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A B S T R A C T   

N-3 long-chain polyunsaturated fatty acids (LC-PUFA), particularly docosahexaenoic acid (22:6n-3, DHA), are 
the most important fatty acids with physiological significance in brain function of all vertebrates. Recently, novel 
lipid sources are available for the industry, including products obtained from microorganisms. Dietary fatty acid 
profiles may affect tissue composition and cell functioning. To determine the effect of novel lipid sources on 
behaviour and neural function in gilthead sea bream (Sparus aurata), juveniles were fed three isoproteic and 
isoenergetic diets containing either (FO), a microalgae oil combined with poultry oil (DD) or only poultry oil 
(PO). Behaviour response, brain fatty acid composition and relative expression of neurogenesis and neural ac-
tivity related-genes in telencephalon were evaluated during 5 months of feeding with the experimental diets. 
Brain of sea bream fed diet PO showed the highest DHA content as well as increased desaturation and elongation 
products, contrary to the dietary pattern. This, together with an increased telencephalic fads2 expression denoted 
the effective activation of LC-PUFA synthesis and retention as a compensatory mechanism for a dietary defi-
ciency. Furthermore, neurod6, bdnf and nos1 were proportionally upregulated in relation to the neural DHA 
content. Locomotor performance during cruising and escape responses was not affected by the experimental 
diets. However, there was a tendency for escape latency to be longest in fish fed PO and DD diets, and a rela-
tionship between escape latency and brain n-6 docosapentaenoic acid (DPA) contents was suggested. Indeed, the 
relation of n-6 DPA with behavioural deficits was shown previously in mammals and might deserve further 
attention and corroboration in fish as well in the future.   

1. Introduction 

N-3 long-chain polyunsaturated fatty acids (LC-PUFA) are involved 
in several metabolic pathways, such as energy production, membrane 
structure and function, control of lipid homeostasis and production of 
eicosanoids (Tocher, 2003). In particular, docosahexaenoic acid (DHA, 
22:6n-3) and eicosapentaenoic acid (EPA, 20:5n-3) have significant 
biological roles and are essential fatty acids (EFA) for marine species, 

due to their limited desaturases (FADS) and elongases (ELOVL) activ-
ities, necessary for their endogenous synthesis (Izquierdo and Koven, 
2011; Tocher, 2015). Despite the well-known positive effects of DHA 
and EPA on vertebrate growth, reproduction, and disease prevention, 
these FA are also main components of polar lipids, which play critical 
roles in the regulation of membrane integrity and function. Moreover, 
they strongly participate in neural development and performance (Sar-
gent et al., 1995; Izquierdo and Koven, 2011). Indeed, DHA is the most 
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important fatty acid with physiological significance for brain function in 
vertebrates, including in fish (Bourre, 2004; Marszalek and Lodish, 
2005). This fatty acid is especially relevant during very early life stages, 
accounting for 30–40% of fatty acids contained in neural cell mem-
branes (Lauritzen et al., 2001). Despite being less studied, EPA may also 
play important roles in neural function, by enhancing brain develop-
ment in fish (Furuita et al., 1998), whereas in mammals, EPA has been 
shown to have a neuro-protective role (Joffre et al., 2019). The high 
demand for n-3 LC-PUFA from the brain in early stages of life is one of 
the most significant reasons behind the considerable higher DHA and 
EPA requirements in larvae than in juveniles or sub-adult fish 
(Izquierdo, 2005). However, despite these important functions in fish 
neuromodulation, there is still little information regarding the effects of 
dietary n-3 LC-PUFA on brain function of teleosts. Indeed, composition 
of neural cells can directly influence brain activity that, in turn, modu-
lates fish behaviour (Benítez-Santana et al., 2012, 2014). Behaviour is a 
consequence of the connection between the perception of the environ-
ment by the animal and its nervous system that translate the sensory 
perception into a specific reaction (Lund et al., 2014). Therefore, normal 
fish behaviour is associated with a normal neural function and conse-
quently, closely related with fish welfare and health status. Like in the 
natural environment, that fish faces several stressors, for instance, 
predators, in captivity, fish also experience stressful situations, 
including confinement due to high density, chasing due to fish netting, 
etc. These types of external stimuli are usually translated into typical 
behavioural response patterns that need to be monitored for fish wel-
fare. For instance, previous studies with gilthead sea bream larvae 
(Sparus aurata) provided the first evidence regarding the effects of n-3 
LC-PUFA on Mauthner neurons and escape behaviour (Benítez-Santana 
et al., 2012, 2014). DHA-deficient diets were shown to greatly reduce 
DHA incorporation in larval brain tissue and, consequently, delaying 
escape response to a sound stimulus (Benítez-Santana et al., 2012, 
2014). Additionally, EFA-deficient diets also have short (28 days) and 
long-term (112 days) negative consequences in behaviour of pikeperch 
(Sander lucioperca) larvae (Lund et al., 2014). These unsuccessful or 
altered behavioural responses could be derived from a failure of 
neuronal activity or a low perception of the stimulus. Escape responses 
are natural mechanisms for avoiding stressors. They consist of both 
non-locomotor, for instance escape latency, as well as locomotor vari-
ables (e.g. turning rate, escape velocity and distance) (Domenici et al., 
2007), that are activated by fish neural circuits, particularly Mauthner 
neurons, and allow fish to avoid threats (Domenici and Hale, 2019). In 
juveniles, recent studies with rainbow trout (Oncorhynchus mykiss) also 
linked dietary n-3 LC-PUFA and feeding behaviour, as well as inflam-
matory, oxidant and stress status of fish brain (Roy et al., 2020). 
Although some work has been carried out on larvae of farmed fish 
species, very few studies have been conducted to understand the impact 
of n-3 LC-PUFA in brain and behaviour responses of fish in later stages of 
development and, to our knowledge, no studies were carried out in 
gilthead sea bream (S. aurata) juveniles. This topic deserves further 
attention on more species for a number of reasons: (1) With the 
increasing replacement of fish oil (FO) in aquafeeds, mostly with 
terrestrial plant ingredients, n-3 LC-PUFA dietary contents could be 
significantly reduced. Dietary fatty acid composition is reflected in fish 
tissues and could affect fish cell responses (Turchini et al., 2009). 
Therefore, fish nutrition research has been recently focusing in finding 
new n-3 LC-PUFA sources for fish feeds, in which microalgae are some of 
the most promising alternatives (Shah et al., 2018). (2) Fish behaviour 
and neural function are good indicators of fish health and development 
(Martins et al., 2012), thus being of pivotal importance their study and 
monitoring for an effective production of fish (Benítez-Santana et al., 
2012, 2014; Lund et al., 2014). (3) Fish models are gaining interest in 
biomedical and behavioural research as alternatives to mammals, in 
which DHA and EPA were shown to ameliorate neuropathological dis-
orders, such as depression, schizophrenia, Alzheimer’s disease or autism 
(Sanchez-Villegas et al., 2018; Shahidi and Ambigaipalan, 2018). Thus, 

studying the effect of novel oils as lipid sources for aquafeeds and 
alternative to FO, on fish neural function could contribute to increasing 
our knowledge in these fields. 

Therefore, using a long-term feeding protocol for sea bream juve-
niles, the aim of the present study was to investigate the effect of three 
different dietary formulations with conventional or novel lipid sources 
with distinct dietary fatty acid composition on (1) brain fatty acid 
incorporation, (2) fish behavioural response to an external mechano- 
sensory stimulus and (3) expression of neurogenesis and neural 
activity-related markers in the telencephalon. 

2. Materials and methods 

2.1. Experimental diets and nutritional trial 

Three experimental diets were formulated containing similar 
amounts of digestible protein, lipid and energy (Table 1) but differing in 
their dietary fatty acid composition (Table 2). A control diet was 
formulated based on FO (FO diet), whereas the two other dies were 
based on either a combination of poultry oil and a DHA and n-6 doco-
sapentaenoic acid (DPA, 22:5n-6)-rich microalgae oil (DD diet), or only 
poultry oil (PO diet) (Table 1). All diets had similar contents in saturated 
fatty acids (Table 2). The FO and DD diets were similar in MUFA, n-9, n- 
3, n-3 PUFA and EPA + DHA. However, FO diet was the highest in EPA, 
EPA/ARA and EPA/DHA, whereas the DD diet was the highest on DHA, 
DPA and n-6 LC-PUFA, containing 5 times more DHA than EPA 
(Table 2). On the contrary, the PO diet contained low levels of n-3, n-3 
PUFA, EPA and DHA. Thus, the n-3 LC-PUFA contents in PO diet were 
below the requirements estimated for gilthead sea bream juveniles 
(1.3–1.6% of dry weight of the diet; Izquierdo, 2005) and could cause a 
marginal EFA-deficiency. The diets were manufactured by Skretting 
ARC at their Feed Technology Plant (Stavanger, Norway). 

