evidence of change was seen for Feed A.
Figure 6 Statistical analysis of 2D DIGE results. The figure illustrates the
the serum protein profiles of sea breams at T12A (pink) and T12B (green). In t
trend, indicating increased expression in green and decreased expression in r
and the sample (top dendrogram). In the score plot (b), sample clustering acc
IDH is a key enzyme in lipid metabolism, being responsible
for conversion of isocitrate to alpha-ketoglutarate and CO2

in the tricarboxylic acid cycle.
Concerning carbohydrate metabolism, among other

observations, an increase in expression of alpha-amylase
heat map (a) and the score plot (b) obtained upon comparison of
he heat map (a), each cell represents the differential protein expression
ed. Clustering is performed according to the proteins (left dendrogram)
ording to the principal component analysis is reported.



Figure 7 Representative 2D PAGE of gilthead sea bream serum proteins in the 4 to 7 pH range. Spots showing a differential abundance
in T12A and T12B and a valid protein identification are circled in the map, and information on their changes and identity is reported in Table 6.
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(AMY1A) and glycogen biosynthesis enzymes such as
UTP-glucose-1-phosphate uridylyltransferase 2 (UGP2)
was detected for Feed B, together with a decrease in gly-
colysis/gluconeogenesis enzymes, including fructose-
bisphosphate aldolase (ALDOB) and malate dehydrogen-
ase 1 (MDH1), when compared to feeds A and C, where
an inverse behavior was seen. This may reflect the pres-
ence of higher amounts of amylaceous sources (starch)
in this feed, due to presence of vegetable ingredients
richer in this component, leading to a higher metabolic
effort for its degradation and a consequent increase in
glycogen storage, accompanied by an inhibition in gly-
colysis/gluconeogenesis pathways. Unfortunately, al-
though the presence of starch sources is reported in the
label for all three feeds, the relative proportion of all in-
gredients was not indicated.
Previous studies on plant-protein substitution in rain-

bow trout feeds have shown an increase in the activity of
enzymes involved in amino acid metabolism [8,32]. Here,
consequences on protein metabolism were also seen for
gilthead sea breams, reflected by changes in the expression
levels of betaine-homocysteine S-methyltransferase 1
(BHMT) and adenosylhomocysteinase (AHCY). These en-
zymes are involved in the superpathway of methionine
degradation, as well as in the methionine salvage pathway.
Specifically, BHMT is a cytosolic enzyme that catalyzes
the conversion of betaine and homocysteine to dimethyl-
glycine and methionine, respectively, while AHCY cata-
lyzes the reversible hydrolysis of S-adenosylhomocysteine
to adenosine and L-homocysteine. Also in this case, a
different trend was observed for Feed B when compared
to feeds A and C. Specifically, Feed B produced a decrease
in expression of liver BHMT and AHCY, while feeds A
and C produced an increase in the levels of both enzymes.
A driver for the differential regulation of aminoacid me-
tabolism enzymes may be represented by the significant
differences in the animal protein sources present in the
three feeds; in fact, Feed C and, in lesser amounts, Feed A,
contain pig blood as a source of proteins, while in Feed
B fish proteins are more abundant. In addition, both
feeds contain vegetable protein sources. The unbalances
in the optimal aminoacid ratio for the specific nutri-
tional requirements of sea bream caused by the integra-
tion of fish protein sources are probably reflected on
methionine metabolism, leading to the metabolic re-
sponse we observed in the liver tissue. Therefore, the
indications provided by the levels of these enzymes,
mostly by BHMT, might be useful in pinpointing the
correct integration of this essential aminoacid when de-
signing the feed formulation, as well as for other ami-
noacid sources.
A further and equally important consideration con-

cerning the changes in BHMT expression is related to
the involvement of the methionine salvage pathway in
the oxidative stress balance [22]. In fact, BHMT regu-
lates the levels of S-adenosyl-methionine (SAM), which
is crucial for methylation reactions, is a biosynthetic pre-
cursor of glutathione [33], and prevents homocysteine
accumulation. The changes in BHMT levels can there-
fore be related also to glutathione biosynthesis, reflecting



