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The present study was aimed to evaluate the effect on growth performance, muscle integrity and quality traits
throughout ice storage of distinct levels of substitution of fish meal (FM) and fish oil (FO) by sustainable plant
raw materials (plant meal and oils) on European sea bass (Dicentrarchus labrax) in long-term feeding of 18
months. Six experimental diets, isonitrogenous (45% crude protein) and isolipidic (21%), containing gradually
reduced levels of FM and FO as follows (%FM/%FO): 20/6, 20/3, 10/6, 10/3, 5/6 and 5/3 were evaluated. The
reduction of FM resulted in a significant decrease (17–20%) of fish growth performance. There were no differ
ences among the experimental diets for myofibrillar or endoproteases antibodies (anti-desmin, anti-dystrophin,
anti-calpastatin, anti-M-calpain, anti-Micro-calpain) after 8 days of storage period. FO substitution increased n-6
fatty acids (FA) and reduced saturated FA, n-3 LC-PUFA (Long-chain polyunsaturated fatty acid) and n-3/n-6
ratio. Monounsaturated fatty acids were not affected by the content of the diet. No organoleptic changes were
observed following the Quality Index Method (QIM) scheme, but a higher hardness measured by instrumental
texture in whole fish and the raw fillet was associated with diets with high inclusion of FM at the beginning of
storage, not perceptible in the cooked fillet.

1. Introduction

hardly been studied in European seabass (Torrecillas et al., 2017). A
complete FM and FO free feed led to reduced growth after nine months
of feeding (Geay et al., 2010; Geay et al., 2011). Feeding young Euro
pean sea bass of 2.5 g initial body mass, either an FM/FO based diet or a
totally plant-based diet with no FM or FO, led to a significant reduction
in survival and growth of fish fed the zero FM/FO diet (Le Boucher et al.,
2013). In bigger fish, weighing about 194 g, the differences in growth
rates were reduced with final individual body weights of sea bass fed the
FM/FO diet having only slightly higher final body weights than when
fed the all plant-based diet (Le Boucher et al., 2011).
FM and FO replacement additionally can alter the resulting quality
(Rincón et al., 2016). The effects in the fillet, apart from changes in fatty
acid profiles, are related to the sensory properties, namely the appear
ance, odour, flavour, and texture (Matos et al., 2017) having an impact
on fillet quality (Castro et al., 2015) and consumer acceptance (Turchini
et al., 2009). Fish muscle rapidly softens during postmortem storage due

Aquaculture is the major consumer of fish meal that supplies the
largest portion of dietary protein in fish diets. However, fish meal is a
limited resource with inherent variability in composition. Most of the
future changes in developing novel aquafeeds should be focused on
alternative protein and lipid sources (Tacon and Metian, 2015; Álvarez
et al., 2020). The fillet fatty acid composition of cultured fish fed a
vegetable meal and oil-based diets are normally characterized by
significantly decreased levels of n-3 LC-PUFA compared to fish fed a fish
meal and oil-based diet.
The European seabass, Dicentrarchus labrax, a widely distributed
marine teleost, is considered of great commercial importance. The spe
cies has high growth rates and feed efficiency, having a high demand in
the market with an average commercial size of 400 g. The effects of a
combined FM and FO reduction at extremely low inclusion levels have
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to proteolytic degradation (Caballero et al., 2009) with the initial phe
nomena of texture softening and water loss of muscle, leading to the
deterioration of flesh quality (Yu et al., 2022). These changes can be
monitored by instrumental texture (Cheng et al., 2014), specific Quality
Index Method (QIM) (Knowles et al., 2007) or histological or immuno
histochemical methods (Caballero et al., 2009; Ayala et al., 2010) to
outline quality losses. The first changes occurring are due to endogenous
enzymes promoting proteolysis of muscle proteins and connective tissue
as well as fat hydrolysis (Delbarre-Ladrat et al., 2006). Understanding
the postmortem process and the relationship between this disorganiza
tion, loss of freshness, and textural degradation is of great importance to
find new markers and develop methods for the evaluation of fish
freshness (Tie et al., 2022).
The effect of dietary changes has been evaluated mainly in juvenile
fish, with limited studies examining the effect of diet in the period from
juvenile to commercial-size bass. Thus, the present study was designed
to determine the optimal levels of FM and FO replacement based on a
long-term feeding production cycle for European sea bass. Besides, to
monitor the structural and functional changes occurring in muscle
during its shelf life, to assess the effects of dietary modifications on flesh
texture and overall quality.

Table 1
Ingredients (%) and chemical composition of the experimental diets.
Diets (%FM/%FO)
Ingredients

20/6

20/3

10/6

10/3

5/6

5/3

Fish meal1
Blood meal spray
Soya concentrate
Corn gluten
Wheat gluten
Rapeseed cake
Wheat
Fish oil2
Rapeseed oil
Linseed oil
Palm oil
Microingredients3
Premix4
Antioxidant
Yttrium

