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Abstract :

Small pelagic fishes such as sardine and anchovy are among the richest species in essential fatty acids
that are eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), whose bioavailability may
depend on its esterification to polar or neutral lipids. The EPA and DHA quantities in neutral and polar
lipids were compared in sardine (from the English Channel) and anchovy (from the Bay of Biscay) fillets,
and in red and white muscle separately. Sardine fillets had the highest EPA+DHA content (760+670 vs
370+510 mg/100 g in anchovy fillets), mainly because of their largest proportion of lipid-rich red muscle
and its relatively high lipid content. However, DHA esterified to polar lipids was higher in anchovy than in
sardine fillet (270£60 vs 230+30 mg/100 g). EPA+DHA content were higher in red than white muscle for
both species. This study highlights the nutritional interest of red muscle to provide essential dietary fatty
acids to consumers, and the necessity to consider its importance in nutrition studies.
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1. Introduction

Omega-3 and -6 long-chain polyunsaturated fatty acids (n-3 and n-6 LC-PUFA), and
especially eicosapentaenoic acid (EPA; 20:5n-3), docosahexaenoic acid (DHA; 22:6n-3) and
arachidonic acid (ARA; 20:4n-6) are among essential dietary biomolecules involved in
physiological functions in humans, such as cardiac and brain functioning, hormone synthesis,
and immune response (Calder, 2018; Swanson et al., 2012). Due to the insufficient de novo
synthesis capacities of these molecules by humans (Burdge and Calder, 2005), the World
Health Organisation recommends a dietary daily intake of 250—500 mg of EPA+DHA,
including to reduce oxidative damage of the brain (Butt and Salem, 2016; FAO/WHO, 2010).
Bioavailability is the degree of absorption and utilization of a nutrient contained in a food,
varying depending the physiological state of the organism. It is affected by the chemical form
and interactions with other food components. In the case of DHA, some recent research

suggests that its chemical binding form may affect its bioavailability: a higher fraction of



dietary DHA would reach the brain when esterified to (lyso)phospholipids (i.e., polar lipids,
that constitute cell and organelle membranes) rather than to triglycerides (i.e., neutral lipids,
that constitute energetic reserve) (works reviewed by Ahmmed et al., 2020; Sugasini et al.,
2019). Although not systematically observed in humans (e.g., Ulven et al., 2011), such a
difference could change the nutritional interest of a food. However, literature about the
distribution of DHA between phospholipids and triglycerides is scarce in small pelagic fish.
Small pelagic fish such as European sardine (Sardina pilchardus, Walbaum 1792) and
European anchovy (Engraulis encrasicolus, Linnaeus 1758) are among the richest species in
EPA and DHA (ca. 400—1700 mg/100g) (Gladyshev et al., 2018). They are the largest group
of species landed in marine fisheries (ca. a quarter of global landings; FAO, 2020), and
intended to supply these molecules to the human population through direct and indirect
consumptions as oils and meals for animal rearing (Gladyshev et al., 2018; Tacon and
Metian, 2013). In the same way as most teleosts, small pelagic fish have two types of
muscles: the red (or dark) muscle used during slow (aerobic) swim, and the white (or light)
muscle used in fast (anaerobic) swim. Red muscle has a better ability to beta-oxidise lipids
for metabolic energy than the white muscle. It is also present in a higher proportion than the
white muscle in mobile fish species (McLaughlin and Kramer, 1991; Teulier et al., 2019). It
constitutes a fifth to a third of the total muscular mass in pelagic fish such as Clupeidae
(including anchovies and sardines) and Scombridae (Greer-Walker et al., 1975; Teulier et al.,
2019). In some Clupeidae (e.g., Peruvian anchovy), the red muscle is richer in total lipids and
in DHA (in g/100g) than the white muscle (Albrecht-Ruiz and Salas-Maldonado, 2015). In
spite of its relatively high nutritional quality, the red muscle is sometimes whitened during
industrial processes (e.g. Zaghbib et al., 2017) or removed before human consumption
because of its distinctive taste and its poorer conservation caused by its high myoglobin and
haemoglobin contents (Videler, 2011). However, in fillets of European sardine and anchovy,
little is known on the contribution of the red muscle to the overall EPA+DHA content and on
the proportion of DHA esterified to phospholipids.