Table 6 Protein spots showing statistically significant
differences in expression between T12A and T12B

Spot Av. ratio
T12A/T12B

Protein name

1 1.59 Complement component c3

2 3.14 Alpha 1 antitrypsin

Warm temperature acclimation-related 65 kDa protein

3 1.51 Warm temperature acclimation-related 65 kDa protein

4 2.96 Warm temperature acclimation-related 65 kDa protein

Alpha 1 antitrypsin

5 1.5 Warm temperature acclimation-related 65 kDa protein

Alpha 1 antitrypsin

6 1.87 Alpha 1 antitrypsin

7 3.86 Alpha 1 antitrypsin

8 −1.86 Transferrin (fragments)

9 −2.25 Transferrin (fragments)

10 −2.72 Fibrinogen beta chain

11 1.93 Apolipoprotein A-1

12 4.73 Apolipoprotein A-1

13 4.19 Apolipoprotein A-1

14 2.54 Apolipoprotein A-IV4

15 −3.3 14 kDa apolipoprotein

16 1.57 Transferrin

17 1.57 Transferrin

18 2.49 Transferrin

19 −1.77 F-type lectin 2

20 2.14 F-type lectin 2

Spots are numbered according to Figure 7. Details on protein identification by
mass spectrometry are reported in Additional file 5.
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a different extent of oxidative stress caused on hepato-
cytes by the different feed formulations; more specific-
ally, its decrease with Feed B when compared to its
increase with Feed A and C indicates that a higher oxi-
dative stress is exerted by the latter two feeds. Neverthe-
less, presence of an oxidative stress in all the feeds
formulations tested is suggested by the significant increase
in expression of aldehyde dehydrogenase (ADH), which is
known to be associated with a protective action from oxi-
dative stress [34]. In addition, it should be noted that the
changes in expression levels seen for FABP and MDH1, al-
though affecting other important metabolic pathways, are
also related to glutathione oxidation/reduction pathways.
Similar alterations in liver metabolism were observed by
Ibarz and coworkers [22], who studied the response of the
liver proteome in response to cold stress. Their studies
highlighted alterations in protein expression that were
linked to a reduced ability to respond to oxidative stresses
under exposure to cold, and their identification of the
metabolic pathways involved is consistent with our obser-
vations in this work.
Other proteins showing changes in expression levels
were related to the nucleotide and small molecule
metabolism, including nucleoside-diphosphate kinase
(NME4), elongation factor-1-alpha (EEF1A1), and ribo-
somal 40S subunit (RPSA), all undergoing increases to
different extents in the three feeds, and indicating a gen-
eral increase in protein synthesis. Finally, a downregula-
tion of prohibitin (PHB) was observed for feeds B and C.
PHB has antiproliferative functions, and its decrease
might be related to alterations in hepatocyte prolifera-
tion as a consequence of feeding, although it should be
kept in mind that these are actively growing, young indi-
viduals, and this might as well be the result of physio-
logical processes occurring as a consequence of body
mass increase.

Serum proteomics
In addition to liver, serum proteins were also evaluated
in order to investigate on their possible differential
abundance in this fluid as a consequence of feed com-
position. In fact, although serum collection is more
problematic in fish when compared to other farmed ani-
mals, it may allow easier sampling and examination than
internal organs or muscle. In addition, the identification
of proteins showing a significant differential abundance
under specific farming conditions may be useful for de-
fining markers of fish wellness and/or other productive
parameters of the farming plant. Similarly to liver, feeds
A and C produced less divergent proteomic changes in
serum, while Feed B led to a different result. In the first
round of experiments comparing the serum protein pro-
files at T0 with those at the end of the feeding trial in all
groups (T12A, T12B and T12C), only few major serum
proteins showed changes in abundance, including alpha
1 antitrypsin (AAT), transferrin fragments, the fibrino-
gen beta chain, and apo-14.
The increase in apolipoproteins was consistent with

the findings on liver tissue: a concerted increase of apo-
14 was seen, higher in T12A. A concurrent increase in
APOA1 was also seen, but only in T12A vs T12B in the
case of serum. However, a decrease in a spot identified
as apo-14 was seen in T12A vs T12B (spot 15, Figure 7),
but in this latter case the larger spots of the isoelectric
series were not affected; differences in abundance were
seen only for minor spots, and further studies will be re-
quired to assess the possibility of post-translational mod-
ifications accounting for this phenomenon.
Wap65 was decreased at T12B when compared to