20.00
5.00
14.20
14.00
5.00
13.00
10.00
6.00
4.00
2.00
4.00
1.98
0.75
0.05
0.03

20.00
5.00
14.20
14.00
5.00
13.00
9.59
3.00
5.40
2.70
5.40
1.88
0.75
0.05
0.03

10.00
6.00
18.30
18.40
6.00
12.70
7.44
6.00
4.00
2.00
4.00
4.33
0.75
0.05
0.03

10.00
6.00
18.30
18.40
6.00
12.60
7.35
3.00
5.30
2.65
5.30
4.28
0.75
0.05
0.03

5.00
7.00
20.00
22.00
5.50
11.30
6.79
6.00
4.00
2.00
4.00
5.58
0.75
0.05
0.03

5.00
7.00
20.00
22.00
5.50
11.30
6.89
3.00
5.20
2.60
5.20
5.49
0.75
0.05
0.03

Crude lipids

24.37
± 0.7
45.56
± 0.3
6.32
± 0.07
6.68
± 0.06

23.24
± 0.6
46.06
± 0.2
6.04
± 0.05
8.76
± 0.1

24.66
± 0.2
45.21
± 0.2
5.71
± 0.07
8.19
± 0.05

25.17
± 0.1
45.19
± 0.5
5.61
± 0.04
7.86
± 0.08

28.21
± 0.2
46.33
± 0.3
5.4 ±
0.02
8.80
± 0.02

28.78
± 0.3
46.21
± 0.2
5.33
± 0.04
8.81
± 0.2

Crude protein
Ash

2. Materials and methods

Moisture

2.1. Experimental diets

1

South-American, Superprime – Feed Service Bremen, Germany.
South American fish oil, LDN Fish Oil, Denmark.
3
Contains lysine and methionine, monocalcium phosphate, choline, inositol,
phospholipids (Emulthin G35). Vilomix (Denmark), Evonik Industries (Ger
many), Pöhner (Germany).
4
Supplied the following vitamins (mg/kg): A 3.8, D 0.05, E 102.4, K3 9.8, B1
2.7, B2 8.3, B6 4.8, B12 0.25, B3 24.8, B5 17.2, folic acid 2.8, H 0.14, C 80;
minerals (mg/kg): cobalt 0.94, iodine 0.7, selenium 0.2, iron 32.6. manganese
12, copper 3.2, zinc 67; other (g/kg): taurine 2.45, methionine 0.5, histidine
1.36, cholesterol 1.13. DSM, (Netherlands), Evonik Industries (Germany),
Deutsche Lanolin Gesellschaft (Germany).

Six experimental diets were formulated to contain graded levels of
FM combined with several levels of FO as follows (%FM/%FO): 20/6,
20/3, 10/6, 10/3, 5/6 and 5/3. The diets were isoenergetic and iso
nitrogenous, balanced in several macro-and micro-nutrients including
amino acids. They were formulated to meet the respective known fish
nutritional requirements (Jobling, 2012) and manufactured by BioMar
(BioMar Tech-Centre, Brande, Denmark). The diets formula, chemical
composition and fatty acid profile are shown in Tables 1 and 2.

2

2.2. Animals and housing

dehydrated in ethanol series, and embedded in paraffin wax. Sections of
3 μm were prepared with a Leica microtome (Leica Instruments GmbH,
Hubloch, Germany) and mounted on Vectabon-coated slides (Sigma
Diagnostics, St. Louis, MO). Immunohistochemical staining was carried
out using the horseradish peroxidase (HRP) anti-rabbit EnVision (Dako,
Denmark). After antigen retrieval (High pH), endogenous peroxidase
activity was blocked. The primary antibody used were, for the antidesmin polyclonal antibody (Euro-diagnostica, Malmö, Sweden,
diluted 1:300), anti-dystrophin (Sigma, Saint Louis, Missouri, USA,
clone MANDRA1, diluted 1:350), anti-calpastatin (Affinity BioReagents,
Golden, USA, clone 2G11D6, diluted 1:1000), anti-M-calpain (Affinity
BioReagents, Golden, USA, clone 107–82, diluted 1:100) or anti-Microcalpain (Affinity BioReagents, Golden, USA, clone 9A4H8D3, diluted
1:100). Diaminobenzidine and aminoethyl carbazole (Dako, Denmark)
was used as chromogen and slides were counterstained with Harris he
matoxylin. Negative controls were run by replacing each primary anti
body with PBS. In each section (3 sections per staining method and time
point, 0 and 8 dph), 10 fields were examined under a light microscope
separately by two pathologists. The mean proportions of positive cells
(brown staining of the sarcolemma membrane and/or cytoplasm) were
scored as follows: +++, > 70%; ++, 30 to 70%; +, < 30%; − , negative.

Experiments were conducted following FELASA category C recom
mendations and according to the European Economic Community ani
mal experimentation guidelines directive of 24 November 1986 (86/
609/EEC). European sea bass juveniles of 9.8 ± 1.5 g and 9.1 ± 0.5 cm
were randomly distributed in 18 indoor cylindroconical 500 L fibreglass
tanks at an initial stocking density of 1.8 kg m− 3 (90 fish per tank).
Tanks were supplied in a flow-through system with filtered seawater, at
a temperature of 25 ◦ C, and natural photoperiod. Fish were manually fed
until apparent satiation with one of the six experimental diets for
seventy-eight weeks (3 times a day, 6 days a week). Each diet was fed to
triplicate tanks.
2.3. Sampling procedures
At the end of the trial (556 days of feeding), the fish were sacrificed
by administering an overdose of anesthetic (clove oil) by immersion and
individually weighed (growth parameters were determined every two
months). Fish were packed ungutted with flaked ice into polystyrene
boxes stored at 4 ◦ C, replacing the ice as needed. During storage, five
randomly chosen fish per group were obtained at 0, 2, 5, 8 and 12 dph
(days post-harvest) and individually subjected to QIM assessment. The
Texture Profile Analysis (TPA), proximate composition and fatty acid
profile in raw fillets were also determined at 0, 2, 5, 8 and 12 dph, while
cooked fillets were only analyzed for the fatty acid profile on the 0 dph.
Immunohistochemical analysis was developed on 0 and 8 dph.

2.5. Biochemical analyses
The feed and the fish biochemical composition were analyzed
following standard procedures (AOAC, 2000). Dry matter content was
determined by drying in an oven (110 ◦ C) until constant weight, ash
content by combustion in a muffle furnace (600 ◦ C for 12 h), crude
protein content (Nx6.25) was determined by Kjeldahl method and crude

2.4. Muscle immunohistochemical analyses
Muscle samples were fixed in 10% neutral-buffered formalin,
2
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2.6. Quality index method

Table 2
Fatty acid composition (% of total identified fatty acids) of experimental diets.

Six laboratory-trained panellists evaluated sensory attributes
dependent on fish freshness, applying the QIM performed for this species
(Knowles et al., 2007), blind and unaware of dietary treatments. They
applied a scale of 22 demerit points, assessing 10 parameters.