In this study, we tested the hypothesis that the content in n-3 LC-PUFA of fish fillet varies
according to species (European sardine and anchovy), muscle type (red and white muscles),
and lipid fraction (neutral and polar lipids). To this end, we compared fish fillets, considering
the relative proportion of white and red muscles (which varies according to species), and
white and red muscle separately. For all samples, we considered polar and neutral lipids

separately and total lipids sum of the neutral and polar lipids).



2. Material & Methods
2.1. Fish and tissues sampling

Fifteen sardines S. pilchadus were caught during fishery surveys carried out by Ifremer in the
English Channel (CGFS, September 2020) and 15 anchovies E. encrasicolus were caught in
the Bay of Biscay (EVHOE, October 2020), where both species were in non-reproductive
periods (Petitgas et al., 2010). In the Bay of Biscay anchovy mainly spawn between May and
July (Motos et al., 1996), whereas sardines from the English Channel mainly spawn in April
to June and can present a second spawning period in late October (Stratoudakis et al., 2007).
Fish were dead by the time of sampling.

Their fillets, containing red and white muscles, were removed and stored at -80°C on-board.
Once ashore, frozen red muscle and dorsal white muscle of fillets were isolated and stored

back at -80°C before subsequent analysis.
2.2. Moisture analysis

Moisture was determined by gravimetry, weighing muscle samples before and after a 72-
hours freeze-drying period (Christ Alpha 1-2 LD Plus lyophilizer). Immediately after freeze-
drying, samples were homogenised with a manual mortar and pestle and stored back at -80°C

before lipid extraction.
2.3. Lipid extraction and fatty acid analysis

Lipid extraction and FA analysis were performed as described in Mathieu-Resuge et al.
(2020) with slight modifications detailed below. Total lipids were extracted from ca. 10 mg
of dry tissue with 6 mL of CHCI3:MeOH (2:1, v:v) into glass vials. The neutral and polar
lipids were then separated by solid phase extraction (SPE) at low pressure on a silica gel
micro-column with elution by 10 mL of CHCI3:MeOH (98:2, v/v) and 20 mL of MeOH,
respectively. After addition of an internal standard (23:0, in free FA form), both lipid
fractions were dried in an EZ-2 evaporator (Genevac). After hydrolysis in 1 ml of KOH-
MeOH (0.5 M) for 30 min at 80°C, samples were transesterified with 1.6 mL of
MeOH:H;SO; (3.4%; v/v) for 10 min at 100°C. FA methyl esters (FAME) were recovered in
hexane and analysed on a TRACE 1300 gas chromatograph programmed in temperature and
equipped with a splitless injector, a ZB-WAX column (30mx0.25mm IDx0.2um) and a

flame-ionisation detector (GC-FID, Thermo Scientific), using hydrogen as vector gas.
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Obtained chromatograms were processed with Chromelon 7.2 (Thermo Scientific). Fifty-five
FAME were identified by comparing their retention time with references from three
commercial mixtures (37 components FAME, PUFA1 and PUFA3, Sigma), and in-house
standard mixtures from marine bivalves, fish and microalgae GC-MS certified. Quantification
of FAME was based on the internal standard recovery, and then FA contents were expressed
in mass fraction of wet weight (mg g ww and mg/100g ww) and in percentage (%) of total
FA. Finally, the loss of fatty acids during the separation of neutral and polar lipids was

verified by quantifying fatty acids on total lipids: the recovery rate was 91.6 £ 10.0% (n=9).
2.4. Data analysis

The differences in the FA composition (in %, considering only the FA representing >1% of
total FA) were analysed by permutational analysis of variance (PERMANOVA, Anderson
2014) using Euclidean distances as dissimilarity values among individuals and considering
species, muscle tissues and lipid fractions as factors. Principal component analyses (PCA)
were performed to visualise the variation in FA profile composition between species (sardine
and anchovy), muscle tissues (white and red muscles) and lipid fractions (neutral and polar
lipids).

The FA content of fish fillet was calculated as follows, considering the relative proportions of
red and white muscle:

(EQ.1) FAsish fillet = @ * FAwnite muscle + (1-2)* FAved muscle

with a=0.71 for sardine and a=0.83 for anchovy to consider the relative proportions of red
and white muscles of each species (Greer-Walker et al., 1975), assuming that these values
remain constant over time, and FA designated the FA of interest (either total FA, EPA+DHA
or DHA contents).