T12A. Wap65 plays a key role in acclimation of fish to
warm temperatures, having a possible role in maintain-
ing proteins in their correct folding [35]. In addition, a
role in response to pathogens, heavy metals, or other en-
vironmental stressors, has been reported [36,37]. The
mammalian homologue of Wap65 is hemopexin, which
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is a serum transport protein with a role in transporting
the haemoglobin prosthetic group, heme, to hepatocytes
to facilitate its clearance [38,39]. In fish, it has been pro-
posed that Wap65 is upregulated in order to scavenge
heme with the aim of preventing bacterial growth
[19,40]. The presence in feed A of pig haemoglobin can
be accounted for these changes in Wap65 expression, es-
pecially when considering that sea breams were main-
tained at a constant water temperature during the whole
feeding trial, and that abundance changes of Wap65 due
to acclimation should have been minor.
Another protein undergoing variations in serum levels

AAT. AAT is a secretory glycoprotein that in mammals
functions as a serine proteinase inhibitor (serpin) [41],
having multiple roles in inflammation and immune re-
sponse [42]. Recently, its role in response to infections
and inflammatory stimuli has been reported also in rain-
bow trout (Oncorhynchus mykiss), atlantic cod (Gadus
morhua), and ayu (Plecoglossus altivelis) [43-45]. How-
ever, its implication in other types of stressors, such as
oxidative stress deriving from a suboptimal diet, still
need to be demonstrated. Fibrinogen beta chain was also
consistently increased for all three feeds when compared
to T0, and also in this case the correlation with liver
stress due to unbalances in the feed composition can be
hypothesized.
As a further interesting observation, abundance of

full-length transferrin decreased in Feed B when com-
pared to feed A. It is well known that transferrin is a
major iron transporter in vertebrate blood; it absorbs
iron in the gut and transports it between different body
sites, acting as an iron shuttle and preventing a poten-
tially toxic iron build up, although other functions are
also known [40,46,47]. In our study, the increase seen in
transferrin levels for feed A is likely related to an excess
of iron deriving from the supplementation of the feed
with pig hemoglobin, although other influences cannot
be ruled out. Conversely, major transferrin fragments
showed an inverse behavior when compared to the full-
length protein, being increased in T12B. The release of
transferrin fragments has been reported following
lymphocyte reactions or mitogenic stimulations of gold-
fish kidney leukocytes [48]. These fragments, and not
full-length transferrin, were able to induce the production
of nitric oxide by LPS- stimulated goldfish macrophage
cultures. This might suggest additional and different roles
for transferrin fragments when compared to the full-
length version of the protein. Alternatively, these may re-
sult from a higher turnover of full-length transferrin.
Another protein showing statistically significant varia-

tions was F-type lectin. Also in this case, changes in
abundance were seen for spots having different isoelec-
tric points; the more acidic one was higher in T12B,
while the less acidic was higher in T12A. F-type lectins
are fucose-binding proteins. Their biological role has not
yet been clearly established, although evidence for an in-
volvement in opsonization and immune response has
been found in sea bass [49,50].
As a final consideration, however, it should be reminded