Diets (%FM/%FO)
20/6

20/3

10/6

10/3

5/6

5/3

14:0
14:1n-7
14:1n-5
15:0
15:1n-5
16:0ISO
16:0
16:1n-7
16:1n-5
16:2n-6
16:2n-4
17:0
16:3n-4
16:3n-3
16:3n-1
16:4n-3
16:4n-1
18:0
18:1n-9
18:1n-7
18:1n-5
18:2n-9
18:2n-6
18:2n-4
18:3n-6
18:3n-4
18:3n-3
18:3n-1
18:4n-3
18:4n-1
20:0
20:1n-9
20:1n-7
20:1n-5
20:2n-9
20:2n-6
20:3n-9
20:3n-6
20:4n-6
20:3n-3
20:4n-3
20:5n-3
22:1n-11
22:1n-9
22:4n-6
22:5n-6
22:5n-3
22:6n-3

7.29
0.02
0.10
0.26
0.01
0.04
14.28
4.14
0.18
0.01
0.50
0.58
0.09
0.08
0.06
0.82
0.00
3.42
26.83
2.80
0.06
0.06
14.34
0.19
0.15
0.08
8.43
0.01
0.84
0.09
0.39
0.05
1.04
0.18
0.06
0.12
0.04
0.07
0.44
0.04
0.27
6.02
0.15
0.21
0.05
0.11
0.77
4.23

6.85
0.01
0.06
0.17
0.01
0.03
12.42
2.52
0.11
0.01
0.30
0.34
0.08
0.05
0.04
0.50
0.00
3.25
32.50
2.56
0.04
0.03
16.75
0.12
0.09
0.05
11.03
0.01
0.48
0.05
0.41
0.04
1.09
0.12
0.03
0.11
0.02
0.04
0.25
0.04
0.17
3.62
0.09
0.28
0.03
0.07
0.47
2.67

6.61
0.02
0.10
0.25
0.01
0.04
14.09
3.84
0.16
0.01
0.44
0.50
0.10
0.07
0.04
0.66
0.00
3.43
27.86
2.74
0.06
0.06
16.46
0.16
0.14
0.06
9.31
0.01
0.71
0.07
0.39
0.04
1.05
0.16
0.06
0.12
0.03
0.06
0.35
0.04
0.25
4.86
0.15
0.30
0.05
0.09
0.63
3.35

6.48
0.01
0.05
0.15
0.01
0.02
12.40
2.23
0.09
0.00
0.25
0.28
0.07
0.04
0.02
0.38
0.00
3.29
32.76
2.45
0.04
0.03
18.88
0.09
0.08
0.05
11.75
0.00
0.39
0.04
0.41
0.03
1.06
0.11
0.03
0.10
0.01
0.03
0.20
0.04
0.14
2.72
0.09
0.32
0.03
0.05
0.35
1.93

6.47
0.02
0.09
0.23
0.01
0.04
13.94
3.55
0.12
0.01
0.40
0.45
0.09
0.07
0.03
0.60
0.00
3.42
28.26
2.63
0.05
0.05
18.18
0.15
0.12
0.07
9.53
0.01
0.65
0.06
0.40
0.04
1.04
0.15
0.05
0.11
0.03
0.05
0.31
0.04
0.22
4.32
0.14
0.31
0.04
0.08
0.53
2.87

6.62
0.01
0.05
0.14
0.01
0.02
12.32
2.05
0.09
0.00
0.23
0.26
0.07
0.04
0.02
0.36
0.00
3.24
32.29
2.34
0.04
0.02
20.31
0.08
0.07
0.04
11.81
0.00
0.37
0.04
0.40
0.03
1.01
0.10
0.03
0.10
0.01
0.03
0.18
0.04
0.12
2.51
0.08
0.31
0.04
0.05
0.30
1.73

SFA
MUFA
Σ n-6
Σ n-3
Σ n-3LC-PUFA
Σ n-3/Σ n-6

26.25
35.78
15.30
20.66
11.33
1.35

23.47
39.44
17.35
18.54
6.97
1.07

25.32
36.49
17.28
19.17
9.13
1.11

23.03
39.26
19.37
17.34
5.18
0.90

24.95
36.40
18.90
18.17
7.98
0.96

23.01
38.40
20.77
16.91
4.70
0.81

2.7. Texture profile analysis (TPA)
Texture analyses were carried out on the whole fish and both raw and
cooked fillets. TPA was made with a TA.XT2 Texture Analyzer (Stable
Micro Systems Ltd., Surrey, UK). Ungutted whole fish texture studies
were developed over the lateral line, on the left side, 1 cm from the
operculum. Each fish was compressed in two consecutive cycles to a
depth of 7 mm with a plunger of 1.2 cm in diameter at a constant speed
of 0.8 mm/s and 5 s between cycles. The pattern attempted to mimic the
pressure that might be applied by a person with their finger (Ginés et al.,
2002). Differently, for fillet texture studies, the skin was removed and
three-square pieces (cranial, central, and caudal, 2.5 × 2.5 × 1.5 cm)
above the lateral line were collected from the left fillets raw and right
fillet for cooked. The force-deformation curve was analyzed to deter
mine four texture parameters (fracturability, hardness, springiness, and
adhesiveness). This time, compression plate and speed were 100 mm Ø
and 0.8 mm/s applying a deformation of 60% of the original thickness
for raw fillet (Ginés et al., 2004). Cooked fillet samples were prepared in
a steam oven (Compact; Eurofred, Barcelona, Spain) for 10 min at 115 ◦ C
in lidded aluminium boxes. The applied deformation was 80% of the
original thickness. Fracturability on cooked fillet was not determined.
2.8. Statistical analyses
Data were analyzed with IBM SPSS Statistics for Windows, Version
26.0 (Armonk, NY: IBM Corp.) testing for normality and homogeneity of
variance. A General Linear Model (GLM) with fish meal and fish oil
content in the diet as fixed factors and body weight as a covariate was
used to determine effects in growth performance parameters and prox
imate and fatty acid composition of muscle at 0 dph. Data of evolution
over time during storage about fillet composition, texture and spoilage
were subjected to one-way ANOVA. Significant differences between the
means were evaluated by Duncan’s multiple range tests.
3. Results
3.1. Growth parameters
The dietary FM content affected growth parameters and feed effi
ciency (Table 3). Throughout the experimental period, European sea
bass fed with the three dietary levels of FM were progressively differ
entiated according to weight and SGR, regardless of the FO content.
After 153 days of experimentation, significant differences were only
observed between the European sea bass fed the diets with 20% FM
compared to those that consumed the diets formulated with a 5% FM.
These differences became more pronounced after 355 and 556 days of
experimentation. At this stage, weight and SGR reached the highest
values in the fish fed diets containing 20% FM and the lowest values for
fish fed diets containing 5% FM (Table 3). The condition factor (K) was
influenced by the FO content of the diets up to 153 days of experi
mentation, being significantly higher in European sea bass fed a dietary
3% FO. From 153 days onwards, the dietary FO content did not produce
any significant effect on the parameters evaluated. Regarding the feed
efficiency (FE), FM content produced a significant outcome from the first
part of the trial, after 153 days of experimentation, although only
comparing fish fed the 20/6 diet with 5/3 diet. After 355 days of feeding,
FE was significantly lower for those diets containing a 5% FM. At the end
of the experiment, at 556 days, although the fish fed the diets with a 5%
FM presented the lowest efficiency, they were only significantly