Contents in total FA, EPA+DHA, and DHA (in mg g™) were independently compared
between species (sardine and anchovy), muscle tissues (fish fillet, white and red muscles),
and lipids fraction (total, neutral and polar lipids) with Wilcoxon tests (non-parametric, with
W the statistic of the test) because conditions of normality-distributed data (Shapiro-Wilks
test) and homoscedasticity (Bartlett test) were not respected. All statistical analyses and
graphics were performed with R, with packages Vegan (Oksanen et al., 2020), stats (R Core
Team, 2020) and ggplot2 (Wickham, 2016).

3. Results



The FA profile (%) differed between the lipid fractions (PERMANOVA, df=1, r?=0.82,
p<0.001), between the species (df=1, r2=0.04, p<0.01), between the lipid fractions of each
species (df=1, r2=0.02, p<0.01), and to a lesser extent between the muscle tissues (df=1,
r2=0.003, p<0.05). The two first axes of the principal component analysis explained 57% of
the total inertia (39% on the first and 18% on the second component, respectively; Fig. 1). FA
profiles of neutral and polar lipids were discriminated on the first principle component, while
the two species were discriminated on the second principle component (Fig. 1). Polar lipids
of both species were characterised by high proportions of LC-PUFA, such as ARA, n-6 DPA
(docosapentaenoic acid, 22:5n-6) and DHA, while neutral lipids contained high proportions
of monounsaturated FA (MUFA) and C18 PUFA.

Using Eqg. 1 and results provided in Table 1, we found that the total FA content of sardine
fillets was on average 2.9 times higher than that of anchovy (37.8 + 15.1 vs 12.9 + 7.9 mg g™,
respectively; n=15 for each species, W = 9, p < 0.01; Fig. 2a). This difference was primarily
due to neutral lipid FA content of fillets which was on average 3.3 times higher in sardine
than in anchovy (25.4 + 14.1 vs 7.7 + 7.3 mg g, respectively; W = 20, p < 0.01, Fig. 2a),
while sardine fillets’ polar lipid FA content was 0.9 times lower on average than that of
anchovy (5.1 + 0.7 vs 5.6 + 1.2 mg g™, respectively; W = 157, p < 0.05, Fig. 2a). The total
EPA+DHA content in fish fillet was on average 2.0 times higher in sardine than in anchovy
(7.6 £ 6.7 vs 3.7 £ 5.1 mg g-1, respectively; W = 1372, p < 0.001; Fig. 2b). Again, this result
was primarily due to neutral lipids EPA+DHA content which was on average 3.3 times
higher in sardine than in anchovy fish fillets (10.5 £ 8.1 vs 3.2 £ 6.3 mg g-1, respectively; W
=191, p < 0.01; Fig. 2b) while there were no differences in polar lipids EPA+DHA contents
between species (4.5 + 2.8 and 4.1 + 3.5 mg g-1, for sardine and anchovy respectively; W =
580, p = 0.43; Fig. 2b). The total DHA content in fish fillet was on average 1.4 times
significantly higher and more variable in sardine than in anchovy (5.8 £ 7.7vs4.1+1.6 mg g
! respectively; W = 175, p < 0.01; Fig. 2c). The DHA content in neutral lipids of the fish
fillet was on average 2.4 times higher in sardine than in anchovy, while in polar lipids it was
1.2 lower in sardine than in anchovy (neutral lipids: 3.6 + 1.6 vs 1.5+ 1.3 mg g™*; W = 172, p
< 0.01; polar lipids: 2.3 + 0.3 vs 2.7 + 0.6 mg g, respectively; W = 41, p < 0.01; Fig. 2c).

In both species, the total FA content of the red muscle was always significantly higher
than in the white muscle, whatever the lipid fraction considered (Table 1; Wilcoxon tests).
Specifically, EPA+DHA content were higher in the red muscle than in the white muscle:

EPA+DHA content in neutral lipids was significantly 13.6 and 4.4 times higher in the red



muscle compared to the white muscle for anchovy and sardine, respectively (Table 1; W =
332, p < 0.01 and W = 222, p < 0.01, respectively). The same difference was observed in
polar lipids, with 4.7 and 3.7 times significantly higher EPA+DHA content in the red muscle
than in the white muscle, for anchovy and sardine, respectively (Table 1; W = 450, p < 0.01
and W = 210, p < 0.01). Finally, DHA content in neutral lipids was 14.5 and 5 times higher in
the red muscle than the white muscle for anchovy and sardine, respectively (Table 1; W =
336, p <0.01 and W = 224, p < 0.01), and in polar lipids it was 4.8 and 3.5 higher (Table 1;
W =450, p<0.01 and W = 201, p < 0.01).

