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Fish and seafood consumption are increasing worldwide and the contribution of aquaculture products to con-
sumers' diets is significant. External feeding in aquaculture unlocks the possibility of tailoring fish products
with health beneficial compounds. A study was undertaken to evaluate the feed fortification with an iodine-
richmacroalgae (Laminaria digitata) and selenised yeast, at its maximum permitted levels, on minerals and vita-
mins content in rainbow trout edible part. Dietary supplementation resulted in a six-fold increase for iodine and a
2.9-fold increase for selenium contents in troutfillets without altering sensorial traits. The fortifiedfish presented
a nutritional contribution of 12.5%DRI for iodine and78%DRI for selenium, but all producedfish could supply 80%
DRI for vitamin D3. Overall, fish from this trial could be labelled as “high in selenium and high in vitamin D3”
under the EFSA definition for a functional food.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Fish and shellfish are generally associated with healthy dietary pat-
terns and improved wellbeing. Seafood is a valuable source of multiple
essential nutrients, since most species provide the recommended
amounts of n-3 long-chain polyunsaturated fatty acids (n-3 LCPUFA),
contributing also to cover the needs of other essential nutrients, such
as vitamin D, iodine or selenium (European Food Safety Authority
EFSA, 2014a). In recent years, the identification of functional bioactive
nutrients from marine origin and their biological effects has been the
object of important research efforts (Shahidi & Ambigaipalan, 2015).
High fish consumption, with high n-3 LCPUFA levels, namely
eicosapentaenoic (EPA; 20:5n-3) and docosahexaenoic (DHA; 22:6n-
3) fatty acids, has been unequivocally associated to a protective role
against a number of human diseases (FAO/WHO, 2011; Raatz,
Silverstein, Jahns & Picklo, 2013). Other essential nutrients such as sele-
nium, iodine and vitamin D, of whichfish is considered themain dietary
source have also been positively correlatedwith disease prevention and
improved health status. Additionally, recent studies suggest that some
health benefits, attributed to LCPUFA, may be potentiated in the
r do Algarve, Universidade do

ibeiro).

A., et al., Natural fortification
od Research International (20
presence of selenium (Berr et al., 2009) and iodine (Bath, Steer,
Golding, Emmett & Rayman, 2013). These outcomes reinforce the im-
portance of eating fish for its holistic properties rather than the inges-
tion of pills or supplements. A food-based approach has also been
recommended by nutritionists for achieving nutrient adequacy,
preventing and treating diseases. Dietary guidelines recommend at
least two fish portions per week with cardiovascular protective effects
and up to four servings per week during pregnancy with better func-
tional outcomes of neurodevelopment in children (EFSA, 2014a).

Worldwide seafood consumption is steadily expanding, with per
capita records of 20 kg in 2014, and prospects are to continue rising in
the next years (FAO, 2015). Provision of seafood from capture fisheries
is declining though aquaculture is overcoming this supply issue and
the actual contribution at world level already overtook that of wild
fish for human consumption (FAO, 2015). However, the current trend
in aquafeeds for replacing marine-derived ingredients (fish meal and
fish oil) by vegetable protein and oil sources can interfere with the
fish nutritional profile. For instance, vegetable ingredients are often
characterized by low amounts of n-3 LCPUFAs. Although conditioned
by the elemental soil content of cultivars, cereals, pulses and oilseeds
are also poorer sources of iodine and selenium when compared to ma-
rine protein ingredients (Van Paemel, Dierick, Janssens, Fievez & De
Smet, 2010). Moreover, current levels of vitamins and minerals in fish
feeds target an optimal fish growth and welfare, without regarding a
of trout with dietary macroalgae and selenised-yeast increases the
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Table 1
Ingredients and proximate composition of experimental diets.