FM: Fishmeal; FO: Fish oil; SFA: saturated fatty acids; MUFA: monounsaturated
fatty acids; LC-PUFA: long chain polyunsaturated fatty acids.

lipid was extracted as described by Folch et al. (1957). Fatty acid methyl
esters were obtained by transmethylation with 1% sulphuric acid in
methanol as described by Christie (1982) and separated by gas chro
matography (GC-14A, Shimadzu, Japan) in a Supercolovax-10-fused
silica capillary column (Supelco, Bellefonte, USA) using helium as the
carrier gas, following the conditions described by Izquierdo et al.
(1992). Fatty acid methyl esters were quantified by a flame ionization
detector and identified by comparison with external and wellcharacterized fish oils standards (EPA 28, Nippai, Ltd. Tokyo, Japan).
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Table 3
Growth performance and feed utilization of European sea bass fed diets with several FM/FO contents.
Diets (%FM/%FO)
Initial
153 days

355 days

556 days

Weight (g)
K1
Weight (g)
K1
SGR2
FE3
Weight (g)
K1
SGR2
FE3
Weight (g)
K1
SGR2
FE3

P-value

20/6

20/3

10/6

10/3

5/6

5/3

FM

FO

FMxFO

9.77 ± 1.62
1.29 ± 0.11
96.31 ± 24.74a
1.62 ± 0.14ab
1.50 ± 0.02a
0.85 ± 0.02a
258.82 ± 44.36a
1.65 ± 0.15a
0.92 ± 0.01a
0.71 ± 0.03a
552.98 ± 97.77a
1.65 ± 0.14a
0.73 ± 0.02a
0.55 ± 0.05a

9.86 ± 1.47
1.30 ± 0.12
95.00 ± 21.53a
1.66 ± 0.16a
1.48 ± 0.03a
0.83 ± 0.03ab
258.47 ± 48.76a
1.65 ± 0.17a
0.92 ± 0.01a
0.70 ± 0.02ab
560.53 ± 88.32a
1.70 ± 0.14a
0.73 ± 0.01a
0.56 ± 0.04a

9.86 ± 1.54
1.28 ± 0.13
86.45 ± 18.34ab
1.57 ± 0.14ab
1.42 ± 0.03ab
0.82 ± 0.02ab
236.98 ± 59.28b
1.61 ± 0.20a
0.90 ± 0.01b
0.64 ± 0.04b
492.73 ± 50.90b
1.57 ± 0.16b
0.70 ± 0.02b
0.52 ± 0.03ab

9.75 ± 1.59
1.30 ± 0.11
88.96 ± 19.26ab
1.61 ± 0.15ab
1.44 ± 0.03ab
0.83 ± 0.04ab
240.12 ± 44.01b
1.63 ± 0.17a
0.90 ± 0.00b
0.65 ± 0.03ab
490.10 ± 65.71b
1.60 ± 0.14ab
0.70 ± 0.01b
0.51 ± 0.06ab

9.84 ± 1.49
1.28 ± 0.12
82.61 ± 20.85b
1.54 ± 0.16b
1.39 ± 0.02b
0.80 ± 0.04ab
216.00 ± 41.89c
1.49 ± 0.17b
0.87 ± 0.00c
0.56 ± 0.04c
416.93 ± 74.66c
1.53 ± 0.15b
0.67 ± 0.01c
0.46 ± 0.03b

9.78 ± 1.51
1.30 ± 0.12
80.67 ± 19.50b
1.60 ± 0.17ab
1.38 ± 0.04b
0.79 ± 0.03b
207.29 ± 40.52c
1.52 ± 0.16b
0.86 ± 0.01c
0.54 ± 0.04c
432.20 ± 78.31c
1.59 ± 0.12ab
0.68 ± 0.02c
0.47 ± 0.04b

NS
NS
0.000
0.000
0.000
0.044
0.000
0.000
0.000
0.000
0.000
0.006
0.007
0.004

NS
NS
NS
0.000
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS

NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS

Values expressed in mean ± SD. (n = 75 fish per diet in Weight and K; n = 3 tanks per diet in SGR and FE). Different letters within a line denote significant differences
among dietary treatments (P < 0.05). NS: not significant.
1
K (Condition factor) = [(weight)/(length)3].
2
SGR (Standard Growth Rate) = [(ln final weight – ln initial weight)/number of days] × 100.
3
FE (Feed Efficiency) = 1/(ingested feed/gain weight).

different from the European sea bass fed the diets with the highest level
of FM (Table 3).

(Fig. 1a), which persisted although reactivity intensity decreased at 8
dph (Fig. 1b) when the fibre-fibre adhesion was reduced and disinte
gration of myocommata was apparent (Fig. 1b). Immunoreactivity for
anti-dystrophin was intense and located mainly at the periphery of the
red and white muscle cells (Fig. 1c). This immunoreactivity was dis
appearing at the end of the postmortem period concerning the tissue
itself degradation (Fig. 1d). About muscle morphology deterioration, no
differences were observed comparing the experimental diets throughout
the storage period. The immunoreaction against anti-m-calpain, antiμ-calpain and anti-calpastatin, at 0 dph appeared as a microgranular
deposit preferentially localized in the fibre’s periphery (Fig. 2a, c, e). No
remarkable changes in the patterns of m-calpain and μ-calpain staining
were observed throughout the storage period apart from some degra
dation indicators connected with the cytoplasmatic loss of the mem
brane components (Fig. 2b, d). Anti-calpastatin immunolabelling
progressed as increased the homogenization of the cytoplasm. Thus, at 8
dph the immunoreactivity was clearly detected in the cytoplasm of

3.2. Muscle immunohistochemical analyses: Fillet degradation
Immunohistochemical studies were undertaken at 0 and 8 dph. At
0 dph all samples studied presented intact muscle fibers with a typical
polygonal shape surrounded by a thin connective tissue layer (endo
mysium). Similarly, well-preserved myocommata of connective tissue
were observed at this stage (Figs. 1 and 2). At 8 dph, myotomes appeared
detached from the myocommata, and autolytic alterations became more
evident, such as the separation of myotomes. Thus, some groups of
myofibers showed impaired cellular integrity reflected in a hyper
acidophilic cytoplasm, with loss of cell boundaries and cytoplasmic
details (Figs. 1 and 2) regardless of dietary treatment. An intense
immunoreactivity to anti-desmin was observed in the periphery and
cytoplasm of red and white muscle fibers in all the sections observed