4. Discussion

Sardine fillets have clear nutritional interests due to their high EPA+DHA contents compared
to anchovy fillets (760 £ 670 vs 370 = 510 mg/100 g ww), with a large proportion of these
FA as part of the neutral lipids. Contents in EPA and DHA of both lipid fractions were higher
in the red than in the white muscle in both species, being a good source these essential FA. In
particular, DHA esterified to polar lipids was about 4 times higher in red than in white
muscle for both species, highlighting its high nutritional quality and the interest to retain it for

before human consumption.

Fatty acid contents vary according to fish species and muscle types

In this study, sardine fillets contained about three times more of FA (or lipid) than those of
anchovy. This may be explained by the higher proportion of the lipid-rich red muscle in
sardine compared to anchovy. However, some environmental (e.g., season), and biotic (e.g.,
period of reproduction) factors can also influence the lipid content of both muscles between
species. The influence of seasonality on the lipid content of fish from a given geographic area
is commonly known and affected by the phenology of the species (Luzia et al., 2003;
Pethybridge et al., 2014). It is also known that during the non-reproductive period (as it is the
case for the studied individuals) clupeid species generally store lipids into muscles, which can
then be mobilised toward gonads during the reproductive period (Brosset et al., 2015;
McBride et al., 2015). These seasonal differences, largely documented for the white muscle
(e.g. Pethybridge et al., 2014), may also occur in the red muscle. For instance, the red muscle
of the Peruvian anchovy E. ringens is 2-fold richer in EPA+DHA during fall than during
winter (Albrecht-Ruiz and Salas-Maldonado, 2015), probably linked to its reproductive cycle.
Moreover, regardless of the season, the Peruvian anchovy contained a similar amount of

EPA+DHA as the European anchovy in white muscle (ca. 0.8—1g/100g dw vs 1 g/100g dw



here) and red muscle (ca. 2.4-5.3 g/100g dw vs 4.6 g/100g dw here). It is thus necessary to
consider the effect of seasonal changes on total lipid and EPA+DHA contents when

examining the fish fillets as a source of LC-PUFA.

The muscles of the small pelagic fish were not equivalent sources of LC-PUFA. The red
muscle had a greater nutritional interest than the white muscle, due to its largest amount of
EPA and DHA. Similarly, in sardinella, the red muscle is systematically fattier and richer in
EPA+DHA than the white muscle: EPA+DHA content of the Madeiran sardinella Sardinella
maderensis and of the round sardinella S. aurita was 925 and 445 mg/100g ww in the white
muscle, and 2877 and 2460 mg/100g ww in the red muscle, respectively (Njinkoué et al.,
2002). However, the respective contribution of red and white muscles to EPA and DHA
supply is difficult to generalize for all small pelagic fish as available data remain scarce, as
well as information on the influence of seasonal, spatial and nutritional conditions on
variations in the proportions of red and white muscles. Red muscle also contains more polar
lipids than white muscle, which has been observed in other species (e.g. tropical tuna
(Sardenne et al., 2017), and attributed to a greater amount of mitochondria and a difference in
cell size, but this remains to be clarified in small pelagic fish. Moreover, the red muscle is
richer in other micronutrients than white muscle, in particular in iron (20-fold higher for E.
ringens; Albrecht-Ruiz & Salas-Maldonado, 2015), for which deficiencies are prevalent in
several human populations (Hicks et al., 2019). For all these reasons, the red muscle of
sardine and anchovy seem to be of high interest for human nutrition and it would be advisable

to optimise its valorisation.

Although our study focused only on lipid and FA contents, it is important to take into account
other elements such as persistent organic pollutants and trace metal elements to fully address
the benefit-risks balance of the consumption of these fish fillets (Noger-Huet et al., 2022;
Romanic¢ et al., 2021; Sardenne, et al., 2020). Different levels of essential micronutrients and
heavy metals were observed between white and red muscles of several species but the
direction of this variation was species-specific, requiring more investigation for small pelagic
fishes (e.g., yellowfin tuna, Bosch et al., 2016; striped bass and northern pike, Charette et al.,
2021). Moreover, studies revealing that small pelagic fishes are safe for human consumption
and represent a valuable source of essential FA have generally not compared independently
the red and white muscles FA and pollutant contents, and are perhaps missing structural
information on the origin of both FA and pollutants.