Ingredients, g·kg−1 CTRL LAM SE LAMSE

Fishmeal LT 70a 125.00 125.00 125.00 125.00
Fishmeal 60b 50.00 50.00 50.00 50.00
Soy protein concentratec 160.00 160.00 160.00 160.00
Wheat glutend 100.00 100.00 100.00 100.00
Corn glutene 100.00 100.00 100.00 100.00
Soybean mealf 50.00 50.00 50.00 50.00
Rice protein concentrateg 50.00 50.00 50.00 50.00
Wheat meal 121.30 117.65 121.20 117.55
Fish oilh 195.00 195.00 195.00 195.00
Vitamin & mineral
premixi

10.00 10.00 10.00 10.00

Soy lecithin 2.00 2.00 2.00 2.00
Guar gum 4.00 4.00 4.00 4.00
Zeolite 10.00 10.00 10.00 10.00
Antioxidant 2.00 2.00 2.00 2.00
Dicalcium phosphate 11.40 11.40 11.40 11.40
Astaxanthin 0.30 0.30 0.30 0.30
L-Lysine 7.00 7.00 7.00 7.00

DL-Methionine 2.00 2.00 2.00 2.00

Macroalgae (Laminaria)j 3.65 3.65
Selenised yeastk 0.10 0.10

Dry matter (DM), % 95.2 ± 0.1 95.7 ± 0.1 96.0 ± 0.2 95.8 ± 0.0
Crude protein, %DM 42.7 ± 0.1 42.6 ± 0.4 42.7 ± 0.0 42.8 ± 0.1
Crude fat, % DM 23.3 ± 0.1 23.4 ± 0.2 23.4 ± 0.1 23.4 ± 0.1
Ash, % DM 8.5 ± 0.0 8.8 ± 0.1 8.7 ± 0.1 8.8 ± 0.1
Gross energy, MJ·kg−1

DM
23.5 ± 0.1 23.6 ± 0.2 23.5 ± 0.1 23.5 ± 0.0

Total phosphorus, % DM 1.13
± 0.02

1.21 ± 0.03 1.14
± 0.02

1.20 ± 0.01

Iodine, mg·kg−1 DM 1.89
± 0.11

22.70
± 1.49

2.09
± 0.06

22.35
± 3.13

Selenium, mg·kg−1 DM 0.24
± 0.02

0.26 ± 0.02 0.53
± 0.02

0.51 ± 0.01

a Peruvian fishmeal LT: 71% crude protein (CP), 11% crude fat (CF), EXALMAR, Peru.
b Fair Average Quality (FAQ) fishmeal: 62% CP, 12%CF, COFACO, Portugal.
c Soycomil P: 65% CP, 0.8% CF, ADM, The Netherlands.
d VITEN: 85.7% CP, 1.3% CF, ROQUETTE, France.
e Corn gluten meal: 61% CP, 6% CF, COPAM, Portugal.
f Solvent extracted dehulled soybean meal: 47% CP, 2.6% CF, SORGAL SA, Portugal.
g Rice 50: 48.3%CP, 6.5% CF, SEAH International, France.
h COPPENS International, The Netherlands.
i Premix for marine fish, PREMIX Lda, Portugal. Vitamins (IU or mg·kg−1 diet): DL-al-

pha tocopherol acetate, 100 mg; sodium menadione bisulphate, 25 mg; retinyl acetate,
20,000 IU; DL-cholecalciferol, 2000 IU; thiamin, 30 mg; riboflavin, 30 mg; pyridoxine,
20 mg; cyanocobalamin, 0.1 mg; nicotinic acid, 200 mg; folic acid, 15 mg; ascorbic acid,
1000 mg; inositol, 500 mg; biotin, 3 mg; calcium pantothenate, 100 mg; choline chloride,
1000mg, betaine, 500 mg. Minerals (g or mg·kg−1 diet): cobalt carbonate, 0.65 mg; cop-
per sulphate, 9 mg; ferric sulphate, 6 mg; potassium iodide, 0.5 mg; manganese oxide,
9.6mg; sodium selenite, 0.01mg; zinc sulphate,7.5mg; sodium chloride, 400mg; calcium
carbonate, 1.86 g; excipient wheat middlings.