Fig. 1. Immunohistochemistry against myofibrilar antibodies of desmin at 0 (a) and 8 dph (b), and dystrophin at 0 (c) and 8 dph (d) in white muscle.
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Fig. 2. Immunohistochemistry against endoproteases enzymes antibodies of M-calpain at 0 (a) and 8 dph (b), Micro-calpain at 0 (c) and 8 dph (d), and calpastain at
0 (e) and 8 dph (f) in white muscle.

muscle fibers which showed degradation signs (Fig. 2 f). The endopro
teases immunoreactivity pattern along the storage period evaluated was
indistinguishable comparing the dietary groups.

dietary percentage due to the reduction in 15:0, 16:0 and 17:0
(Table S2). During ice storage (Table S3), SFA content did not differ
between fish fed a 20 or a 10% of FM, showing the highest SFA values
fish fed a 5% FM. With FO replacement, fish fed a 6% FO had a higher
content of SFA than fish fed a 3% FO at 2, 5, 8 and 12 dph (Table S3).
Dietary replacement of FO only mildly increased monounsaturated and
n-9 fatty acids contents when fed 10/3, mainly due to the increase in
18:1n-9 (Table S1). During ice storage, those differences were sustained
depending on FO replacement (Table S3). Both FM and FO reduction
(especially FO) in the diet significantly increased 18:2n-6 and, subse
quently, n-6 fatty acids in the muscle with reduced levels of ARA, EPA,
DHA, and n-3 LC-PUFA (Table S2), in agreement with dietary levels of
these fatty acids (Table 2). Dietary FM and FO reduction increased
18:2n-9 and 18:3n-6, as well as 20:2n-6 and 20:3n-3, products of Δ6desaturase and Elovl6, respectively, despite their low levels in the diet
(Table S2). The Σn-6 was higher in fish fed 3% FO than fish fed 6% FO at

3.3. Proximate composition and fatty acid profile
No significant differences were found in muscle total lipid content
among fish fed different experimental FM or FO levels (Table 4). How
ever, the reduction of FM promoted a reduction of protein and ash
content in muscle in fish fed a 5% FM based diet compared to fish fed
20/3 diet. These differences were maintained for protein and ash con
tent along the period of ice storage (Table S1). Raw fillet fatty acid
classes at 0 dph were affected by dietary FM and/or FO replacement
(Table 4). Thus, the lowest values of SFA were found in fish fed diets
with 10% of FM. Relative to FO level, fish fed diets with a 6% FO showed
higher SFA content than those fed with a 3% of FO within the same FM

Table 4
Muscle proximate composition (wet-weight basis) and fatty acid composition (% of total identified fatty acids) in raw and cooked fillets of European sea bass fed diets
with several FM/FO contents at 0 dph.
Diets (%FM/%FO)
20/6

P-value
20/3

10/6

10/3

5/6

5/3

FM

FO

FMxFO

Proximate composition (wet-weight basis)
Lipids
7.75 ± 2.40
6.67 ± 2.73
Protein
20.67 ± 1.24ab
21.74 ± 0.88a
1.35 ± 0.04ab
Ash
1.40 ± 0.03a
Moisture
70.18 ± 1.35
70.23 ± 1.89

7.36 ± 3.06
20.74 ± 0.61ab
1.29 ± 0.03c
70.61 ± 2.56

8.84 ± 2.65
20.99 ± 0.70ab
1.28 ± 0.04c
68.89 ± 1.93

8.89 ± 2.06
19.96 ± 0.74b
1.27 ± 0.07c
69.88 ± 1.51

8.23 ± 3.11
20.23 ± 0.53b
1.29 ± 0.06bc
70.24 ± 2.66

NS
0.017
0.000
NS

NS
NS
NS
NS

NS
NS
NS
NS

Fatty acid in raw fillet (% of total identified fatty acids)
SFA
26.55 ± 0.53ab
25.93 ± 0.40b
39.53 ± 1.21bc
MUFA
39.27 ± 1.45c
Σ n-6
12.13 ± 0.35d
13.41 ± 0.35c
Σ n-3
20.33 ± 0.94a
19.51 ± 1.15a
9.90 ± 1.08b
Σ n-3LC-PUFA
11.92 ± 1.01a
Σ n-3/Σ n-6
1.68 ± 0.06a
1.45 ± 0.06b

25.68 ± 0.85bc
40.61 ± 1.86bc
14.77 ± 0.66b
17.48 ± 1.46b
10.38 ± 1.41b
1.18 ± 0.05c

25.04 ± 0.33c
43.93 ± 0.99a
15.72 ± 0.68a
14.03 ± 0.70d
5.92 ± 0.51d
0.89 ± 0.02e

26.94 ± 0.73a
41.05 ± 0.34b
14.66 ± 0.49b
15.55 ± 0.49c
8.11 ± 0.58c
1.06 ± 0.05d

26.03 ± 0.73b
41.03 ± 0.52b
16.31 ± 0.51a
15.12 ± 0.35cd
6.07 ± 0.27d
0.93 ± 0.02e

0.001
0.000
0.000
0.000
0.000
0.000

0.004
0.011
0.000
0.000
0.000
0.000

NS
0.007
NS
0.002
0.007
0.005

Fatty acid in cooked fillet (% of total identified fatty acids)
SFA
28.31 ± 0.57ab
28.04 ± 0.94b
38.91 ± 2.03cd
MUFA
37.65 ± 2.52d
Σ n-6
12.70 ± 0.49d
13.75 ± 0.57c
18.16 ± 1.25b
Σ n-3
19.87 ± 2.08a
Σ n-3LC-PUFA
12.70 ± 2.36a
9.69 ± 1.64b
Σ n-3/Σ n-6
1.57 ± 0.09a
1.32 ± 0.06b

29.05 ± 0.45a
42.39 ± 0.81ab
14.99 ± 0.96b
12.55 ± 0.40d
6.43 ± 0.10cd
0.84 ± 0.04d