Distribution of fatty acids between lipid fractions

While both lipid fractions are ingested by consumers, they may not have the same degree of
assimilation and it could be of interest to consider them separately when comparing the
nutritional values of food sources. In this study, polar lipids had a lower quantity and
diversity of FA than neutral lipids. However, they were dominated by LC-PUFA such as
ARA, 22:5n-6 and DHA, highlighting the high quality of their composition and supporting
the nutritional interest of this fraction. In fat fish (~2% ww or 8% dw) the proportion of polar
lipids (as % of total lipids) is lower than in lean fish (Rincon-Cervera et al., 2020; Sardenne
et al., 2020), which may give the misleading impression that lean fish fillets are equivalent or
better sources of DHA esterified to polar lipids. For instance, we found similar %DHA in
polar and neutral lipids of anchovy and sardine: regardless of the muscle type, neutral lipids
contained 18-19% vs 13-15% of DHA, and polar lipids 48% vs 42-46% of DHA in anchovy
and sardine, respectively. Nevertheless, our quantitative results indicate that sardine fillet (fat
at the sampled season here) was a slightly better source of DHA esterified to polar lipids than
anchovy fillet (leaner in comparison to studied sardines). Nonetheless, further intensive
investigation is required to confirm the higher beneficial health effects of DHA esterified to
polar lipids for humans before any food recommendation can be drawn by nutritional

institutions.

Conclusion

This study highlights the importance of the red muscle of European sardine and anchovy as a
source of essential LC-PUFA, for human nutrition. Inter-species differences were observed in
LC-PUFA contents, but to compare the nutritional benefits of small pelagic fishes, other
factors are likely important to consider such as the seasonal cycle and the fishing location.
There is also a crucial need to provide comparable quantitative units (e.g., in mg/g or in
g/100g of wet or dry weight, giving moisture in the latter case) to express FA contents to
allow for reliable comparisons between studies, as already highlighted by Gladyshev et al.,
(2018).

Ethical approval

Fish were sampled during the scientific surveys CGFS (September 2020) and EVHOE

(October 2020), under European's data collection framework (DCF) and sampling
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authorisation were provided by provided French national authorities (DPMA). Fish were dead
by the time of sampling.

References

Ahmmed, M.K., Ahmmed, F., Tian, H., Carne, A., Bekhit, A.E.D., 2020. Marine omega-3 (n-
3) phospholipids: A comprehensive review of their properties, sources,
bioavailability, and relation to brain health. Compr. Rev. Food Sci. Food Saf. 19, 64—
123. https://doi.org/10.1111/1541-4337.12510

Albrecht-Ruiz, M., Salas-Maldonado, A., 2015. Chemical composition of light and dark
muscle of Peruvian anchovy (Engraulis ringens) and its seasonal variation. J. Aquat.
Food Prod. Technol. 24, 191-196. https://doi.org/10.1080/10498850.2012.762705

Bosch, A.C., O’Neill, B., Sigge, G.O., Kerwath, S.E., Hoffman, L.C., 2016. Mercury
accumulation in Yellowfin tuna (Thunnus albacares) with regards to muscle type,
muscle position and fish size. Food Chem. 190, 351-356.
https://doi.org/10.1016/j.foodchem.2015.05.109

Brosset, P., Fromentin, J.-M., Ménard, F., Pernet, F., Bourdeix, J.-H., Bigot, J.-L., Van
Beveren, E., Pérez Roda, M.A., Choy, S., Saraux, C., 2015. Measurement and
analysis of small pelagic fish condition: A suitable method for rapid evaluation in the
field. J. Exp. Mar. Biol. Ecol. 462, 90-97.
https://doi.org/10.1016/j.jembe.2014.10.016

Burdge, G.C., Calder, P.C., 2005. a-Linolenic acid metabolism in adult humans: the effects
of gender and age on conversion to longer-chain polyunsaturated fatty acids. Eur. J.
Lipid Sci. Technol. 107, 426-439. https://doi.org/10.1002/EJLT.200501145

Butt, C.M., Salem, N., 2016. Fish and Fish Qil for the Aging Brain. Fish Fish Oil Health Dis.
Prev. 143-158. https://doi.org/10.1016/B978-0-12-802844-5.00012-9