that obtaining serum from fish still remains more prob-
lematic than for higher mammals, and this may favor deg-
radation artifacts due to sample processing. Therefore,
care should be taken in evaluating the implications of dif-
ferential fragment abundance among the different condi-
tions examined.
Conclusions
Proteomics offers a valid approach to investigate the
compatibility of feeds with the farmed fish metabolism.
In this work, the MS/MS identification of differential
spots in liver and serum maps provided useful insights
into the influence of the different feed formulation on
the lipid, carbohydrate, aminoacid and small molecule
pathways, as well as on their impact on oxidative stress.
In general, liver proteomics can help elucidate the path-
ways affected by feed substitutions and offers hints to
improve quality, AWG and production yield. On the
other hand, serum proteomics, although requiring fur-
ther significant optimization and investigation efforts,
may become a useful tool for the rapid monitoring of
changes occurring in metabolism along farming, and
offer opportunities for correction of the feeding regimen,
both in the tested production lot as well as for future pro-
duction lots. In addition, the information gathered can be
used for valorization of high quality products, since fish is a
source of essential fatty acids and is perceived as an healthy
food by the consumers; therefore, adding value to the prod-
uct can result into added value for the producer. In any
case, however, the balance between feed price, weight gain,
and product quality should always be kept in mind when
considering the advantages in economical terms. To this
aim, as supported by this work, proteomics can help the
aquaculture industry to maintain a good relationship be-
tween production efficiency and product quality.
Methods
Experimental recirculating aquaculture system (RAS): the
Blue Biotechnology Platform
The Blue Biotechnology platform at Porto Conte Ricerche
is structured in three lines (seawater circuits), each com-
posed of three 550 liter fiberglass tanks, independent from
the others and controlled by dedicated mechanical and
biological filtration systems. The feeding trial was carried
out by dedicating each line to a test feed. Water flow was
controlled automatically. Water temperature was set to
20 ± 0.5°C, pH to 7.8 ± 0.2, dissolved oxygen was fixed at
5.5 ± 1.0 mg/L, and salinity was measured to 37 ± 1‰.
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The system was kept partially sterilized with ozone and
UV lamps (55 W, 1500–3000 L/hr).

Fish, feeding regimens and husbandry conditions
Gilthead sea breams (Sparus aurata) were caught from a
local fish farm (Alghero, Italy) and transferred to the
RAS at Porto Conte Ricerche within 30 minutes. Fish
with an average weight of 280 g were selected. Size vari-
ability at time zero was within 50 g overall. Sea breams
were split in three lines (45 fish/line, 15 fish/tank) and
acclimatized at 20°C. Then, all specimens were fed at
0.8% of biomass with 3 different commercial feeds,
namely, Feed A, Feed B, and Feed C. Feed C was the
same feed used during the acclimation period. The ra-
tion was calculated and readjusted according to changes
in body weight. Each diet was distributed by hand once
a day. The feeding trial lasted in total 85 days (about
12 weeks). At sampling dates (prior and at the end of
the feeding trial), fish were anesthetized with 1,1,1-tri-
chloro-2-methylpropan-2-ol (2% in marine H2O), and
biometric data (body weight and length, liver weight) of
each individual were taken. Initial weight (IW), final
weight (FW), AWG and LSI were then calculated. The
Student’s t-test was used for statistical analysis. Fish were
then slaughtered in a mixture of ice and marine water.
Blood samples were obtained by heart puncture.

Characterization of commercial feeds
According to their label, commercial feeds had protein/
fat relative ratios of 43/21, 45/24, and 43/21, for Feed A,
Feed B and Feed C, respectively. All feeds integrated fish
meal and oil with vegetables. The relative percentages of
all feed ingredients were not specified by the producer;
the feed composition label reported only the feed com-
ponents in order of abundance, as follows. Feed A: fish
powder, soy flour, fish oil, wheat flour, corn gluten, soy
oil, magnesium sulfate; Feed B, certified “organic”: fish
powder, green pea, fish oil, soy expeller, vitamins, min-
erals, antioxidants; Feed C: fish powder, soy flour, fish
oil, hemoglobin, wheat flour, corn gluten, soy oil, magne-
sium sulfate. In our laboratories, specific tests were car-
ried out to assess fatty acid composition and protein
sources.