27.41 ± 1.02bc
44.08 ± 1.52a
15.56 ± 0.42b
12.10 ± 0.43d
4.95 ± 0.80d
0.78 ± 0.03d

27.56 ± 0.60bc
41.28 ± 0.60b
15.03 ± 0.47b
14.92 ± 0.69c
7.50 ± 0.64c
0.99 ± 0.02c

26.90 ± 0.47c
40.89 ± 0.61bc
16.59 ± 0.32a
14.62 ± 0.28c
5.92 ± 0.34cd
0.88 ± 0.02cd

0.007
0.000
0.000
0.000
0.000
0.000

0.003
NS
0.000
0.045
0.000
0.000

NS
NS
NS
NS
NS
NS

Values expressed in mean ± SD. (n = 6 fish per diet). Different letters within a line denote significant differences among dietary treatments (P < 0.05). NS: not
significant; dph: days post-harvest; FM: Fishmeal; FO: Fish oil; SFA: saturated fatty acids; MUFA: monounsaturated fatty acids; LC-PUFA: long chain polyunsaturated
fatty acids.
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0 dph (Table 4) and during ice storage (Table S3), although from the 8th
dph on, the differences were not significant. On the other hand, fish fed
20% FM showed the lowest values at 0 dph (Table 4) and during the ice
storage period (Table S3). On the contrary, Σn-3 had the highest con
tents in 20% FM and 6% FO (Table 4). A comparable situation could be
explained both for Σn-3LC-PUFA and Σn-3/Σn-6. Remarkably, the dif
ferences between fish fed 20/6 diet with the highest value of the rela
tionship Σn-3/Σn-6 was decreasing from 0 to 12 dph (Fig. 3), although
differences were always significant.
The fatty acid profile of the cooked fillet was analyzed on the 0 dph
(Table 4). The percentage of SFA showed a slight but significant increase
after cooking in the fish fed the diets 20 and 10% FM (Table S4). Diets
with 20% FM had the lowest values of MUFA and Σn-6, but the highest
of Σn-3 and Σn-3LC-PUFA. The highest relationship Σn-3/Σn-6 was for
the diet 20/6. It can also appreciate a better n-3/n-6 relationship for raw
fillets due to the slight reduction in the proportion of Σ n-3 after cooking
(Table S4). Fish fed diets with 3% FO showed the lowest contents of SFA,
Σn-3 and Σn-3LC-PUFA, but the highest of Σn-6 (Table 4).

Fig. 4. QIM scores in whole fish of European sea bass fed different diets
throughout ice storage. Different letters in the same day denote statistically
significant differences (P < 0.05).

3.4. Quality index method (QIM)
No significant differences were observed in the evolution of sensory
freshness during ice storage of European sea bass fed the six experi
mental diets tested (Fig. 4). The coefficient of variation between scores
at any postmortem day was below 10%, indicating a clear consistency of
the valuation promoted by an accurate assessment of the panelist
members.
3.5. Texture profile analysis
The values of the hardness registered for whole fish were the highest
for diets with 20% FM in the 0 and 2 dph (Fig. 5). Throughout ice
storage, those initial differences disappeared. In the case of springiness,
no differences in any of the samples were found. In the raw fillet, there
were no differences between diets according to FM levels tested in 0 dph
but they were significant at 2 dph. Fish fillets fed 20 and 10% FM diets
required a higher compressive force to deform than fish fillets fed 5% FM
(Fig. 6). These differences melted progressively afterwards. The evolu
tion of the other texture parameters throughout the shelf life in the raw
fillet showed the same tendency, although gumminess was maintained
from 2 until 5 dph higher with higher values for the 20 and 10% FM diets
than for the 5% FM diet (Table S5). No significant differences in texture
parameters were found studying the cooked fillets, neither attributable
to the diet nor the interval of ice storage.

Fig. 5. Evolution of whole fish hardness (N) in the muscle of European sea bass
fed diets with several FM/FO contents throughout ice storage. Different letters
in the same day denote statistically significant differences (P < 0.05).

Fig. 6. Evolution of raw fillet hardness (N) in the muscle of European sea bass
fed diets with several FM/FO contents throughout ice storage. Different letters
in the same day denote statistically significant differences (P < 0.05).

4. Discussion
4.1. Growth parameters
The results show that a reduction of raw materials of marine origin in
the diets of European seabass affects growth performance, being espe
cially appreciable for extended periods. The data obtained during the

Fig. 3. Evolution of n-3/n-6 ratio in the muscle of European sea bass fed
different diets throughout ice storage. Different letters in the same day denote
statistically significant differences (P < 0.05).
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period from juvenile until commercial weight goes beyond the results of
an earlier study where similar diets were used to rear sea bass until 50 g
(Torrecillas et al., 2017). In that study the growth performance was less
influenced than at the present one, underscoring the importance of
monitoring the complete growth period. Conversely, and regarding the
stage of development, Le Boucher et al. (2013), showed that complete
substitution of marine ingredients leads to a reduced weight gain in
European seabass, more pronounced between 2.5 and 100 g of weight
than when it was carried out from 194 to 647 g (Le Boucher et al., 2011).
However, it is opportune to distinguish the effect of FM from the FO
effect, even if combined in diets. In the present study, the growth of
European sea bass was highly dependent on dietary FM to reach a
commercial size >500 g. Thus, those fish fed low FM diets had 20% less
growth. A reduction of FM up to 10% implies a 7% less growth at 556
days, reaching up to 17% less with a 5% FM content. Likewise, feed
efficiency was conditioned by dietary FM content, although only on fish
fed diets formulated with higher substitution levels. The poor growth
performances found in previous research in the species after a high-level
FM replacement by a single plant-protein source (Dias et al., 2005) were
associated with an essential amino acid imbalance and impaired phos
phorus availability. Appropriate supplementation of essential amino
acids in plant-based diets for European sea bass leads to proper somatic
growth or nitrogen utilization (Kaushik et al., 2004). For instance, di
etary inclusion of blood meal and the progressive supplementation with
lysine and methionine according to FM reduction were efficient to
guarantee similar growth rates with 20 and 10% content of FM from 9 to
55 g of body weight (Torrecillas et al., 2017).
On the other hand, the FO replacement by a blend of rapeseed,
linseed and palm oils did not affect growth and feed efficiency, even
with a reduction to 3%. However, it entails changes in the structure of
the intestinal membrane and alterations in the functionality of the local
and systemic immune system (Torrecillas et al., 2017b), which could
affect the fish performance in stressful situations under farm conditions.
The content of n-3 LC-PUFA in the diet 5/3 FM/FO (0.9% d.w.) was
effective to cover the requirements for European sea bass, not only on
the juvenile as shown by Skalli and Robin (2004) with a 0.7% but also in
a long-term feeding experience for commercial-size fish as in the present
study. Adverse effect on the fish growth performance was presented
after a total marine oils’ replacement with VO (Sales and Glencross,
2011). However, if the diet provides a minimum content of essential
fatty acids, fish growth and feed utilization are not compromised
(Izquierdo et al., 2003; Richard et al., 2006), being able to achieve up to
a 75% of dietary FO substitution (Turchini et al., 2009).