Calder, P.C., 2018. Very long-chain n-3 fatty acids and human health: fact, fiction and the
future. Proc. Nutr. Soc. 77, 52—72. https://doi.org/10.1017/S0029665117003950

Charette, T., Rosabal, M., Amyot, M., 2021. Mapping metal (Hg, As, Se), lipid and protein
levels within fish muscular system in two fish species (Striped Bass and Northern
Pike). Chemosphere 265, 129036.
https://doi.org/10.1016/J.CHEMOSPHERE.2020.129036

FAO, 2020. The State of World Fisheries and Aquaculture 2020. Sustainability in action.
FAO, Rome. https://doi.org/10.4060/ca9229en

FAO/WHO, 2010. Report of the Joint FAO/WHO Expert Consultation on the Risks and
Benefits of Fish Consumption. Rome, 25-29 january 2010. FAO/WHO, Rome.

Gladyshev, M.1., Sushchik, N.N., Tolomeev, A.P., Dgebuadze, Y.Y., 2018. Meta-analysis of
factors associated with omega-3 fatty acid contents of wild fish. Rev. Fish Biol. Fish.
28, 277-299. https://doi.org/10.1007/s11160-017-9511-0

Greer-Walker, M., Pull, G.A., Greek-Walker, M., Pull, G.A., 1975. A survey of red and white
muscle in marine fish. J. Fish Biol. 7, 295-300. https://doi.org/10.1111/J.1095-
8649.1975.TB04602.X

Hicks, C.C., Cohen, P.J., Graham, N.A.J.J., Nash, K.L., Allison, E.H., D’Lima, C., Mills,
D.J., Roscher, M., Thilsted, S.H., Thorne-Lyman, A.L., MacNeil, M.A., 2019.
Harnessing global fisheries to tackle micronutrient deficiencies. Nature 574, 95-98.
https://doi.org/10.1038/s41586-019-1592-6

Luzia, L.A., Sampaio, G.R., Castellucci, C.M.N., Torres, E.A.F.S., 2003. The influence of
season on the lipid profiles of five commercially important species of Brazilian fish.
Food Chem. 83, 93-97. https://doi.org/10.1016/S0308-8146(03)00054-2

10



Mathieu-Resuge, M., Le Grand, F., Schaal, G., Lluch-Cota, S.E., Racotta, I.S., Kraffe, E.,
2020. Specific regulations of gill membrane fatty acids in response to environmental
variability reveal fitness differences between two suspension-feeding bivalves
(Nodipecten subnodosus and Spondylus crassisquama). Conserv. Physiol. 8, coaa079.
https://doi.org/10.1093/conphys/coaa079

McBride, R.S., Somarakis, S., Fitzhugh, G.R., Albert, A., Yaragina, N.A., Wuenschel, M.J.,
Alonso-Fernandez, A., Basilone, G., 2015. Energy acquisition and allocation to egg
production in relation to fish reproductive strategies. Fish Fish. 16, 23-57.
https://doi.org/10.1111/faf.12043

McLaughlin, R.L., Kramer, D.L., 1991. The association between amount of red muscle and
mobility in fishes: A statistical evaluation. Environ. Biol. Fishes 1991 304 30, 369—
378. https://doi.org/10.1007/BF02027980

Motos, L., Uriarte, A., Valencia, V., 1996. The spawning environment of the Bay of Biscay
anchovy (Engraulis encrasicolus L.). Sci. Mar. 60, 117-140.

Njinkoue, J.M., Barnathan, G., Miralles, J., Gaydou, E.M., Samb, A., 2002. Lipids and fatty
acids in muscle, liver and skin of three edible fish from the Senegalese coast:
Sardinella maderensis, Sardinella aurita and Cephalopholis taeniops. Comp.
Biochem. Physiol. - B Biochem. Mol. Biol. 131, 395-402.
https://doi.org/10.1016/S1096-4959(01)00506-1

Noger-Huet, E., Vagner, M., Le Grand, F., Graziano, N., Bideau, A., Brault-Favrou, M.,
Churlaud, C., Bustamante, P., Lacoue-Labarthe, T., 2022. Risk and benefit assessment
of seafood consumption harvested from the Pertuis Charentais region of France.
Environ. Pollut. 292, 118388. https://doi.org/10.1016/j.envpol.2021.118388

Oksanen, J., Blanchet, F.G., Kindt, R., Legendre, P., Minchin, P.R., O’Hara, R.B., Simpson,
G.L., Solymos, P., Stevens, M.H.H., Wagner, H., 2020. vegan: Community Ecology
Package.