j Dry Laminaria digitata: 5.4% CP, 0.5% CF, 3700 mg iodine·kg−1, Agrimer, France.
k ALKOSEL R397: 2200 mg selenium·kg−1, Lallemand, France.
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potential enhancement of the beneficial effects to consumers' health.
Within this scenario, a new perspective towards consumers' dietary
needs must be considered when designing aquafeeds. Fillets traits
have already been effectively changed by modulating fish feeds in
terms of bioactive fatty acids (Kennedy, Bickerdike, Berge, Dick &
Tocher, 2007; Ramos et al., 2008; Rosa, Andrade, Bandarra & Nunes,
2010), selenium (Lorentzen, Maage & Julshamn, 1994; Schram,
Schelvis-Smit, Van Der Heul & Luten, 2010) and iodine (Julshamn,
Maage,WaagbØ, & Lundebye, 2006; Ramalho Ribeiro et al., 2015). How-
ever, the efficacy of muscle fortification seems to be dependent on sup-
plemental dose, feeding strategies and also important the supplement
product form (inorganic vs. organic). Additionally, someof these studies
also lack an overall assessment regarding the nutritional contribution of
fish to human consumption.

A dietary fortification trial was performed with rainbow trout owed
to its importance as a major freshwater species consumed in Europe.
The macroalgae Laminaria digitata and selenium-enriched yeast were
used as iodine and selenium sources and their effects on fish fortifica-
tion were evaluated, either isolated or concomitantly. Afterwards, the
nutritional contribution was estimated and sensorial traits of trout fil-
lets were also assessed.

2. Material and methods

2.1. Experimental diets

Four experimental diets were formulated to be isonitrogenous
(42.7% crude protein), isolipidic (23.3% crude fat) and isoenergetic
(23.5 MJ·kg−1 gross energy) (Table 1). A control diet (CTRL), similar
to a commercial trout feed was formulated to contain 1.9 mg
iodine·kg−1 supplied as potassium iodide and 0.25mg selenium·kg−1,
supplied as sodium selenite through themineral premix and the endog-
enous content of the various ingredients. Based on this control formula-
tion, three other experimental diets were manufactured. The LAM diet
targeted an iodine level of 20 mg·kg−1, supplied as Laminaria digitata,
an iodine-rich macroalgae; SE diet targeted a total selenium level of
0.5 mg·kg−1, supplied partially as selenium enriched yeast and
LAMSE diet with a simultaneous supplementation of 20 mg
iodine·kg−1, as Laminaria digitata, and of 0.5 mg selenium·kg−1, sup-
plied as selenised yeast. The levels of 20 mg iodine·kg−1 and 0.5 mg
selenium·kg−1 were adopted since it is the currently authorized maxi-
mum content of total iodine and selenium in complete feeds for fish in
the European market. Experimental extruded diets were manufactured
at SPAROS Lda (Olhão, Portugal).

2.2. Growth trial and sampling

The trialwas conducted at the Experimental Research Station of Uni-
versity of Trás-os-Montes e Alto Douro (UTAD, Portugal). Experiments
were directed by trained scientists (following category C FELASA recom-
mendations) and in compliance with the European (Directive 2010/63/
EU) and Portuguese (Decreto-Lei n°. 113/2013, de 7 de Agosto) legisla-
tion on the protection of animals for scientific purposes. UTAD facilities
and their staff are certified to house and conduct experiments with live
animals (‘group-1’ license by the ‘Direção Geral de Veterinária’, Ministry
of Agriculture, Rural Development and Fisheries of Portugal).