A nutritional trial of 2.5 months was conducted in triplicated groups 
of 55 gilthead sea bream (S. aurata) fingerlings (initial body weight of 
2.50 ± 0.01 g), whose results concerning fish growth performance and 
hepatic lipid metabolism are described elsewhere (Carvalho et al., 
2020a, 2020b) and were not the aim of the present study. After this 

Table 1 
Ingredients and proximate composition of the experimental diets.  

Ingredients (%) FO DD PO 

Fish meala 15.0 15.0 15.0 
Wheata 12.3 12.1 11.4 
Corn glutena 6.6 6.2 10.0 
Hi-pro soyaa 5.0 5.0 5.0 
Wheat glutena 17.7 17.9 15.4 
Soya protein concentratea 25.0 25.0 25.0 
Faba beansa 5.0 5.0 5.0 
Fish oila 5.3 0.0 0.0 
Rapseed oila 7.9 5.7 7.3 
DHA Natur oilb 0.00 3.7 0.0 
Poultry oilc 0.0 3.9 5.7 
Vitamin premixd 0.1 0.1 0.1 
Mineral premixe 0.1 0.1 0.1  

Proximate composition (%) 
Crude protein 49.31 48.06 50.18 
Crude lipids 18.19 18.23 17.50 
Neutral lipids 89.32 90.15 91.96 
Polar lipids 10.68 9.85 8.04 
Moisture 6.60 7.85 8.28 
Ash 4.66 4.70 4.64 
Starch (theorical value) 10.03 10.18 9.87 
Fiber (theorical value) 2.53 2.53 2.54 

d,eNclude vitamins and minerals; Trouw Nutrition, Boxmeer, the Netherlands, 
proprietary composition Skretting ARC, 

a Skretting AS (Norway). 
b DHA Natur oil (ADM Animal Nutrition, USA). 
c Poultry oil: Sonac. B.V. The Netherlands. 
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feeding period, 12 fish per tank (36 per treatment) were transferred to 
500 L tanks kept under natural photoperiod and continuously supplied 
with filtered sea water (salinity: 37 g/L, water temperature: 23.1 ±
0.3 ◦C) and aeration (dissolved oxygen: 6.4 ± 0.2 mg/L). Fish were fed 
with the corresponding experimental diet for another 2.5 months. 

2.2. Behavioural response to an external mechano-sensory stimulus 

After the long-term feeding period (5 months), 9 fish per treatment 
were randomly selected for testing behaviour response to an external 
mechano-sensory stimulus. Gilthead sea bream is a schooling species 
and presents social hierarchies between individuals (Goldan et al., 2003; 
Montero et al., 2009; Arechavala-Lopez et al., 2019, 2020). Previous 

observations noticed a freezing-like behaviour (no movement) in gilt-
head sea bream under isolation in a tank (author’s own observations), as 
also observed in other fish species under fear/anxious situations (Mid-
ttun et al., 2020). Therefore, to avoid the stress of isolation, for the 
present trial fish were tested in three groups per treatment, of three fish 
each, using a white bottom-tank of 100 L, indirectly illuminated, and 
covered by a dark plastic canvas to avoid disturbance during acclimation 
of 1 h and testing. Each fish was gently tagged with a colour pearl 
attached to the base of the first ray of the dorsal fin, under anaesthesia 
with clove oil (4 ml/100 L). Preliminary observations showed that 
tagging does not compromise fish normal behaviour regarding swim-
ming or response to the stimulus, and this type of tagging was previously 
used in fish behaviour trials (Alfonso et al., 2019; Cerqueira et al., 2020). 
For that, prior to tagging fish, preliminary test trials were conducted to 
observe if the typical pattern of escape response and swimming activity 
were influenced by tagging and acclimation time. Although these trials 
were only observational, non-tagged fish showed the regular swimming 
activity, similar to tagged fish after 1 h of acclimation. Furthermore, all 
tagged fish responded to the stimulus as well as non-tagged fish, indi-
cating that tagging and acclimation protocol did not affect the respon-
siveness and type of response of the fish to the stimulus. Even if clove oil 
and tagging may have had an effect on fish behaviour, the protocol was 
strictly maintained in all fish in order to accurately compare behavioural 
parameters among the different experimental groups. Then, fish were let 
to recovered and acclimated in the testing tank for 1 h, according the 
acclimation time used in most of locomotor activity- related studies in 
several fish species (Melvin et al., 2017). After this acclimation period, 
fish were exposed to a mechano-sensorial vibrational stimulus, which 
consisted in an iron pendulum of 600 g that was dropped without any 
additional force against the tank wall from a distance of 71 cm. Fish 
behaviour was monitored by a video-camera (Xiaomi Mijia 4 k, China) 
placed above the tank and recording at 200 fps. The first 60 s of 
recording prior to stimulation were used to measure fish basal activity 
level (cruise speed), while the first 300 ms immediately after applying 
the stimulus were used for measuring the activity level (measured 
through swimming speed) in fish after stimulation. Furthermore, fish 
motion during the escape response (Domenici and Hale, 2019) was 
analysed at the moment of applying the stimulus using the Kinovea® 
software (Kinovea Project, 2016; da Silva Souza et al., 2020) software 
for measuring specific points on the fish, i.e. the centre of mass of the fish 
(at 0.35 lengths, based on other fish species with similar body shape) 
(Webb, 1978; Dadda et al., 2010) and the tip of the head, as well as 
turning angles. The following variables were analysed:  

(1) Responsiveness: responsiveness to the stimulation was defined as 
the number of fish that responded to the sensory-mechanical 
stimulus with an escape response (Domenici and Hale, 2019); 
non-responders were considered individuals that did not display 
any movement at the moment of the stimulation;  

(2) Escape type: Escape responses consists of a fast body muscular 
contraction, usually in C-shape form (stage 1), where a second 
contralateral contraction (stage 2) may or may not following 
(Domenici and Blake, 1997). Thus, escape type was defined as 
either single if escape response consisted of stage 1 alone (SB) or 
double bend (DB) if stage 2 followed stage 1 (Domenici and 
Blake, 1997);  

(3) Escape latency: Escape latency was measured as the time (in ms) 
from the frame F0 in which the stimulus started disappearing 
below the upper edge of the tank seen from the camera above 
until the first detectable movement by the fish. Because F0 pre-
sumably occurred a few milliseconds before the stimulus hit the 
side of the tank, these latency values are likely to be longer than 
those typically found in teleosts. They are, however, a proxy of 
the readiness to react, since the stimulus was delivered to the side 
of the tank in a consistent manner; 

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

Fatty acid FO DD PO 

14:0 2.05 1.33 0.72 
14:1n-7 0.40 0.34 0.08 
14:1n-5 0.37 0.35 0.03 

15:0 0.45 0.35 0.10 
15:1n-5 0.29 0.36 0.03 
16:0ISO 0.37 0.40 0.03 

16:0 9.72 10.51 11.59 
16:1n-7 2.51 1.42 1.90 
16:1n-5 0.31 0.38 0.06 
16:2n-4 0.44 0.52 0.07 

17:0 0.49 0.41 0.06 
16:3n-4 0.28 0.35 0.11 
16:3n-3 0.31 0.49 0.04 
16:3n-1 0.28 0.46 0.05 
16:4n-3 0.54 0.44 0.13 

18:0 2.72 2.70 3.40 
18:1n-9 30.01 29.26 39.78 
18:1n-7 2.68 1.73 2.38 
18:1n-5 0.37 0.47 0.07 
18:2n-9 0.41 0.39 0.00 
18:2n-6 15.74 16.36 23.16 
18:2n-4 0.32 0.41 0.03 
18:3n-6 0.23 0.52 0.08 
18:3n-4 0.34 0.49 0.10 
18:3n-3 5.02 3.61 5.29 
18:3n-1 0.29 0.46 0.00 
18:4n-3 0.94 0.53 0.39 