Lipids
Fatty acid composition analysis was performed on fatty
acid methyl esters (FAME) of the total lipids extracted
from powdered feed pellets according to the Folch
method [51]. Briefly, approximately 10 mg of total
lipid extract were methylated using KOH (2 N) in
methanol. The samples were stirred for 1 min at ambi-
ent temperature, analyzed using an Agilent 7890A gas
chromatograph (Agilent Technologes, Wilmington, DE)
equipped with the flame ionization detector (FID), split/
splitless injection port. A 100 m length and 0.25 mm in-
ternal diameter column was used (Supelco SP-2560). GC
temperature program was set to 45°C (4 min), then in-
creased to 175°C (13°C/min ramp, 27 min) and to 215°C
(4°C/min ramp, 35 min). FAME standards were purchased
from Nu-Check Prep (Elysian, MN, STD #463, #674).

Proteins
For characterization of protein composition, feed pellets
were ground to powder and resuspended in 2% SDS in
20 mM Tris–HCl (pH 8.8) for 1 hour at room temperature,
and then subjected to three cycles of freezing/thawing.
After centrifugation in an Ultrafree MC Centrifugal Device
(Millipore, now Merck Millipore, Billerica, MA, USA)
proteins were quantified by using the BCA quantifica-
tion kit (Thermo Fisher Scientific - Rockford, IL). SDS
protein extracts were diluted to 200 uL with UA solu-
tion (8 M urea in 100 mM Tris–HCl, pH 8.8), loaded
into the Microcon Ultracel YM-30 filtration devices
(Millipore, now Merck Millipore, Billerica, MA, USA),
and then processed according to the “FASP II” protocol
[52] with minor modifications [53]. Briefly, samples
were subjected to repetitive washings by filter centrifu-
gations with buffers, reducing and alkylating agents,
followed by overnight on-filter digestion with trypsin,
final collection of peptides in acetonitrile (ACN) and
formic acid, drying and reconstitution of the peptide
mixture in 0.2% formic acid to a final concentration of
2 mg/mL.
LC–MS/MS analyses were performed on a Q-TOF hy-

brid mass spectrometer equipped with a nano lock Z-spray
source and coupled on-line with a capillary chromatog-
raphy system CapLC (Waters) as described before [54].
The peptide mixture was concentrated and washed onto a
RP pre-column (Symmetry 300, C18, 5 mm, NanoEase,
Waters) using 0.2% formic acid, and fractionated onto a
C18 RP column (Nanoflow column 5 μm Biosphere C18,
75 μm× 200 mm, Nanoseparations) at a flow rate of
250 nL/min. The samples were fractionated using a linear
gradient of eluent B (0.2% formic acid in 95% ACN) in
eluent A (0.2% formic acid in 5% ACN) from 10 to 23% in
215 min and from 23% to 50% in 37 min. The mass spec-
trometer was set up in a data-dependent MS/MS mode
where a full-scan spectrum was followed by tandem mass
spectra, selecting peptide ions as the three most intense
peaks of the previous scan. Argon was used as the collision
gas, and collision energy depending on mass and charge
of the precursor ion was applied. ProteinLynx software
(Version 2.2.5), was used for analysis of raw MS and
MS/MS spectra. Samples were analyzed in technical
duplicate.
The peak lists for each sample duplicate were con-

verted into a MGF file, which was analyzed by Proteome
Discoverer (version 1.4; Thermo Scientific, Bremen,
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Germany) using an in-house Mascot server (version 2.3,
Matrix Science) for protein identification according to
the following criteria: Database UniProtKB/Swiss-Prot
(release 2013_05), enzyme trypsin, taxonomy all entries,
precursor mass tolerance 30 ppm, fragment mass toler-
ance 0.3 Da, methionine oxidation as dynamic modifica-
tions. The percolator algorithm was used for protein
significance (p-value < 0.01) and for peptide validation
(peptide confidence: q-value < 0.05), with only rank 1 pep-
tides considered. Peptide and protein grouping according
to the Proteome Discoverer’s algorithm were allowed, ap-
plying the strict maximum parsimony principle.