Eight homogenous groups of 48 rainbow trout each,with amean ini-
tial body weight of 238 g were stocked in 350 L fiberglass tanks, sup-
plied with flow-through freshwater (water-flow rate: 7 L·min−1,
temperature: 15±1 °C) and exposed to natural photoperiod conditions
(14 light/10 h dark). Each experimental treatment was tested in dupli-
cate tanks over 91 days. Fish were hand-fed to apparent satiety, twice
a day. Final samplings were done 48 h following the last meal and fish
were slaughtered by immersion in ice-water slurry (4:1) until death.
At the start (6 fish from the initial stock) and at the end of the trial,
three fish from each tank were sampled for analysis of whole-body
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composition. Moreover, trout skinless fillets were collected at the start
(n = 3) and at the end of trial (n = 2 pools of 3 fish each), stored at
−80 °C for analysis of minerals and vitamins content and fatty acid
composition. For sensory analysis, ten fish from each treatment were
weighed, scaled, filleted and kept at 4 °C until sensory assessment.

2.3. Analytical methods

Proximate composition analysis of the diets and whole fish was
made by the following procedures: dry matter by drying at 105 °C for
24 h; ash by combustion at 550 °C for 12 h; crude protein (N × 6.25)
through the release of nitrogen by a combustion technique followed
by thermal conductivity detection (LECO FP528, Leco Instruments,
USA); crude fat after dichloromethane (CID: 6344) extraction by the
Soxhletmethod; total phosphorus in the feedswas quantified according
to the ISO/DIS 6491 method using the vanado-molybdate reagent; and
gross energy in an adiabatic bomb calorimeter (model C2000, IKA-
of trout with dietary macroalgae and selenised-yeast increases the
16), http://dx.doi.org/10.1016/j.foodres.2016.10.030
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WerkeGmbH&Co. KG, Staufen, Germany).Minerals (Fe, Zn,Mg, K, I and
Se) content in feeds and fillets was determined at an external certified
laboratory (Silliker, Mérieux Nutrisciences, Portugal) by microwave di-
gestion with nitric acid and hydrogen peroxide (CID: 784), followed by
inductively coupled plasma mass spectrometry (ICP-MS) detection.
Digested sample solutions were analysed for I, Se, Fe, Zn, K and Mg
using certified external calibration standards (Inorganic Ventures Eu-
rope S.L., Spain). Standards were prepared by systematically diluting
1000 μg·mL−1 stock solutions of the respective elements and the cali-
bration curves of five concentration points showed correlation coeffi-
cients (R) between 0.995 and 1. Reagent blanks (n = 6) were
prepared in identical conditions. Spiking was performed, for each ele-
ment, in two trout fillet samples as a method validation tool. Recovery
values were in the range 93.7–106.1%, which felt within the acceptance
level of the certified laboratory. Limit of detection (LOD) and limit of
quantification (LOQ) were calculated by the formulas LOD = 3 σ / b
and LOQ = 10 σ / b, where σ = standard deviation of the blank and
b = slope of the calibration curve. The LOD (mg·kg−1) for the various
elements were: I (0.0004), Se (0.0013), Fe (0.0632), Zn (0.0034), K
(0.0022) andMg (0.0844). The LOQ (mg·kg−1) for the various elements
were: I (0.0011), Se (0.0227), Fe (0.1172), Zn (0.0086), K (0.0054) and
Mg (0.2212). The same external laboratory determined also Vitamin
D3 (cholecalciferol) by reversed phase HPLCwith UV detection, accord-
ing to the AOACmethod 2002.05 and vitamin A (all-E-retinol, 13-Z-ret-
inol) by HPLC according to EN 12823-1:2014method. Total lipids in the
filletswere extracted according to themethod of Folch, Lees and Stanley
(1957). The fatty acid composition of fillets was determined by gas-
chromatographic analysis of methyl esters, according to the procedure
of Lepage and Roy (1986), modified by Cohen, Vonshak and Richmond
(1988) and described in further detail by Costa et al. (2013). Data in
mg/100 g of edible part were calculated using the peak area ratio (% of
total fatty acids) and the lipid conversion factors set by Weihrauch,
Posati, Anderson and Exler (1977). Based on the fatty acid profile of
trout fillets, the atherogenic (1) and thrombogenic (2) index (AI and
TI, respectively) were calculated accordingly to Ulbricht and Southgate
(1991) for evaluation of the predisposition for incidence of coronary
heart disease.