20:0 0.68 0.50 0.52 
20:1n-9 0.37 0.43 0.18 
20:1n-7 2.33 1.91 1.96 
20:1n-5 0.47 0.41 0.17 
20:2n-9 0.30 0.35 0.05 
20:2n-6 0.32 0.56 0.27 
20:3n-9 0.28 0.00 0.18 
20:3n-6 0.32 0.58 0.11 

ARA (20:4n-6) 0.59 0.48 0.32 
20:3n-3 0.29 0.46 0.10 
20:4n-3 0.44 0.64 0.11 

EPA (20:5n-3) 5.30 1.54 1.24 
22:1n-11 2.37 1.56 1.94 
22:1n-9 0.56 0.58 0.39 
22:4n-6 0.36 1.32 0.15 

DPA (22:5n-6) 0.47 3.05 0.13 
22:5n-3 1.31 1.09 0.31 

DHA (22:6n-3) 5.36 9.04 2.11 
ΣSFA 16.11 15.80 16.39 

ΣMUFA 43.02 39.20 48.96 
Σn-9 31.93 31.01 40.58 
Σn-6 17.79 22.88 24.29 

Σn-6 LC-PUFA 2.06 5.99 0.98 
Σn-3 19.51 17.84 9.72 

Σn-3 LC-PUFA 12.70 12.77 3.87 
EPA + DHA 10.66 10.58 3.35 
EPA/ARA 8.91 3.22 3.88 
EPA/DHA 0.99 0.17 0.59 

ARA, arachidonic acid; EPA, eicosapentaenoic acid; DPA, docosapentaenoic 
acid; DHA, docosahexaenoic acid; LC-PUFA, long-chain polyunsaturated fatty 
acids. 
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(4) Turning rate: Turning rate was measured as the ratio between the 
turning angle observed in stage 1 and the duration of the stage 1 
(degrees /s) (Domenici et al., 2008). The duration of this stage 
was measured between the frame 0 (prior to the first visible re-
action) and the moment when a change in the direction of rota-
tion of the head occurred (Domenici and Blake, 1997). Stage 1 
turning angle was measured (in degrees) as the rotation of the 
line passing through the center of mass and the tip of the head of 
each individual, during the whole duration of stage 1;  

(5) Distance covered: Distance covered was defined as the distance 
(in cm) between the center of mass of the fish at the frame before 
the first visible response and 70 ms later. The 70 ms time-period 
was chosen as a shortest fixed time through which all fish had 
completed stage 2 (if DB) or stage 1 (if SB) (Meager et al., 2006; 
Turesson et al., 2009). This fixed time was chosen because stage 1 
and 2 correspond to the period considered crucial for survival 
when avoiding stressors, for instance ambush predator attacks 
(Walker et al., 2005);  

(6) Basal activity level: Basal activity level (in cm/s) was defined as 
the cruise speed (distance/ time) during the first 60 s prior to 
stimulation;  

(7) Post-stimulation activity level: Post-stimulation activity level (in 
cm/s) was defined as the swimming speed (distance/ time) dur-
ing the 300 ms immediately after the stimulation. 

2.3. Sample collection 

For sampling procedures, fish were fasted 24 h and euthanasia was 
carried out by an overdose of clove oil (6 ml/10 L). Fish brains were 
carefully removed from skull and collected at short (2.5 months of 
feeding) from 15 fish per treatment (n = 5 per triplicate) that were 
chosen randomly, for analysing their fatty acid composition. Brains were 
also weighed to calculate cephalic index (%) as following: Brain weight 
(g)/ Body weight (g) *100. Additionally, telencephalons of 9 fish per 
treatment were micro-dissected and conserved in RNA later (Sigma- 
Aldrich, Madrid, Spain) for molecular analysis. The remaining brain 
parts were used for analysing brain fatty acid composition after long- 
term feeding (5 months). All samples were frozen at − 80 ◦C until 
analysis. 

2.4. Diets and brain biochemical composition 

All samples were homogenized prior to analysis. Dietary protein, ash 
and moisture contents were additionally analysed according A.O.A.C. 
(2000). Lipid content of diets and brains was determined by extraction 
with chloroform/methanol (2:1 v/v) (Folch et al., 1957) and then 
transmethylated to obtain fatty acid methyl esters (FAMES) (Christie, 
1989). FAMES were then separated by gas liquid chromatography 
(Izquierdo et al., 1990), quantified by a flame ionization detector (Fin-
nigan Focus SG, Thermo electron Corporation, Milan, Italy) and iden-
tified comparing with previously characterized standards. 

2.5. Brain gene expression 

2.5.1. RNA extraction, quantification and complementary DNA synthesis 
Total RNA was obtained from fish telencephalons, using the RNeasy 

Mini Kit extraction (Qiagen, Hilden, Germany). Briefly, samples were 
homogenized using TissueLyzer-II (Qiagen) and adding TRI Reagent 
(Sigma-Aldrich, Sant Louis, MO, USA). Then, samples were centrifuged 
with chloroform at 12000 g for 15 min, at 4 ◦C, and RNA phase was 
mixed with 75% ethanol and transferred into a RNeasy spin column, 
using RW1 and RPE buffers (Qiagen) to purify RNA. RNA was posteri-
orly eluted with RNase-free water. The NanoDrop 1000 Spectropho-
tometer (Thermo Scientific, Wilmington, DE, USA) and Gel Red™ 
staining (Biotium Inc., Hayward, CA) on 1.4% agarose electrophoresis 
gel were used to determine the quantity and integrity of RNA, 

respectively. 
From the extracted RNA, complementary DNA (cDNA) was synthe-

tized using iScriptcDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA), 
according to manufacturer’s instructions in an iCycler thermal cycler 
(Bio-Rad). 

2.5.2. RT-qPCR analysis 
Brain (telencephalon) mRNA levels of the following genes were 

analysed from each individual: neurogenic differentiation factor 6 (neu-
rod6) and early growth response gene 1 (egr1), related with neurogenesis 
(Alfonso et al., 2019); and cerebral nitric oxid synthase 1 (nos1), c-fos and 
brain-derived neurotrofic factor (bdnf), markers of neural activity and 
plasticity (Alfonso et al., 2019), and fatty acyl desaturase 2 (fads2), 
involved in PUFA biosynthesis (Izquierdo, 2005). Primer sequences 
were designed from gilthead sea bream genome using Primer3 software 
(Rozen and Skaletsky, 2000) (Table 3) and respective relative gene ex-
pressions were determined by RT-PCR in an iQ5 Multicolour Real-Time 
PCR detection system (Bio-Rad). ef1α and tubulin were used as reference 
gene (RG) and best RG to normalize the data was chosen by comparison 
of the two RGs with BestKeeper software. According to BestKeeper, both 
genes showed a very small variation (SD = 0.45 and 0.50 for ef1a and 
tubulin, respectively, below the maximum SD acceptable in the literature 
(Zhou et al., 2018), as well as r values close to 1 (r = 0.95 and 0.93, 
respectively). Therefore, although both genes were suitable for be used 
as RG, ef1a was chosen for presenting a minor slight lower SD and higher 
r value than tubulin. RT-PCR conditions used were the following: a first 
step of 3 min 30 s at 95 ◦C followed by 40 cycles of 15 s at 95 ◦C, 30 s at 
annealing temperature for each primer (see Table 3), 30 s at 72 ◦C, 1 min 
at 95 ◦C, and a final denaturing step from 58 ◦C to 95 ◦C for 10 s. All PCR 
reactions were carried out in in a final volume of 15 μl, with 7.5 μl of 
Brillant SYBR Green QPCR Master Mix (Bio-Rad Hercules, CA, USA), 0.6 
μl of each primer (10 mM), 5 μl of cDNA (1:10 dilution) and 1.3 μl of 
MiliQ water. MiliQ water also replaced cDNA in blank control reactions. 
In each run, an analysis of melting curve leading to a melting peak 
specific for the amplified target DNA was carried out. 