reactions (Tie et al., 2022). Structural proteins are increasingly studied
as biomarkers to monitor fish muscle quality during post-mortem stor
age. The fact that there are no visually appreciable differences when
comparing dietary treatments should not discourage us from continuing
to try to understand the effect on post-mortem interval. Understanding
the contribution and interaction between proteases is of particular
importance for the exploitation of more refined strategies aimed at
protease control for better quality of fishery products (Ge et al., 2018).
4.3. Proximate composition and fatty acid profile
The formulation of the diets was intended to rationalize the cost of
ingredients and the present results indicate that a considerable reduc
tion of up to 10% in FM levels returns only a 10% decrese in fish per
formance at the end of the experimental period. Previous studies have
shown that replacing FM alone with plant protein sources did not affect
muscle protein content in European sea bass at reduction levels of 5%
(Kaushik et al., 2004), 10% (Dias et al., 2005) and 25–50% (Tibaldi
et al., 2015) or with related species such as Japanese sea bass (Lateo
labrax japonicas) (Hu et al., 2013). Likewise, in the present study, fish fed
diets with 10 or 20% of FM content did not register changes in the
muscle protein content. Protein accretion is determined by the balance
between the processes of protein synthesis and degradation, regulated
by interactions among hormonal, nutritional and cellular signalling
pathways (Liu and Barrett, 2002). When proper consideration is given in
meeting the requirements in essential nutrients, there is much potential
for developing low FM/FO feeds for most species without adverse effects
(Halver and Hardy, 2003; Krogdahl et al., 2010; Torrecillas et al., 2017).
The fact that no change in lipid content was recorded in the muscle
denotes that lipid content is stable despite the variation of ingredients
when a careful formulation is applied. FO was substituted by a blend of
rapeseed, linseed and palm oils that kept saturated and mono
unsaturated fatty acids profile balanced in fish tissues, and diets were
progressively complemented with micronutrients. Thus, the SFA
reduction in the muscle with no connection with any experimental diet,
confirmed that a mixture of different alternative sources could substitute
FM and FO using practical ingredients readily available to the aquafeed
industry (Kaushik et al., 2004; Jobling, 2012). The MUFA fatty acid
profile, when soybean meal progressively replaces FM, tends to increase
significantly, and this effect was mainly due to 18:1n-9, oleic acid.
Rapeseed oil, a traditional source of MUFA, (Bell and Sargent, 2003) did
not mediate in the 18:1n-9 increase. The mitochondrial β-oxidation of
18:1n-9 as an energy source diminished under 10% of FM concentration
being an object of bioaccumulation. When the diets were combined with
higher FO presence (6%) into the dietary formulation fortified or
maintained this effect. This result entails a change in adult European sea
bass metabolism different from that determined in juvenile where
changes in the source of FO do not promote modifications of the oleic
acid deposited in the muscle (Eroldoǧan et al., 2013). In the same vein,
dietary FM content lower than 10% did not affect total n-6 fatty acids,
the main energy source of European seabass, which efficiently uses n-6
PUFAs as an energy substrate (Eroldoǧan et al., 2013) helping to mini
mize the β-oxidation of n-3 LC-PUFA allowing a deposition in body
compartments. This total content of n-6 fatty acids, especially pro
nounced in the case of linoleic acid 18:2n-6, even though incremented in
fish fatty acids profile was only half of those observed in the diet. In
addition, marine finfish have a limited ability to biosynthesize LC-PUFA
from C18 PUFA precursors due to apparent limited fatty acid elongase
and desaturase enzymatic activities (Izquierdo et al., 2005; Richard
et al., 2006; Montero et al., 2010). As commented, soybean meal protein
percentages resulted in lower n-3 PUFA levels in both diet and fish
muscle, however, the decrease was less pronounced than expected due
to endogenous synthesis. The present study shows that FO substitution
by VO caused a significant increase in the fatty acid products of Δ6desaturase and Elovl6. Delta-6 FA desaturase catabolizes two different
steps of the LC-PUFA biosynthesis acting over C18 PUFA, such as 18:2n-