AI ¼ C12 : 0þ 4� C14 : 0ð Þ þ C16 : 0
Total MUFAþ Total n‐3þ Total n‐6

ð1Þ

TI ¼ C14 : 0þ C16 : 0þ C18 : 0
0:5� Total MUFAð Þ þ 0:5� Total n‐6ð Þ þ 3� Total n‐3ð Þ þ ratio n‐3=n‐6

ð2Þ

2.4. Nutritional contribution

The nutritional contribution (NC) of trout fillets was calculated as
the percentage of the Daily Recommended Intake (DRI)/Dietary refer-
ence values (DRVs) for selected minerals and vitamins and also of the
Daily Adequate Intake (DAI) for combined EPA and DHA. When distinct
recommendations exist for males and females, calculations were
adapted accordingly and the following formula (3) was used:

NC %ð Þ ¼ 100� C�M
DRI=DRV or DAI

ð3Þ

where: C: mean concentration of nutrient in g·kg−1, mg·kg−1 or
μg·kg−1. M: meal fillet portion consumed is 0.160 kg (Costa et al.,
2013). DRV established as Adequate Intake (AI) for iodine is
0.150 mg·d−1 for adults (EFSA, 2014b). DRV established as Adequate
Intake (AI) for selenium is 0.070 mg·d−1 for adults (EFSA, 2014c). DRI
established as Recommended Dietary Allowance for iron is
8.0mg·d−1 formales and 18mg·d−1 for females (Institute of Medicine
IOM, 2001). DRV established as Population Reference Intakes (PRIs) for
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zinc are 7.5 to 12.7 mg·d−1 for women (mean value = 10.1 mg·d−1)
and 9.4 to 16.3 mg·d−1 for men (mean value =12.9 mg·d−1) (EFSA,
2014d). DRI established as Adequate Intake (AI) for potassium is
4.7 g·d−1 for adolescents and adults (IOM, 2005). DRV established as
Adequate Intake (AI) for magnesium is 350 mg·d−1 for adult males
and 300 mg·d−1 for adult females (EFSA, 2015a). DRI established as
Recommended Dietary Allowance for Vitamin D is 15.0 μg·d−1 for
young and adults (IOM, 2011). DRV established as Population Reference
Intakes (PRIs) for Vitamin A is 750 μg retinol·d−1 for men and 650 μg
retinol·d−1 for women (EFSA, 2015b). DAI for EPA + DHA is
500 mg·d−1 for primary prevention of cardiovascular disease in adults
(International Society for the Study of Fatty Acids and Lipids ISSFAL,
2004), corresponding to a weekly intake of 3.5 g of EPA + DHA.

2.5. Sensorial evaluation

Sensory evaluation was carried out in an acclimatized room
equipped with individual booths. To reduce the variability within the
fillets, the parts close to the head and the tail were rejected. Each skin-
on fillet was individually wrapped with aluminium foil to avoid odour
losses and cooked for 6 min at 100 °C in a saturated steam oven (Ratio-
nal Combi-Master CM6 Cross KuchentechnikCmbH, Landsberg, Germa-
ny). A multisample difference test was conducted (Meilgaard, Civille &
Carr, 1999) using a sensory panel composed by ten trained panellists.
Cooked fillets were presented to the panellists sequentially in coded
white dishes under normal white lighting. Each panellist received the
four samples in a balanced random order and rated the intensity of sen-
sory attributes on a 9-point scale ranging from absent (0) to very in-
tense (8 points). The attributes selected were the odour, taste and
texture (firmness and succulence).

2.6. Statistical analysis

Growth performance and fillet nutrient composition are expressed
asmeans of two replicates± standard deviation. Data (including senso-
ry data) were subjected to a one-way analysis of variance. Parameters
expressed as percentages were subjected to arcsin square root transfor-
mation. Following ANOVA, means were compared by the Tukey HSD
multiple comparison test. Statistical significance was tested at 0.05
probability level. All statistical testswere performed using the SPSS soft-
ware (v22, IBM, USA).