2.6. Statistical analysis 

All data are presented as mean ± standard deviation (SD). Shapir-
o–Wilk and Levene’s tests were used to test data normality and homo-
geneity of variances, respectively. A one-way ANOVA was applied to 
growth, biochemical and gene expression, using diet as factor. When 
necessary, transformations to normalize data were applied (Sokal and 
Rohlf, 1981). If normalization was not possible, for instance in some 
minor FA, the data were analysed using the non-parametric Kruskall- 
Wallis test. Relative gene expression data were normalized according 
Livak method (2-ΔΔct). Tukey (Tukey, 1949) was used as post-hoc test to 
compare means when significant differences were detected. When 
applicable, data were also subjected to the best fit regressions (linear, 
exponential or logarithmic), which were also checked for significance. 
Behaviour response such as responsiveness and type of escape response 
were analysed applying a Chi-2 square test (critical CHI values =5.99 for 
two degrees of freedom), while numeric variables including activity 
levels, latency, distance, and turning rates were analysed using a two- 
way ANOVA, where diet was used as fixed factor and group within 
each diet was used as random factor. Total length of each fish (cm) was 
used as co-variable for all numeric behavioural variables. A significance 
level of less than 5% was used for all statistical analysis (P < 0.05). 
Statistical treatment of the data was carried out using SPSS 21.0 for 
macOS 10.15 (IBM, 2020). 

2.7. Ethical statement 

All the protocols involving animals in this experiment were strictly 
conducted according to the European Union Directive (2010/63/EU) 
and Spanish legislation (RD 1201/2005) on the protection of animals for 
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scientific purposes, at ECOAQUA-UI from University of Las Palmas de 
Gran Canaria (Canary Islands, Spain). The procedures used were 
approved by the Bioethical Committee of the University of Las Palmas de 
Gran Canaria (Ref OEBA-ULPGC-21/2018 & OEBA-ULPGC-07/2019). 

3. Results 

3.1. Growth performance and cephalic indices 

After 5 months of feeding the experimental diets, body weight of sea 
bream fed PO diet was significantly lower (P < 0.05) than those fed FO 
or DD diets (Fig. 1A). No significant differences were observed in ce-
phalic index after 2.5 months of feeding (data not shown), whereas after 
5 months of feeding, cephalic index was higher in fish fed DD and PO 
diets compared to those fed the FO (P < 0.05; Fig. 1B). 

3.2. Behavioural response to an external mechano-sensory stimulus 

All individuals (9/9) responded to stimulus with a typical escape 
response in fish fed FO diet, while 7/9 and 8/9 responded in those fed 
DD and PO, respectively (Chi2= 2.25; P > 0.1; Fig. 2A). From the 
responding fish in each treatment, 33% presented a SB escape response 
while 67% displayed a DB escape response in those fed FO; 29% and 
71%, respectively in those fed DD; and 13% and 87%, respectively in 
those fed PO (Chi2= 1.05; P > 0.05; Fig. 2B). However, these differences 
were not significant (P > 0.05) among treatments or among groups of 

fish. Similarly, no significant differences (P > 0.05) were recorded in 
distance covered (P = 0.3; Fig. 2C), turning rate during escape response 
(P = 0.9; Fig. 2D) and escape timing (P = 0.1; Fig. 2E). However, there 
was a tendency for escape latency to be the longest in fish fed PO and DD 
diets (P = 0.1; Fig. 2E), which is in line with the significant correlation 
found between escape latency and individual brain n-6 DPA contents, 
although with a low r2 value (r2 = 0.18; P = 0.03; Fig. 3). In addition, a 
total of two of the fish (as mentioned above) showed no response and 
were not included in the original correlation test. Therefore, an addi-
tional correlation was performed by considering these fish conserva-
tively, i.e. assigning them the highest latency we recorded (i.e. 210 ms), 
which lead to a more significant correlation value (P = 0.01; r2 = 0.23). 
No significant differences were observed for activity basal (P = 0.8) and 
after stimulation (P = 0.6) levels (Fig. 4). 

3.3. Brain fatty acid composition 

No differences were observed in brain lipid content, either at 2.5 or 5 
months of feeding with the experimental diets (Tables 4 and 5). 

After 2.5 months of feeding, brain fatty acid profiles of sea bream 
were similar among fish fed the different diets, regardless the dietary 
differences (Table 4). As in diet, FO fish had more EPA, EPA/ARA and 
EPA/DHA and DD fish had a higher content in n-6 DPA. However, PO 
fish was not lower in n-3, n-3 LC-PUFA or EPA + DHA as it occurred in 
the diet. Moreover, 18:2n-9, 18:3n-6 and 20:3n-6, fatty acids that are 
products from FADS2 activity, were higher in PO fish, despite their low 
dietary values (P < 0.05; Tables 4). These tendencies in brain fatty acid 
profiles were even stronger after 5 months of feeding the experimental 
diets (Table 5). Thus, products of FADS2, as well as products of elon-
gases, were high in brain of fish fed the PO diet (18:2n-9, 18:3n-6, 20:3n- 
6, 20:4n-6). Besides, the FADS2 substrates 18:1n-9 and 18:2n-6 were 
low, contrary to their high dietary content (P < 0.05; Tables 4 and 5). 
Furthermore, PO fish also had the highest DHA content in brain, despite 
the lowest contents of this fatty acid in PO diet (Table 5). Accordingly, 
the EPA level in brain of PO fish was similar to that of sea bream fed the 
other two diets, regardless the lowest EPA content in PO diet (Table 5). 
Interestingly, brain of sea bream fed the DD diet, not only was the 
highest in n-6 DPA, in agreement with its high dietary levels, but it was 
also highest in ARA after 2.5 months of feeding (Table 4) and higher 
than in fish fed the FO diet after 5 months (Table 5), regardless the low 
ARA contents in DD diet. 

3.4. Telencephalon gene expression 

No significant differences were observed for the relative expressions 

Table 3 
Primers sequences used in RT-PCR for measuring telencephalic neuronal markers relative expression in gilthead sea bream fed the different experimental diets.  

Gene Primer sequence Temp (◦C) Access n◦

neurod6 F: TCGGCAGGAAAAGAAAAAGA 
R: CACAATATCGGCTCCATGTG 

61◦ XM_030401584.1 

egr1 
F: GACGAGAGGAAGAGGCACAC 
R: ACGGGAGAGGGGTAAGAAGA 61◦ XM_030396900.1 

nos1 
F: GGTCAACAAAGAGCCTCAGC 
R: ATTCCTCTGGCCTTCTCCAT 61◦ XM_030416914.1 

c-fos F: TGACCTGTCCAACTCCCTCT 
R: GTTGCTGTTGCTTCCTCTCC 

61◦ XM_030405977.1 

bdnf F: ATCAGCAACCAAGTGCCTTT 
R: GCCGTCTTTTTATCCACAGC 

61◦ XM_030413189.1 

fads2 
F: GCAGGCGGAGAGCGACGGTCTGTTCC 
R:AGCAGGATGTGACCCAGGTGGAGGCAGAAG 60◦ AY055749 

ef1α F: CATGGTTGTGGAGCCCTTCT 
R: TCCTGCACGACCATTCATTTC 60◦ AF184170 

tubulin ATCACCAATGCCTGCTTCGA 60◦ AY326430,1 
CTGTGGGAGGCTGGTAGTTG 

neurod6, neurogenic differentiation factor 6; egr1, early growth response gene 1; nos1, nitric oxid synthase 1 (neuronal); bdnf, brain-derived neurotrophic factor; 
ef1α, elongation factor 1 alpha. 

Fig. 1. Growth (A) and cephalic index (B) of gilthead sea bream fed the 
different experimental diets for 5 months. Different letters above bar errors 
denote significant differences among the experimental groups (P < 0.05). 
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of egr1 or c-fos among fish fed the experimental diets (Fig. 5). However, 
sea bream fed the PO diet showed an upregulation of telencephalon 
mRNA levels of neurod6, bdnf and nos1 (P < 0.05) compared with those 
fed FO, but not with those fed DD diet (Fig. 5). Additionally, a tendency 
to present higher relative expression of fads2 was also noted in fish fed 
PO (P = 0.1), particularly when compared with those fish fed DD (with 
the highest dietary DHA) (Fig. 5). Indeed, significant correlations were 
found between individual telencephalon DHA content and the respec-
tive mRNA levels of these genes (neurod6: r2 = 0.23, P = 0.01; bdnf: r2 =

0.27, P = 0.01; nos1: r2 = 0.21, P = 0.02; fads2: r2 = 0.24, P = 0.01; 
Supplementary material). 