Data analysis
Protein abundance was expressed by means of the nor-
malized spectral abundance factor (NSAF). NSAF was

calculated as follows: NSAF ¼ SAFi=
XN

i¼1
SAFi , where

subscript i denotes a protein identity and N is the total
number of proteins, while SAF is a protein spectral
abundance factor that is defined as the protein spectral
counts divided by its length. In this approach, the spec-
tral counts of each protein were divided by its length
and normalized to the total sum of spectral counts/
length in a given analysis [27,55].

2D DIGE analysis of liver and serum proteins
Fish liver was excised, weighed (for Liver Somatic Index
determination, LSI), placed into a 10 mL screw-cap tube,
and stored at −80°C until used. For protein extraction, a
small portion of tissue was minced with a sterile scalpel,
100 mg were placed in 2 ml Eppendorf safe-lock tubes
(Eppendorf, Hamburg, Germany), and immersed at
5% w/v in lysis buffer (7 M urea, 2 M Thiourea, 2%
CHAPS, 0.5% IPG buffer pH 3–11 - GE Healthcare, Lit-
tle Chalfont, UK). Each sample was processed with three
cycles of 5 min at 30 oscillations/s in a TissueLyser
mechanical homogenizer (Qiagen, Hilden, Germany)
followed by freezing/thawing. All extracts were clarified
for 15 min at 14,000 × rpm at 4°C, quantified with the
2D Quant kit (GE Healthcare), tested for quality and
quantity by SDS-PAGE, and stored at −80°C until ana-
lysis. Blood was allowed to clot for two days at 4°C, since
in many cases shorter times did not produce a complete
clotting of the blood sample. The collected serum was
then centrifuged for 10 min at 1,000 × rpm at 4°C, ali-
quoted and kept at −20°C until analysis. Serum samples
were diluted 10 times in a lysis buffer containing 7 M
urea, 2 M thiourea, 2% CHAPS, 0.5% IPG buffer pH 4–7
(GE Healthcare), quantified with the 2D Quant kit (GE
Healthcare), tested for quality and quantity by SDS-
PAGE, and stored at −80°C until analysis. For 2D DIGE,
6 sea breams for each condition (Feed A, Feed B, Feed C)
were sampled, as well as 8 fish as initial controls. Sea
bream liver samples were collected and pooled to
minimize individual biological variability. The same pro-
cedure was followed for blood serum samples. We have
previously demonstrated that the effect of inter-individual
variability is less relevant than that imposed by different
farming conditions in differentiating two or more fish
groups [56,57]. However, the pooling approach was imple-
mented in order to further minimize the effects of inter-
individual variability due to the unavoidable minor differ-
ences among fish reared within the same group, while
maximizing the overall response of each fish group to the
specific dietary treatment. Sample labeling and 2D DIGE
was carried out as described previously [58]. Fifty micro-
grams of protein from the test samples were labeled with
the cyanine dye Cy3 or Cy5 (GE Healthcare), while a
pooled internal standard sample was labeled with Cy2.
The labeled proteins were mixed in suitable combinations.
IPG buffer (GE Healthcare) and Destreak Rehydration So-
lution (GE Healthcare) were added to a final volume of
450 μl for each mix. First-dimension IsoElectric Focusing
(IEF) was performed using 24-cm precast IPG strips in
the pH ranges 3–11NL or 4–7 (GE Healthcare). The la-
beled sample mixtures were applied onto the strips by
overnight passive rehydration at room temperature. The
strips were focused on an IPGphor equipped with the
Ettan™IPGphor3™ loading manifold (GE Healthcare) at
20°C for a total of about 90,000 Vh. After IEF, the strips
were equilibrated, reduced, and alkylated by sequential
incubation in 2% DTT and 2.5% iodoacetamide in
50 mM Tris–HCl (pH 8.8), 6 M urea, 20% glycerol, and
2% SDS, for 10 min each. The second dimension SDS-
polyacrylamide gel electrophoresis was conducted on
fixed 14% or 8-14% gradient polyacrylamide gels in a
Ettan DALTtwelve electrophoresis system (GE Health-
care), following the manufacturer instructions.