3. Results

At the end of the trial, fish reached a final body weight ranging from
335 to 350 g and both Laminaria and selenised yeast supplemented
feeds led to a significant increase (P = 0.020) of final body weight
(Table 2). Feed intakewasnot affected by the various dietary treatments
(P = 0.168). FCR was highest in fish the CTRL diet and significantly re-
duced in those fed diets supplemented with Laminaria and selenised
yeast (P = 0.004). Moreover, fish fed the diets supplemented with
selenised yeast (SE and LAMSE) presented lower FCR than those fed
diet LAM. The whole-body composition of fish, in terms of moisture,
protein, fat and ash, was not affected by the dietary treatments
(P N 0.05) (Table 2).

Dietary fortification strategies led to a significant increase
(P b 0.001) of iodine and selenium content in rainbow trout fillets
(Table 3). Trout fed Laminaria digitata supplemented diets showed a sig-
nificant increase (P b 0.001) of their fillet iodine content
(0.12 mg·kg−1), representing a six-fold increase over the iodine levels
found in the CTRL treatment (0.02 mg·kg−1). Similarly, trout fed with
selenium-enriched yeast resulted in a significant 2.9-fold increase in
muscle selenium content (0.43 mg·kg−1), when compared to the sele-
nium level in the CTRL treatment (0.15 mg·kg−1). The concomitant
supplementation of Laminaria macroalgae and selenium-enriched
yeast (LAMSE diet) significantly increased both selenium and iodine
of trout with dietary macroalgae and selenised-yeast increases the
16), http://dx.doi.org/10.1016/j.foodres.2016.10.030
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Table 2
Growth performance and whole-body composition of fish.

CTRL LAM SE LAMSE P-value

IBW1, g 237.5 ± 1.2 238.1 ± 1.5 239.6 ± 0.6 237.3 ± 2.7
FBW2, g 334.9

± 0.2a
343.4
± 0.8b

349.0
± 4.1b

349.6
± 3.9b

0.020

FI3 0.45 ± 0.01 0.44 ± 0.00 0.42 ± 0.01 0.44 ± 0.01 0.168
SGR4, %·d−1 0.38 ± 0.00 0.40 ± 0.00 0.41 ± 0.02 0.43 ± 0.00 0.062
FCR5 1.20

± 0.02a
1.12
± 0.01b

1.03 ± 0.02c 1.04 ± 0.02c 0.004

Whole-body composition⁎

Moisture, % 70.5 ± 0.2 70.9 ± 0.1 70.6 ± 0.3 70.5 ± 0.1 0.172
Protein, % 16.7 ± 0.1 16.8 ± 0.1 16.9 ± 0.2 17.1 ± 0.1 0.172
Fat, % 9.6 ± 0.2 9.4 ± 0.0 9.6 ± 0.1 9.7 ± 0.2 0.400
Ash, % 2.9 ± 0.0 2.9 ± 0.1 2.7 ± 0.1 2.8 ± 0.1 0.271

Values are means ± standard deviation (n = 2). Absence of superscript letters within a
row represents no significant differences between treatments (P N 0.05).

1 Initial mean body weight.
2 Final mean body weight.
3 Feed intake: crude feed intake/(IBW+ FBW) / 2 / 91 days.
4 Specific growth rate: (Ln FBW− Ln IBW) × 100 / 91 days.
5 Feed conversion ratio: dry feed intake/wet weight gain.
⁎ Initial fish: moisture 74.7%; Protein, 14.1%; fat 8.2%; ash 2.7%.

Table 4
Summarised fatty acids content of fillets.

Fatty acidsa Experimental treatments P
value

(mg·100 g−1

fillet)
CTRL LAM SE LAMSE
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levels in trout muscle, to similar levels as those found with individual
supplementation strategies. The dietary inclusion of Laminaria
macroalgae and selenium-enriched yeast had no effect (P N 0.05) on
the fillet content of other minerals (iron, zinc, potassium and magne-
sium) and vitamins A and D3.