4. Discussion 

Essential fatty acids, in particular the n-3 LC-PUFA DHA and EPA, are 
of key importance in fish metabolism, health and development. After a 
long period of feeding of 5 months, gilthead sea bream fed the PO diet, 
with low EPA and DHA levels, showed reduced growth compared to 
those fed FO or DD diets, with high DHA. In fact, only 2.5 months of 
feeding was sufficient to reduce growth in sea bream fed PO (Carvalho 
et al., 2020a), suggesting a marginal deficiency in these fish, in agree-
ment with other marine species, for which these fatty acids are essential 
(reviewed in Izquierdo, 2005). Furthermore, this EFA-deficiency was 
likely to be more related to a dietary DHA deficiency, since the low in-
clusion of EPA in DD diet did not cause a decrease in growth perfor-
mance in fish juveniles, when compared to those fed FO (with high EPA 

Fig. 2. Behavioural response to an external mechano-sensory stimulus of gilthead sea bream fed the different experimental diets for 5 months. (A) responsiveness; (B) 
escape response type; (C) distance covered after stimulus; (D) turning rate during escape; (E) escape latency. 

Fig. 3. Linear correlation between brain n-6 docosapentaenoic acid and escape 
latency (P = 0.03). 

Fig. 4. Activity basal and after stimulation level in gilthead sea bream fed the 
different experimental diets for 5 months. 

M. Carvalho et al.                                                                                                                                                                                                                              



Aquaculture 550 (2022) 737873

7

and DHA). Although both DHA and EPA compete for the incorporation 
into cell membranes phospholipids, the former has a higher function as 
growth promoter and stress resistance than the latter (Watanabe et al., 
1989; Watanabe and Kiron, 1994), explaining the effect in growth per-
formance associated to dietary DHA rather than EPA. 

Indeed, the present results suggest a selective incorporation and 
retention of DHA over EPA into brain lipids of sea bream juveniles. 

Accordingly, in mammals, DHA and ARA are activated and incorporated 
into phospholipid cell membranes, while EPA is catabolised (Chen and 
Bazinet, 2015). This could explain the lower efficiency of EPA compared 
to DHA in regulating membrane phospholipids fluidity, important for 
neural cells growth, health and normal function (Bowen and Clandinin, 
2002). The results provided in the literature suggest a similar mode of 
action in fish and highlight the higher biological importance of DHA 

Table 4 
Brain lipid content (% wet weight - ww) and fatty acid composition (% total fatty 
acids) of gilthead sea bream fed the different experimental diets after 2.5 
months.   

FO DD PO 

Lipids (%ww) 7.88 ± 0.59 8.62 ± 0.50 8.65 ± 1.04 
Fatty acid (% total fatty acids) 

14:0 0.48 ± 0.02 0.21 ± 0.11 0.31 ± 0.05 
14:1n-7 0.01 ± 0.00 0.07 ± 0.06 0.02 ± 0.00 
14:1n-5 0.02 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 

15:0 0.08 ± 0.01 0.08 ± 0.01 0.0 ± 0.01 
15:1n-5 0.01 ± 0.00 0.02 ± 0.01 0.01 ± 0.00 
16:0ISO 0.02 ± 0.00 0.02 ± 0.01 0.01 ± 0.00 

16:0 14.56 ± 0.81ab 16.49 ± 2.54a 12.55 ± 0.21b 

16:1n-7 1.82 ± 0.10 1.77 ± 0.24 1.47 ± 0.04 
16:1n-5 0.05 ± 0.00 0.04 ± 0.01 0.03 ± 0.00 
16:2n-4 0.04 ± 0.00a 0.04 ± 0.01ab 0.02 ± 0.00b 

17:0 0.07 ± 0.00a 0.05 ± 0.01ab 0.04 ± 0.00b 

16:3n-4 0.13 ± 0.01a 0.11 ± 0.01ab 0.10 ± 0.00b 

16:3n-3 0.03 ± 0.00 0.02 ± 0.01 0.02 ± 0.00 
16:3n-1 4.77 ± 0.34 4.11 ± 0.59 4.18 ± 0.27 
16:4n-3 0.69 ± 0.04 0.61 ± 0.06 0.67 ± 0.05 
16:4n-1 0.40 ± 0.03 0.36 ± 0.03 0.37 ± 0.03 

18:0 11.22 ± 0.63 12.01 ± 0.98 9.92 ± 0.38 
18:1n-9 22.73 ± 1.24 22.42 ± 0.64 22.18 ± 1.09 
18:1n-7 1.63 ± 0.11 1.54 ± 0.07 1.51 ± 0.07 
18:1n-5 0.05 ± 0.00 0.07 ± 0.01 0.04 ± 0.00 
18:2n-9 0.47 ± 0.03b 0.47 ± 0.00b 0.63 ± 0.02a 

18:2n-6 3.89 ± 0.27 3.82 ± 0.30 5.70 ± 1.02 
18:2n-4 0.04 ± 0.00a 0.02 ± 0.01b 0.02 ± 0.00b 

18:3n-6 0.23 ± 0.03b 0.23 ± 0.04b 0.45 ± 0.03a 

18:3n-4 0.08 ± 0.02 0.04 ± 0.01 0.05 ± 0.01 
18:3n-3 0.76 ± 0.07 0.54 ± 0.06 0.85 ± 0.23 
18:3n-1 0.01 ± 0.00 0.01 ± 0.01 0.00 ± 0.00 
18:4n-3 0.43 ± 0.01 0.31 ± 0.05 0.37 ± 0.02 
18:4n-1 0.13 ± 0.01 0.11 ± 0.02 0.13 ± 0.01 

20:0 0.31 ± 0.03 0.29 ± 0.04 0.29 ± 0.01 
20:1n-9 0.13 ± 0.01 0.11 ± 0.01 0.13 ± 0.02 
20:1n-7 0.76 ± 0.05 0.62 ± 0.06 0.69 ± 0.07 
20:1n-5 0.14 ± 0.01 0.12 ± 0.00 0.10 ± 0.01 
20:2n-9 0.26 ± 0.01 0.26 ± 0.01 0.35 ± 0.02 
20:2n-6 0.15 ± 0.01 0.16 ± 0.01 0.21 ± 0.02 
20:3n-9 0.05 ± 0.02 0.07 ± 0.05 0.07 ± 0.02 
20:3n-6 0.28 ± 0.02b 0.34 ± 0.06b 0.61 ± 0.01a 

ARA (20:4n-6) 1.31 ± 0.07b 1.92 ± 0.02a 1.48 ± 0.09b 

20:3n-3 0.06 ± 0.01 0.07 ± 0.01 0.07 ± 0.01 
20:4n-3 0.19 ± 0.01 0.10 ± 0.05 0.15 ± 0.01 

EPA (20:5n-3) 3.25 ± 0.33a 1.98 ± 0.17b 2.43 ± 0.13ab 

22:1n-11 0.27 ± 0.04 0.17 ± 0.03 0.21 ± 0.04 
22:1n-9 0.46 ± 0.09 0.41 ± 0.05 0.41 ± 0.03 
22:4n-6 0.14 ± 0.01 0.22 ± 0.04 0.16 ± 0.01 

DPA (22:5n-6) 0.10 ± 0.02b 1.01 ± 0.20a 0.27 ± 0.14b 

22:5n-3 1.22 ± 0.11a 0.63 ± 0.09b 0.98 ± 0.05ab 

DHA (22:6n-3) 26.07 ± 2.72 25.93 ± 2.80 29.70 ± 1.71 
ΣSFA 26.75 ± 1.46 29.14 ± 3.19 23.17 ± 0.51 

ΣMUFA 28.07 ± 1.59 27.36 ± 0.53 26.79 ± 1.34 
Σn-9 23.97 ± 2.25 23.63 ± 1.20 23.65 ± 1.93 
Σn-6 6.11 ± 0.47 7.70 ± 0.91 8.88 ± 1.88 

n-6 LC-PUFA 1.83 ± 0.08 3.43 ± 0.38 2.57 ± 0.11 
Σn-3 32.70 ± 5.53 30.19 ± 5.47 35.25 ± 2.89 

n-3 LC-PUFA 30.79 ± 5.46 28.71 ± 5.25 33.34 ± 3.22 
EPA + DHA 29.32 ± 3.04 27.91 ± 2.91 32.13 ± 1.84 
EPA/ARA 2.48 ± 0.21a 1.03 ± 0.08c 1.64 ± 0.03bc 

EPA/DHA 0.12 ± 0.00a 0.08 ± 0.01b 0.08 ± 0.00b 

ARA, arachidonic acid; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; 
LC-PUFA, long-chain polyunsaturated fatty acids. Different superscript letters 
denote significant differences among the experimental groups (P < 0.05). 