Pethybridge, H., Bodin, N., Arsenault-Pernet, E.J., Bourdeix, J.H., Brisset, B., Bigot, J.L.,
Roos, D., Peter, M., 2014. Temporal and inter-specific variations in forage fish
feeding conditions in the NW Mediterranean: lipid content and fatty acid
compositional changes. Mar. Ecol. Prog. Ser. 512, 39-54.
https://doi.org/10.3354/meps10864

Petitgas, P., Alheit, J., Beare, D., Bernal, M., Casini, M., Clarke, M., Cotano, U., Dickey-
Collas, M., Dransfeld, L., Harma, C., Heino, M., Massé, J., Méllmann, C., Silva, A.,
Skaret, G., Slotte, A., Stratoudakis, Y., Uriarte, A., Voss, R., 2010. Life-cycle spatial
patterns of small pelagic fish in the Northeast Atlantic (No. 306), ICES Cooperative
research report.

R Core Team, 2020. R: A Language and Environment for Statistical Computing.

Rincdn-Cervera, M.A., Gonzalez-Barriga, V., Romero, J., Rojas, R., Lopez-Arana, S., 2020.
Quantification and Distribution of Omega-3 Fatty Acids in South Pacific Fish and
Shellfish Species. Foods 2020 Vol 9 Page 233 9, 233.
https://doi.org/10.3390/FOODS9020233

Romani¢, S.H., Jovanovi¢, G., Musta¢, B., Stojanovi¢-Dinovi¢, J., Stoji¢, A., Cadez, T.,
Popovi¢, A., 2021. Fatty acids, persistent organic pollutants, and trace elements in
small pelagic fish from the eastern Mediterranean Sea. Mar. Pollut. Bull. 170, 112654.
https://doi.org/10.1016/j.marpolbul.2021.112654

Sardenne, F., Bodin, N., Latour, J.C.-T., McKindsey, C.W., 2020a. Influence of lipid
separation on the trophic interpretation of fatty acids. Food Webs 24, e00146.
https://doi.org/10.1016/j.fooweb.2020.e00146

Sardenne, F., Bodin, N., Médieu, A., Antha, M., Arrisol, R., Le Grand, F., Bideau, A.,
Munaron, J.-M., Le Loc’h, F., Chassot, E., 2020b. Benefit-risk associated with the

11



consumption of fish bycatch from tropical tuna fisheries. Environ. Pollut. 267,
115614. https://doi.org/10.1016/j.envpol.2020.115614

Sardenne, F., Kraffe, E., Amiel, A., Fouché, E., Debrauwer, L., Ménard, F., Bodin, N., 2017.
Biological and environmental influence on tissue fatty acid compositions in wild
tropical tunas. Comp. Biochem. Physiol. A. Mol. Integr. Physiol. 204, 17-27.

Stratoudakis, Y., Coombs, S., de Lanzdés, A.L., Halliday, N., Costas, G., Caneco, B., Franco,
C., Conway, D., Santos, M.B., Silva, A., Bernal, M., 2007. Sardine (Sardina
pilchardus) spawning seasonality in European waters of the northeast Atlantic. Mar.
Biol. 152, 201-212. https://doi.org/10.1007/s00227-007-0674-4

Sugasini, D., Yalagala, P.C.R., Goggin, A., Tai, L.M., Subbaiah, P.V., 2019. Enrichment of
brain docosahexaenoic acid (DHA) is highly dependent upon the molecular carrier of
dietary DHA: lysophosphatidylcholine is more efficient than either
phosphatidylcholine or triacylglycerol. J. Nutr. Biochem. 74, 108231.
https://doi.org/10.1016/J.JNUTBI0.2019.108231

Swanson, D., Block, R., Mousa, S.A., 2012. Omega-3 Fatty Acids EPA and DHA: Health
Benefits Throughout Life. Adv. Nutr. 3, 1-7. https://doi.org/10.3945/an.111.000893

Tacon, A.G.J., Metian, M., 2013. Fish Matters: Importance of Aquatic Foods in Human
Nutrition and Global Food Supply. Rev. Fish. Sci. 21, 22-38.
https://doi.org/10.1080/10641262.2012.753405