4.2. Muscle immunohistochemical analyses: Fillet degradation
Desmin labelling did not decrease during the storage of the fish
muscle, in agreement with previous observations indicating that desmin
is stable in chill-stored fish muscle (Verrez-Bagnis et al., 1999). On the
contrary, the immunodetection of dystrophin, which ensures the link
between the actin cytoskeleton and the extracellular matrix, was limited
to the first 24 h after slaughtering, that is 0 dph. Dystrophin was no
longer detected throughout the storage at 4 ◦ C in agreement with pre
vious studies (Bonnal et al., 2001; Bao et al., 2020). This breakdown
allows monitoring early proteolysis during fish storage, which was not
apparently modified by the dietary content of FM and FO. Likewise,
calpains cleaved the protein structure bonded to sarcolemma with
changes microscopically independent of the diet. Kinetic analysis of
European sea bass white muscle showed that 60% of dystrophin was
cleaved during the first 24 h, and total disappearance was observed after
2 days of storage at 4 ◦ C (Bonnal et al., 2001). The analysis of vacuoles,
spaces, interstitial space or myofiber empty spaces (Tinacci et al., 2018)
showed no effect of the dietary treatment fed. Post-mortem changes of
flesh quality under the microscope are tightly coupled to organizational
and structural changes, which have been reported to be highly associ
ated with biological reactions, including endogenous enzymatic
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6 and 18:3n-3 and on C24 PUFA, such as 24:4n-6 or 24:5n-3 (Sargent
et al., 2003). Thus, the relative increase in 18:2n-9 and 18:3n-6, inter
mediate metabolites of Δ6-desaturase, as well as the intermediate 20:2n6 from Elovl6 suggest the increased activity of these enzymes as
described for other species such as Atlantic salmon or Japanese sea bass
(Bell et al., 2002; Xu et al., 2014). Thus, FO substitution by VO activates
LC-PUFA synthesis also in European sea bass. This effect was also found
in the liver and muscle in juvenile sea bass (Torrecillas et al., 2017). The
present study verifies the persistence of the effect up to commercial
weight but shows that, at this age, the activity of Elovl5, more active in
juveniles, was reduced. The levels of n-3 PUFA determined in the muscle
even with the more restrictive diets have shown excellent perspectives
for these formulations where higher accumulation was determined than
that offered by experimental diets, especially under low FM concentra
tions. Our results show that increasing the dietary proportion of soybean
meal (and corn) leads to an n-3/n-6 relationship reduction. This is due to
the loss of LC-PUFA n-3 fatty acids that accompanies the reduction of
FM.
Proximate composition and fatty acid profile of raw fillet are sensible
to heat treatment, varying its nutritive value depending on the different
cooking methods (Türkkan et al., 2008). The fatty acid profile could
maintain the same proportions after a light cooking process (Şengör
et al., 2013), as it has been carried out in this experiment using a steam
oven. The SFA showed a higher proportion in cooked fillets than raw
ones but only in those fillets from fish fed the diets with higher FM
content, accordingly with a higher amount of n-3 LC-PUFA. It was due to
SFA being fairly heat stable at habitual cooking temperatures (Larsen
et al., 2010), while unsaturated fatty acids usually become more labile
when the degree of unsaturation increases (Koubaa et al., 2012). The
final consequence is a poor ratio of n-3/n-6 in the cooked fillet (Yu et al.,
2017). In any case, the best nutritional balance was shown by cooked
fillets from fish fed the diet with 20% FM.

commercial diet after adding a finishing diet (Matos et al., 2019) or with
an enriched standard commercial diet with fish meal and final
replacement (Cai et al., 2018; Johnsen et al., 2011). However, starting
with juvenile individuals, fish fed with the highest FM diets showed the
greatest flesh hardness (Liang et al., 2017). In our case, starting with
juvenile fish, fewer than ten grams of weight and reviewing a feeding
trial of eighteen months, the effect of FM content in the diet was man
ifest. Both whole body and raw fillets fish fed diets with a 20 and a 10%
FM required a higher compression force to deformation than fish fed
diets with a 5% FM. In any case, those differences were only significant
at the start of ice storage subsiding throughout the shelf life. In shorter
experimental periods (three months) and FM diet contents ranging from
26 up to 40%, De la Serrana et al. (2013) did not find differences in the
raw fillet texture of gilthead sea bream.
The dietary proportion of amino acids may be beneficial to improve
fillet texture (Larsson et al., 2014). Fish fed diets exceeding a certain
level of plant proteins could have a compromised collagen biosynthesis
(Liu et al., 2014), essential to maintain the normal structure and strength
of connective tissue (Li and Wu, 2018). Even though proline plus hy
droxyproline, the most abundant amino acids in collagen proteins (Wu
et al., 2011), normally can be synthesized in adequate amounts by the
organism, they must be provided through the diet to meet optimal needs
under conditions where rates of utilization are greater than rates of
synthesis (Castro et al., 2021). This phenomenon is characteristic of
those considered as conditionally essential amino acids in fish (Wu,
2009). For that, the level of inclusion of fish meal in plant protein-based
diets plays a key role since it contains connective tissue, an excellent
source of proline plus hydroxyproline (Li et al., 2011). This is central as
plant protein sources normally used in aquaculture feed, contain by
nature low levels or no hydroxyproline (Aksnes et al., 2008). Unlike that
of raw fillet results, the cooked fillet texture was not affected by diet. A
similar result has been shown in Atlantic salmon (Salmo salar) fed a fish
meal-free diet and fish meal-based diet (Davidson et al., 2018). After
cooking, the collagen shrinks then soften, whereas the actomyosin
complex changes from a soft gel to a firmer denatured complex, making
it exceedingly difficult to relate the texture attributes of raw flesh to the
attributes once the fillet is heated (Castro et al., 2015).
In conclusion, the present study demonstrated that long-term FM
feed replacement influenced growth performance, whereas FO
replacement affected fatty acid profile by increasing n-6 fatty acids and
reducing saturated, n-6 fatty acids. 3 LC-PUFA and n-3/n-6 ratio. No
differences were found when reviewing myofibrillar antibodies or
endoproteases labelling comparing diets at two different experimental
days. No organoleptic changes were observed when comparing experi
mental diets, except for muscle texture in whole fish and raw fillet, not
perceptible in cooked fillet.

4.4. Quality index method (QIM)
The assessment of spoilage, and therefore the fish acceptability
during ice storage showed a linear relationship with a high correlation
between the average QIM scores for each storage day and storage time in
ice (Sveinsdottir et al., 2003). However, the spoilage into the same
species could be different according to the origin, wild or farmed (Ala
salvar et al., 2002), season (Tejada and De Las Heras, 2007), sexually
mature (Nielsen and Hyldig, 2004), perimortem conditions (Erikson
et al., 2018) or processing methods after slaughtering (Erikson et al.,
2019). The linear relation between QIM scores and time is strongly
affected by the bacterial spoiling activity (Giuffrida et al., 2013), along
with the biochemical composition (Castro et al., 2018), which allows
decoding the bacterial concentrations into QIM scores (Valenti et al.,
2016). In the present study, the experimental diets influenced the fatty
acid profile but without changes on the fish freshness assessment,
probably attached with the low level of variation promoted between
dietary groups. In this sense, a high proportion of LC-PUFA might cause
a faster deterioration (Alasalvar et al., 2002) and presents a positive
correlation with QIM score (Castro et al., 2018). Fish fed diet 20/6
showed the highest demerit points in all sampled days, but without
significant differences throughout shelf life, attributable to individual
variation of spoilage.
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4.5. Texture profile analysis
The texture is one of the most important quality parameters of fish
for producers, processors, and consumers (Hyldig and Nielsen, 2001)
hence, texture assessment makes particular sense at the commercial size.
The long feeding period displayed in the present study and the amply
substitution levels has been an opportunity to review the effect of the
dietary variations in flesh features. Thus, the replacement of FM by plant
proteins indicated no texture differences compared with a standard
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