Table 5 
Brain lipid content (% wet weight) and fatty acid composition (% total fatty 
acids) of gilthead sea bream fed the different experimental diets after 5 months.   

FO DD PO 

Lipids (%ww) 11.30 ± 2.70 12.18 ± 2.45 11.65 ± 3.18  

Fatty acid (% total fatty acids) 
14:0 0.90 ± 0.22 0.86 ± 0.24 0.74 ± 0.30 

14:1n-7 0.02 ± 0.00 0.02 ± 0.01 0.03 ± 0.01 
14:1n-5 0.04 ± 0.01b 0.03 ± 0.00b 0.10 ± 0.03a 

15:0 0.15 ± 0.03a 0.15 ± 0.02a 0.09 ± 0.02b 

15:1n-5 0.02 ± 0.03 0.01 ± 0.00 0.02 ± 0.01 
16:0ISO 0.02 ± 0.01a 0.02 ± 0.01a 0.01 ± 0.01b 

16:0 17.28 ± 2.31 15.97 ± 1.05 18.00 ± 1.63 
16:1n-7 1.98 ± 0.27a 1.93 ± 0.41a 1.22 ± 0.33b 

16:1n-5 0.07 ± 0.01 0.07 ± 0.01 0.07 ± 0.02 
16:2n-6 0.01 ± 0.01ab 0.00 ± 0.00b 0.01 ± 0.01ab 

16:2n-4 0.10 ± 0.02a 0.10 ± 0.04a 0.03 ± 0.02b 

17:0 0.09 ± 0.02a 0.09 ± 0.02a 0.04 ± 0.01b 

16:3n-4 0.15 ± 0.02a 0.14 ± 0.03a 0.07 ± 0.01b 

16:3n-3 0.05 ± 0.01 0.05 ± 0.01 0.06 ± 0.02 
16:3n-1 0.69 ± 0.22b 0.59 ± 0.26b 1.22 ± 0.17a 

16:4n-3 0.32 ± 0.12b 0.27 ± 0.14b 0.69 ± 0.30a 

16:4n-1 0.05 ± 0.03b 0.07 ± 0.04 ab 0.10 ± 0.02a 

18:0 9.85 ± 2.55b 8.77 ± 2.49b 14.76 ± 1.23a 

18:1n-9 27.64 ± 3.21a 27.68 ± 4.89a 16.11 ± 2.91b 

18:1n-7 2.01 ± 0.20a 2.00 ± 0.25a 1.58 ± 0.27b 

18:1n-5 0.07 ± 0.01 0.07 ± 0.01 0.07 ± 0.01 
18:2n-9 0.53 ± 0.07b 0.47 ± 0.08b 0.66 ± 0.04a 

18:2n-6 8.64 ± 1.73a 9.50 ± 2.69a 3.80 ± 1.91b 

18:2n-4 0.07 ± 0.01a 0.07 ± 0.02a 0.02 ± 0.00b 

18:3n-6 0.18 ± 0.03b 0.17 ± 0.04b 0.21 ± 0.09a 

18:3n-4 0.06 ± 0.01a 0.07 ± 0.03a 0.03 ± 0.01b 

18:3n-3 2.02 ± 0.50a 2.19 ± 0.71a 0.64 ± 0.41b 

18:3n-1 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.01 
18:4n-3 0.29 ± 0.07ab 0.31 ± 0.10a 0.18 ± 0.11b 

18:4n-1 0.05 ± 0.01 0.05 ± 0.01 0.24 ± 0.61 
20:0 0.20 ± 0.03a 0.21 ± 0.04a 0.12 ± 0.02b 

20:1n-9 0.12 ± 0.03a 0.14 ± 0.03a 0.06 ± 0.03b 

20:1n-7 1.29 ± 0.29a 1.42 ± 0.38a 0.48 ± 0.16b 

20:1n-5 0.08 ± 0.01 0.08 ± 0.01 0.07 ± 0.04 
20:2n-9 0.09 ± 0.01 0.08 ± 0.01 0.10 ± 0.02 
20:2n-6 0.34 ± 0.08 0.39 ± 0.11 0.33 ± 0.64 
20:3n-9 0.02 ± 0.01a 0.01 ± 0.00a 0.01 ± 0.01b 

20:3n-6 0.11 ± 0.01b 0.11 ± 0.01b 0.18 ± 0.02a 

ARA (20:4n-6) 0.94 ± 0.11c 1.26 ± 0.36b 1.64 ± 0.25a 

20:3n-3 0.11 ± 0.01a 0.11 ± 0.03a 0.06 ± 0.01b 

20:4n-3 0.19 ± 0.05ab 0.21 ± 0.04a 0.09 ± 0.02c 

EPA (20:5n-3) 3.42 ± 0.61 3.19 ± 0.47 2.93 ± 0.57 
22:1n-11 0.39 ± 0.07a 0.43 ± 0.11a 0.14 ± 0.07b 

22:1n-9 0.21 ± 0.03 0.25 ± 0.04 0.21 ± 0.06 
22:4n-6 0.06 ± 0.02b 0.07 ± 0.01ab 0.08 ± 0.03ab 

DPA (22:5n-6) 0.16 ± 0.04c 0.49 ± 0.16a 0.29 ± 0.05b 

22:5n-3 0.72 ± 0.18a 0.65 ± 0.15a 0.41 ± 0.06b 

DHA (22:6n-3) 18.19 ± 3.50b 19.16 ± 6.19b 32.02 ± 5.54a 

ΣSFA 28.47 ± 4.57b 26.04 ± 3.19b 33.75 ± 1.98a 

ΣMUFA 33.95 ± 3.84a 34.13 ± 5.99a 20.14 ± 3.57b 

Σn-9 28.49 ± 3.18a 28.50 ± 4.85a 17.08 ± 2.95b 

Σn-6 10.09 ± 1.70a 11.61 ± 2.24a 6.20 ± 1.84b 

n-6 LC-PUFA 1.60 ± 0.14b 2.33 ± 0.41a 2.51 ± 0.61a 

Σn-3 23.28 ± 3.95b 23.95 ± 5.74b 36.44 ± 5.70a 

n-3 LC-PUFA 22.63 ± 3.85b 23.32 ± 6.00b 35.51 ± 3.57a 

EPA + DHA 21.61 ± 3.77b 22.35 ± 5.86b 34.95 ± 5.69a 

EPA/ARA 3.66 ± 0.65a 2.74 ± 0.88b 1.81 ± 0.40c 

EPA/DHA 0.19 ± 0.03a 0.18 ± 0.06a 0.09 ± 0.02b 

ARA, arachidonic acid; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; 
LC-PUFA, long-chain polyunsaturated fatty acids. Different superscript letters 
denote significant differences among the experimental groups (P < 0.05). 
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and, possibly ARA, compared to EPA as modulator of neural function 
(Mourente, 2003). Indeed, contrary to the lowest dietary levels, brain 
contents of these two FA were the highest in brains of fish fed PO diets, 
which was evidenced more at 5 months of feeding than 2.5, suggesting a 
very high retention capacity of sea bream brains when fed EFA-deficient 
diets for prolonged time. This, added to the highest transcriptional levels 
of telencephalon fads2, as well as with the increased contents of other 
products of FADS2 activity (18:2n-9, 20:2n-9, 18:3n-6 and 20:3n-6) 
suggests an activation of the biosynthetic pathways in response to a 
DHA deficiency, which seem to be stronger over the time. This increase 
in desaturation products is also consistent with the decrease of the 
desaturation substrates in these fish, particularly of 18:1n-9 and 18:2n- 
6. It is well recognised that marine species have lower ability to 
endogenously synthesize LC-PUFA from their C18 precursors due to a 
limited activity of desaturases and elongases, for instance FADS2 
(Izquierdo and Koven, 2011). Many studies reported an upregulation of 
fads2 expression or synthesis of its products in many tissues of fish fed 
low EFA diets, for instance in alternative diets where FO was replaced by 
EFA-devoid ingredients (Houston et al., 2017; Carvalho et al., 2018, 
2020b), but few studies have focused on the expression of this gene in 
brain. Indeed, brain is often the organ with the highest fads2 tran-
scription in many marine fish (Monroig et al., 2013). In gilthead sea 
bream, FADS2 have both Δ6 and Δ8 desaturase activities, but weak Δ5 
activity (Monroig et al., 2011). This is the main reason why in most of 
the studies there is an increased in Δ6 products but the failure in their 
further desaturation to ARA, EPA or DHA to meet the requirements. In 
agreement, in the freshwater striped snakehead (Channa striata), juve-
niles fed a diet low in FO and high in linseed oil, brain fads2 was 
upregulated (Kuah et al., 2015). In contrast, expression of fads2 was 
increased in liver but not in brain in meager fed diets where FO was 
replaced by VO (Silva-Brito et al., 2016). These differences suggest the 