Teulier, L., Thoral, E., Queiros, Q., McKenzie, D.J., Roussel, D., Dutto, G., Gasset, E.,
Bourjea, J., Saraux, C., 2019. Muscle bioenergetics of two emblematic Mediterranean
fish species: Sardina pilchardus and Sparus aurata. Comp. Biochem. Physiol. A.
Mol. Integr. Physiol. 235, 174-179. https://doi.org/10.1016/J.CBPA.2019.06.008

Ulven, S.M., Kirkhus, B., Lamglait, A., Basu, S., Elind, E., Haider, T., Berge, K., Vik, H.,
Pedersen, J.1., 2011. Metabolic Effects of Krill Oil are Essentially Similar to Those of
Fish Oil but at Lower Dose of EPA and DHA, in Healthy Volunteers. Lipids 46, 37—
46. https://doi.org/10.1007/s11745-010-3490-4

Videler, J.J., 2011. An opinion paper: Emphasis on white muscle development and growth to
improve farmed fish flesh quality. Fish Physiol. Biochem. 37, 337-343.
https://doi.org/10.1007/S10695-011-9501-4/FIGURES/4

Wickham, H., 2016. ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag New
York.

Zaghbib, 1., Felix, M., Romero, A., Arafa, S., Hassouna, M., 2017. Effects of Whitening
Agents and Frozen Storage on the Quality of Sardine (Sardina pilchardus) Surimi:
Physicochemical and Mechanical Properties. J. Aquat. Food Prod. Technol. 26, 29—
42. https://doi.org/10.1080/10498850.2015.1089526

12



&

18:10-7® 20:1n-9

. 5 @
0®%lop
&a 20:4n-3
20:18-7
’20:0
— 1809
16:1n-7
._
16:1n-9
14:0
18:4n-3
18:3n-3

18:2n-6

22:5n-3

20:5n-3

Dim.217.99 %

4 &

15:0

170 ® 16:3n-6

5 0 5
Dim.1 38.85 %

Sardine

@ Red muscle
@ White muscle

Anchovy

@® Red muscle
® White muscle

O Neutral lipids
] Polar lipids

Figure 1. Principal component analysis (PCA) of the fatty acid composition (mass %) of

neutral and polar lipids (displayed by dot shape), in red and white muscles (displayed by

colours) of both species (sardine S. pilchardus and anchovy E. encrasicolus, displayed by

colour intensity).
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Figure 2. Total fatty acid, EPA+DHA and DHA contents (mg g™) in total, neutral and

polar lipids of sardine S. pilchardus and anchovy E. encrasicolus fillets (i.e. considering

the relative proportions of white and red muscles in the fillets). Significant inter-specific

differences are indicated with stars (Wilcoxon tests; * =p <0.05, ** =p <0.01, *** =p

<0.001).

Table 1. Fatty acid compositions of neutral and polar lipid fractions (mean + SD; mg g™ wet

weight) in red and white muscles of anchovy E. encrasicolus and sardine S. pilchardus.
Capital letters indicate significant differences (p < 0.05) within polar lipids and minuscule
letters indicate significant differences within neutral lipids, between both muscles for each

species independently (Wilcoxon tests).

Anchovy Sardine
Red muscle White muscle Red muscle White muscle
Fatty Neutral lipids | Polar lipids Neutral Polar Neutral lipids | Polar lipids | Neutral lipids Polar
acids lipids lipids lipids
ARA 03+04°% 02+01” |00+00]00=+00f07+02" 02+0.0" |01+01° 0.1 + 0.0
b B B
EPA 29+36° 1.0+03" |02 +02|03+01f]67+252 1.6+06" [1.7+15° 0.3 £ 0.1
b B B
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EPA, Eicosapentaenoic acid (20:5n-3); DHA, Docosahexaenoic acid (22:6n-3); SFA, saturated FA; MUFA, monounsaturated

FA; PUFA, polyunsaturated FA; LC-PUFA, long chain polyunsaturated FA = 20C (n=14 fatty acids)
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Highlights 3 to 5 — (85 ch incl spaces)
e Small pelagic fish are important sources of essential dietary fatty acids
e EPA+DHA contents are higher in sardine than in anchovy fillet
e EPA+DHA contents are higher in red that in white muscle

e DHA bounded to phospholipids is higher in anchovy than in sardine fillet
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