The nutritional contribution (NC) of trout fillets to cover the DRV of
selected minerals and vitamins A and D3 in adults female and male is
presented in Table 3. The consumption of a 160 g portion of a CTRL
trout fillet represented 2.5% and 33.8% of the DRV for iodine and seleni-
um, respectively. Fillets of trout fed the iodine-rich macroalgae (LAM
Table 3
Vitamins and minerals content in rainbow trout fillets fed the various experimental diets
and nutritional contribution as % of Daily Reference Values (DRVs).

CTRL LAM SE LAMSE

Iodine, mg·kg−1 0.02
± 0.01a

0.12 ± 0.01b 0.02 ± 0.00a 0.12 ± 0.00b

Selenium, mg·kg−1 0.15
± 0.01a

0.14 ± 0.01a 0.43 ± 0.01b 0.43 ± 0.02b

Iron, mg·kg−1 4.0 ± 0.1 4.0 ± 0.3 4.1 ± 0.0 4.1 ± 0.2
Zinc, mg·kg−1 3.3 ± 0.1 3.3 ± 0.1 3.3 ± 0.0 3.3 ± 0.1
Potassium, g·kg−1 4.9 ± 0.0 4.9 ± 0.2 4.8 ± 0.1 4.8 ± 0.1
Magnesium,
mg·kg−1

298.5 ± 6.4 298.5
± 14.8

313.5
± 16.3

288.5
± 13.4

Vitamin D3, μg·kg−1 122.8 ± 5.1 119.8 ± 7.2 121.5 ± 1.1 118.7 ± 4.9
Vitamin A, μg·kg−1 139.0 ± 5.7 142.0 ± 2.8 137.5 ± 2.1 140.5 ± 3.5

Nutritional contribution

% DRV1,2 Female Male Female Male Female Male Female Male

Iodine 2.5 12.5 2.1 12.4
Selenium 33.8 31.8 98.3 97.8
Potassium 16.5 16.7 16.3 16.2
Iron 3.6 8.0 3.6 8.0 3.6 8.2 3.6 8.1
Zinc 5.1 4.0 5.2 4.1 5.2 4.1 5.1 4.0
Magnesium 15.9 13.6 15.9 13.6 16.7 14.3 15.4 13.2
Vitamin D3 131.0 127.8 129.6 126.6
Vitamin A 3.4 3.0 3.5 3.0 3.4 2.9 3.5 3.0

Values aremeans± standard deviation (n=2). Each replicate sample was a pool of three
fillets.
Different superscripts within rows represent significant differences between treatments
(P b 0.05).

1 For definition of DRV calculations refer to Section 2.4.
2 DRV calculations took into account gender differences on recommendations.
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and LAMSE) covered 12.5% of iodine DRV, while those resulting from
trout fed with selenised yeast accounted for 98% of selenium DRV. Al-
though not affected by dietary treatments, vitamin D3 content in trout
fillets was high (119–123 μg·kg−1), and a 160 g meal covered 127–
131% of DRV. The nutritional contribution of all other nutrients (Fe,
Zn, K, Mg, vitamin A) was not affected by dietary treatments.

The summarised fatty acid contents of trout fillets are presented in
Table 4. Dietary incorporation of iodine-rich macroalgae and selenised
yeast did not affect (P N 0.05) the fillet profile in saturated (SFA), mono-
unsaturated (MUFA) and polyunsaturated (PUFA) fatty acids. Conse-
quently, total levels of n-3 and n-6 fatty acids, its ratio and both
thrombogenic (TI) and atherogenic (AI) indexes were also not affected
by dietary treatments (P N 0.05). The consumption of a 160 g portion
of trout fillet, twice a week, represented 85–91% of the Weekly Ade-
quate Intake (WAI) of combined EPA and DHA for the primary preven-
tion of cardiovascular disease in adults.