species and tissue-specificity of FADS2 expression and activity in fish in 
response to dietary FA composition but could possibly be also influenced 
by the duration of the deficiency period (being 2 months in the latter 
study compared to a prolonged period of 5 months in our study). 
Interestingly, the high brain ARA contents observed in fish fed DD diet, 
contrary to the lower dietary levels of this FA might also indicate a 
retroconversion of the high dietary n-6 DPA to ARA (Carvalho et al., 
2020a). 

Furthermore, this high retention capacity of DHA to compensate 
dietary deficiency could, at least partially, explain the lack of effects in 
behavioural response among sea bream fed the different diets. For 
instance, in sea bream larvae, high dietary DHA boosted escape 
behaviour, which was partly related with the increase in the neural 
activity of the Mauthner cells (Benítez-Santana et al., 2014). Besides, 
escape swimming speed was slower in fish fed low EPA and DHA levels, 
in response to a similar stimulus to that of the present study (Benítez- 
Santana et al., 2014). Essential fatty acid deficiency was also related to 
an impaired visual ability in larvae of this species (Benítez-Santana 
et al., 2007) and herring (Bell et al., 1995), and to a delayed develop-
ment of normal behaviour in yellowtail (Masuda et al., 1998). These 
results suggest that fish larvae are more susceptible to an EFA-deficiency 
than juveniles, probably due to their higher requirement for the faster 
growth rates and the incomplete neuronal development without selec-
tive retention mechanisms for dealing with nutritional deficiency. 
Brains of fish juveniles are fully developed, being a very conservative 
tissue and, consequently, less sensitive to a nutritional EFA-deficiency, 
which could explain that neural circuits are not primarily affected and 
most of vital brain function is preserved. Indeed, in the above-mentioned 
studies with sea bream larvae, a clear reduction in brain EPA and, 
particularly, DHA contents was noticed (Benítez-Santana et al., 2007, 
2014), whereas the opposite was noticed in the present study. In 

Fig. 5. Relative gene expression (2-ΔΔct) of neural markers in brain of gilthead sea bream fed the different experimental diets after 5 months; neurod6, neurogenic 
differentiation factor 6; bdnf, brain-derived neurotrofic factor; nos1, nitric oxid synthase 1 (neuronal); egr1, early growth response gene; fads2, fatty acyl desaturase 2. 
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agreement with this finding, in rainbow trout and European sea bass 
(Dicentrarchus labrax) juveniles, brain tissue showed the highest DHA 
concentration, despite the low dietary concentration of this FA, dis-
playing the greatest capacity to regulate and preserve brain function-
ality (Skalli et al., 2006; Benedito-Palos et al., 2010; Kuah et al., 2015). 
This may allow higher percentages of replacement of FO with alterna-
tive lipid sources with lower n-3 LC-PUFA contents in juveniles than in 
larvae diets, without affecting fish behaviour and brain function. 

Indeed, in the present study, an upregulation of genes involved in 
neurogenesis and neural activity, including neurod6, bdnf and nos1 was 
demonstrated in telencephalons of fish fed PO diet that was positively 
correlated with brain DHA content (highly retained in these fish). These 
results suggest an apparent increase in neurogenesis and neural activity 
in those fish. Despite the important roles that EFA play in nervous sys-
tem in vertebrates, studies on the effect of EFA on modulation of neu-
rogenesis and neural plasticity in fish juveniles are scarce. In agreement, 
Turkmen et al. (2017) demonstrated for the first time in fish an increased 
proliferative activity of retinal ganglion cells (neural cells) associated to 
an increment of dietary LC-PUFA, particularly DHA, by increasing BrdU 
positive cells, in gilthead sea bream larvae. Also, DHA is known to 
promote neurogenesis and neural differentiation in mammals (Kawakita 
et al., 2006; Katakura et al., 2009). 

Despite the selective incorporation and retention of DHA in fish 
brains, there is non-significant tendency for an increase in fish escape 
latency in response to the external stimulus in sea bream fed DD or PO 
diets. These results suggest a slower reactivity to the stimulus in these 
fish, which might be related to a lower speed in the translation of the 
neural signal to activate escape response. Furthermore, this activation 
response may be controlled by alternative neural commands (i.e. non- 
Mauthner cells), since it is known that non-Mauthner cell responses 
show longer latencies than Mauthner cell responses (Domenici and Hale, 
2019; Hecker et al., 2020). In line with this tendency, a significant (P =
0.03) correlation was observed between escape and n-6 DPA in brain, 
which showed the highest concentration in fish fed with PO diet and, 
particularly DD diet, reflecting the dietary composition. The effect of 
excessive n-6 DPA in fish brain is poorly studied because this FA is not 
found in high concentrations in fish tissues or farmed fish fed FO or VO 
diets. However, with the increase of new emergent ingredients, for 
instance microalgae, often with high n-6 DPA contents in some species, 
this concern might arise in the future. Therefore, the present study 
suggests, for the first time in fish, a possible influence of high neural n-6 
DPA on the behavioural response of fish. However, this effect needs 
further corroboration and deserves more investigation in the future. In 
mammals, n-6 DPA competes with DHA for the incorporation in neural 
phospholipids and, therefore, an increase in n-6 DPA is observed in 
DHA-deficient individuals, which is correlated with poorer cognitive 
function and mental health in general (Garcia-Calatayud et al., 2005). 
This is because DPA and DHA present different biochemical structures, 
with DPA lacking a double bond at the end of the chain methyl, affecting 
fluidity of cell membranes and inducing alterations in neurotransmis-
sion which may lead to behavioural deficits (Wainwright, 2002; Eldho 
et al., 2003; Aïd et al., 2003; Garcia-Calatayud et al., 2005). 

5. Conclusions 

The present study showed that FO replacement by PO in diets for 
juvenile gilthead sea bream, namely the reduction in EPA and DHA, 
stimulates neurogenesis and neural activity in sea bream upregulating 
neurod6, bdnf and nos1, possibly in relation to the increased DHA content 
in brain. These results also corroborate the importance of DHA for 
neural function. In addition, the low dietary EPA and DHA in PO diet 
activated LC-PUFA synthesis pathways in brain, as denoted by an 
increased telencephalic fads2 expression and the presence of desatura-
tion and elongation products in brain fatty acid profiles. Although this 
increased LC-PUFA synthesis was not sufficient to maintain fish growth, 
it protected neural circuits and locomotor behavioural response, which 

was not primarily affected by EFA-deficiency, as shown by the lack of 
effects of PO in fish when performed a behaviour test. Moreover, a slight 
but significant positive linear relation between n-6 DPA in brain on non- 
locomotor behaviour (escape latency) of fish was observed for the first 
time. Therefore, more investigation is needed to corroborate this 
possible effect of n-6 DPA on fish behaviour as alternative dietary lipid 
sources arise in the industry, in agreement with the negative effect of n-6 
DPA on behavioural aspects that has been previously recorded in 
mammals. 
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Benítez-Santana, T., Juárez-Carrillo, E., Betancor, M.B., Torrecillas, S., Caballero, M.J., 
Izquierdo, M.S., 2012. Increased Mauthner cell activity and escaping behaviour in 
seabream fed long-chain PUFA. Br. J. Nutr. 107 (2), 295–301. 