Image acquisition and statistical processing of data
After 2D electrophoresis, gels were scanned on a Typhoon
Trio + image scanner (GE Healthcare) as described previ-
ously [58]. The scanned gel images were then transferred
to the ImageQuant V5.2 software package (GE Healthcare),
cropped, and exported to the DeCyder Batch Processor
and differential in-gel analysis (DIA) modules (GE
Healthcare) for statistical analysis. The results were
compared and statistically evaluated by one-way ana-
lysis of variance (ANOVA) with the DeCyder biological
variation analysis (BVA) module, applying the false
discovery rate (FDR) to minimize the number of false-
positive results. Protein spots with statistically signifi-
cant variation (p < 0.05), showing a difference in volume
of 1.5 fold, were selected as differentially expressed.
Cluster analysis and visualizations were performed
using the DeCyder extended data analysis (EDA) mod-
ule. At the end of the analysis process, differentially
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expressed protein spots were selected for analysis by
tandem mass spectrometry.
Tandem mass spectrometry analysis
Preparative 2D PAGE gels were set up by loading 600 μg
of protein extract into pH 3–11 NL (for liver), pH 4–7
(for serum), 24-cm IPG strips (GE Healthcare), which
were then focused and subjected to 2-DE electrophoresis
as described above. The gel was subjected to Coomassie
R-250 staining [59], digitalized by scanning with an Ima-
geScanner II (GE Healthcare), and matched to the 2D
DIGE gel images generated for the three different feeds
using the software Decyder 7.0, in order to track the
spots to be excised for protein identification. Matched
spots of interest were manually excised from the gels,
destained, and subjected to overnight tryptic digestion as
described previously [60]. Peptide mixtures were then
collected by squeezing with ACN and centrifugation,
then acidified, dried, resuspended in formic acid, and
stored at −20°C.
LC-MS/MS analyses were performed on a XCT Ultra

6340 ion trap equipped with a 1200 HPLC system and a
chip cube (Agilent Technologies, Palo Alto, CA), as de-
scribed before [58]. Briefly, samples were concentrated
and desalted on an enrichment column with formic acid,
and peptides were fractionated on a C18 reverse-phase
column directly coupled to a nanospray source. Data
analysis software, provided by the manufacturers, was
used to analyze MS/MS spectra and to generate a peak
list which was analyzed by Proteome Discoverer (version
1.3, Thermo Scientific) using an in-house Mascot server
(version 2.3, Matrix Science) for protein identification in
the updated Trembl database, employing the Chordata
(vertebrates and relatives) taxonomy and the following
search parameters: precursor mass tolerance 300 ppm;
fragment mass tolerance 0.6 Da; charge state +2, +3,
and +4; enzyme trypsin; two missed cleavages; cysteine
carbamidomethylation as static modification; and N-terminal
glutamine conversion to pyroglutamic acid and methionine
oxidation as dynamic modifications.
Pathway analysis
Gene Ontology (GO) assignments and network analyses
were carried out in the online software package IPA
(version 9.0; Ingenuity Systems, Redwood City, CA). The
list of protein identifications (IDs) with P values ≤0.05,
together with their respective average ratio values, was
imported into the online software package IPA and net-
work analyses were performed with thresholds of 1.5 for
RSC and 0.05 for P value. Fish UniProt IDs were re-
placed with the UniProt IDs for the closest human pro-
tein equivalents in order to enable the best exploitation
of the knowledge-based IPA software, as described
before for organisms not included in the IPA database
[26,27]. To determine the biological processes, functions,
pathways, and molecular networks most significantly al-
tered during the three feeding trials, both over- and un-
derrepresented proteins were defined as value parameters,
all identifier types and data sources were selected in order
to access all available information in the IPA database, and
both direct and indirect relationships were considered.
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