M. Carvalho et al.                                                                                                                                                                                                                              

https://doi.org/10.1016/j.aquaculture.2021.737873
https://doi.org/10.1016/j.aquaculture.2021.737873
http://refhub.elsevier.com/S0044-8486(21)01536-2/rf0005
http://refhub.elsevier.com/S0044-8486(21)01536-2/rf0005
http://refhub.elsevier.com/S0044-8486(21)01536-2/rf0005
http://refhub.elsevier.com/S0044-8486(21)01536-2/rf0010
http://refhub.elsevier.com/S0044-8486(21)01536-2/rf0010
http://refhub.elsevier.com/S0044-8486(21)01536-2/rf0010
http://refhub.elsevier.com/S0044-8486(21)01536-2/rf0015
http://refhub.elsevier.com/S0044-8486(21)01536-2/rf0015
http://refhub.elsevier.com/S0044-8486(21)01536-2/rf0015
http://refhub.elsevier.com/S0044-8486(21)01536-2/rf0020
http://refhub.elsevier.com/S0044-8486(21)01536-2/rf0020
http://refhub.elsevier.com/S0044-8486(21)01536-2/rf0020
http://refhub.elsevier.com/S0044-8486(21)01536-2/rf0020
http://refhub.elsevier.com/S0044-8486(21)01536-2/rf0025
http://refhub.elsevier.com/S0044-8486(21)01536-2/rf0025
http://refhub.elsevier.com/S0044-8486(21)01536-2/rf0030
http://refhub.elsevier.com/S0044-8486(21)01536-2/rf0030
http://refhub.elsevier.com/S0044-8486(21)01536-2/rf0030
http://refhub.elsevier.com/S0044-8486(21)01536-2/rf0035
http://refhub.elsevier.com/S0044-8486(21)01536-2/rf0035
http://refhub.elsevier.com/S0044-8486(21)01536-2/rf0035
http://refhub.elsevier.com/S0044-8486(21)01536-2/rf0035
http://refhub.elsevier.com/S0044-8486(21)01536-2/rf0040
http://refhub.elsevier.com/S0044-8486(21)01536-2/rf0040
http://refhub.elsevier.com/S0044-8486(21)01536-2/rf0040
http://refhub.elsevier.com/S0044-8486(21)01536-2/rf0040
http://refhub.elsevier.com/S0044-8486(21)01536-2/rf0045
http://refhub.elsevier.com/S0044-8486(21)01536-2/rf0045
http://refhub.elsevier.com/S0044-8486(21)01536-2/rf0045


Aquaculture 550 (2022) 737873

10

Benítez-Santana, T., Atalah, E., Betancor, M.B., Caballero, M.J., Hernández-Cruz, C.M., 
Izquierdo, M., 2014. DHA but not EPA, enhances sound induced escape behavior and 
Mauthner cells activity in Sparus aurata. Physiol. Behav. 124, 65–71. 

Bourre, J.M., 2004. Roles of unsaturated fatty acids (especially omega-3 fatty acids) in 
the brain at various ages and during ageing. J. Nutr. 8, 163–174. 

Bowen, R.A., Clandinin, M.T., 2002. Dietary low linolenic acid compared with 
docosahexaenoic acid alter synaptic plasma membrane phospholipid fatty acid 
composition and sodium–potassium ATPase kinetics in developing rats. 
J. Neurochem. 83 (4), 764–774. 

Carvalho, M., Peres, H., Saleh, R., Fontanillas, R., Rosenlund, G., Oliva-Teles, A., 
Izquierdo, M., 2018. Dietary requirement for n-3 long-chain polyunsaturated fatty 
acids for fast growth of meagre (Argyrosomus regius, Asso 1801) fingerlings. 
Aquaculture 488, 105–113. 

Carvalho, M., Montero, D., Rosenlund, G., Fontanillas, R., Ginés, R., Izquierdo, M., 
2020a. Effective complete replacement of fish oil by combining poultry and 
microalgae oils in practical diets for gilthead sea bream (Sparus aurata) fingerlings. 
Aquaculture 529, 735696. 

Carvalho, M., Montero, D., Torrecillas, S., Castro, P., Zamorano, M.J., Izquierdo, M., 
2020b. Hepatic biochemical, morphological and molecular effects of feeding 
microalgae and poultry oils to gilthead sea bream (Sparus aurata). Aquaculture 532, 
736073. 

Cerqueira, M., Millot, S., Felix, A., Silva, T., Oliveira, G.A., Oliveira, C.C., Oliveira, R., 
2020. Cognitive appraisal in fish: stressor predictability modulates the physiological 
and neurobehavioural stress response in sea bass. Proc. R. Soc. B 287 (1923), 
20192922. 

Chen, C.T., Bazinet, R.P., 2015. β-Oxidation and rapid metabolism, but not uptake 
regulate brain eicosapentaenoic acid levels. Prostaglandins Leukot. Essent. Fat. Acids 
92, 33–40. 

Christie, W.W., 1989. Gas Chromatography and Lipids: A Practical Guide. The Oily Press, 
Glasgow, UK.  

Dadda, M., Koolhaas, W.H., Domenici, P., 2010. Behavioural asymmetry affects escape 
performance in a teleost fish. Biol. Lett. 6 (3), 414–417. 

Domenici, P., Blake, R., 1997. The kinematics and performance of fish fast-start 
swimming. J. Exp. Biol. 200 (8), 1165–1178. 

Domenici, P., Hale, M.E., 2019. Escape responses of fish: a review of the diversity in 
motor control, kinematics and behaviour. J. Exp. Biol. 222 (18), jeb166009. 

Domenici, P., Claireaux, G., McKenzie, D.J., 2007. Environmental Constraints upon 
Locomotion and Predator–Prey Interactions in Aquatic Organisms: An Introduction. 

Domenici, P., Turesson, H., Brodersen, J., Brönmark, C., 2008. Predator-induced 
morphology enhances escape locomotion in crucian carp. Proc. R. Soc. B Biol. Sci. 
275 (1631), 195–201. 

Eldho, N.V., Feller, S.E., Tristram-Nagle, S., Polozov, I.V., Gawrisch, K., 2003. 
Polyunsaturated docosahexaenoic vs docosapentaenoic acid differences in lipid 
matrix properties from the loss of one double bond. J. Am. Chem. Soc. 125 (21), 
6409–6421. 

Folch, J., Lees, M., Stanley, G.S., 1957. A simple method for the isolation and purification 
of total lipides from animal tissues. J. Biol. Chem. 226 (1), 497–509. 

Furuita, H., Takeuchi, T., Uematsu, K., 1998. Effects of eicosapentaenoic and 
docosahexaenoic acids on growth, survival and brain development of larval 
Japanese flounder (Paralichthys olivaceus). Aquaculture 161 (1–4), 269–279. 

Garcia-Calatayud, S., Redondo, C., Martin, E., Ruiz, J.I., Garcia-Fuentes, M., Sanjurjo, P., 
2005. Brain docosahexaenoic acid status and learning in young rats submitted to 
dietary long-chain polyunsaturated fatty acid deficiency and supplementation 
limited to lactation. Pediatr. Res. 57 (5), 719–723. 

Goldan, O., Popper, D., Karplus, I., 2003. Food competition in small groups of juvenile 
gilthead sea bream (Sparus aurata). Israeli J. Aquacul. - Bamidgeh 55 (2), 94–106. 

Hecker, A., Schulze, W., Oster, J., Richter, D.O., Schuster, S., 2020. Removing a single 
neuron in a vertebrate brain forever abolishes an essential behavior. Proc. Natl. 
Acad. Sci. 117 (6), 3254–3260. 

Houston, S.J., Karalazos, V., Tinsley, J., Betancor, M.B., Martin, S.A., Tocher, D.R., 
Monroig, O., 2017. The compositional and metabolic responses of gilthead seabream 
(Sparus aurata) to a gradient of dietary fish oil and associated n-3 long-chain PUFA 
content. Br. J. Nutr. 118 (12), 1010–1022. 

IBM, 2020. Software IBM SPSS. https://www.ibm.com/es-es/analytics/spss-statistics-s 
oftware (assessed on 15th december 2021).  

Izquierdo, M., 2005. Essential Fatty Acid Requirements in Mediterranean Fish Species. 
Cahiers Options Méditerranéennes. 
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Monroig, Ó., Li, Y., Tocher, D.R., 2011. Delta-8 desaturation activity varies among fatty 
acyl desaturases of teleost fish: high activity in delta-6 desaturases of marine species. 
Comp. Biochem. Physiol. B: Biochem. Mol. Biol. 159 (4), 206–213. 
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