Organoleptic properties of steamed cooked trout fillets were not af-
fected by the dietary inclusion of Laminaria and selenised yeast
(P N 0.05) (Fig. 1). Sensory panel rated typical odour as slight tomoder-
ate (evenly rated between treatments) and typical taste as moderate
(with higher tendency in both Laminaria groups) to intense (with
higher tendency in CTRL and SE groups). Additionally non-typical
odour and non-typical taste were mainly classified as absent.
Concerning texture-related criteria, succulence was scored as slight to
moderate and firmness as moderate to intense.
Total SFAb 1537 ± 73 1403 ± 78 1479
± 151

1576 ± 92 NS

Total MUFAc 1753 ± 1 1625 ± 68 1648
± 315

1748
± 189

NS

C18:2 n-6 393 ± 31 375 ± 35 357 ± 59 382 ± 44 NS
C18:3 n-3 57 ± 2 56 ± 6 54 ± 10 56 ± 6 NS
C18:4 n-3 79 ± 3 80 ± 7 81 ± 17 81 ± 7 NS
C20:4 n-6 32 ± 1 32 ± 0 31 ± 5 31 ± 1 NS
C20:4 n-3 39 ± 0 35 ± 4 36 ± 6 39 ± 4 NS
C20:5 n-3 [EPA]d 275 ± 20 291 ± 5 268 ± 50 264 ± 1 NS
C22:5 n-3 80 ± 10 83 ± 9 75 ± 17 78 ± 4 NS
C22:6 n-3 [DHA]d 684 ± 54 704 ± 41 676 ± 117 670 ± 26 NS
Total PUFAe 1805 ± 66 1815 ± 4 1730

± 324
1779 ± 98 NS

Total PUFA n-3 1259 ± 90 1294 ± 38 1235
± 229

1235 ± 48 NS

Total PUFA n-6 463 ± 30 443 ± 34 423 ± 71 460 ± 43 NS
PUFA n-3/n-6 2.72

± 0.37
2.93
± 0.31

2.92
± 0.05

2.69
± 0.15

NS

EPA + DHA 959 ± 74 995 ± 36 944 ± 167 934 ± 27 NS

AIf 0.614 0.559 0.608 0.643
TIg 0.291 0.263 0.291 0.304

Nutritional contribution, % DAIh

EPA + DHA 307 318 302 299

Values aremeans± standard deviation (n=2). Each replicate samplewas a pool of three
fillets.

a Despite not shown in this summarised format, all identified fatty acids were consid-
ered in the composite fractions.

b SFA: Saturated fatty acids.
c MUFA: Monounsaturated fatty acids.
d EPA (C20:5n-3) and DHA (C22:6n-3).
e PUFA: Polyunsaturated fatty acids.
f AI: Atherogenic index.
g TI: Thrombogenic index.
h For calculation of nutritional contribution refer to Section 2.4.
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Fig. 1. Sensory analysis of steam-cooked trout fillets supplemented with macroalgae and
selenised-yeast.
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4. Discussion

Fish are a rich source of vitamin D, iodine, selenium and n-3 LCPUFA.
Nevertheless, their contents in seafood are extremely variable, not only
among species but also between individuals of the same species (EFSA,
2014a). Although subjected to high variability, wild fish generally pres-
ent higher iodine and selenium levels than farmed counterparts
(Julshamn, Dahl & Eckhoff, 2001; Maage, Julshamn & Ulgenes, 1991).
The current trend for replacing marine-derived ingredients by plant
feedstuffs in fish dietsmay accentuate such differences and consequent-
ly change consumer expected intakes of health valuable nutrients.
Moreover, it is known that fish feeds do not make full use of the maxi-
mum approved levels for iodine and selenium (EFSA, 2005). Therefore,
dietary supplementation strategies can be used as tools to enhance the
iodine and selenium content in fish fillets, in order to convey benefits
beyond fulfilling the basic nutritional needs of the animal, namely in
terms of its nutritional value to consumers.

Selenium levels in human populations are generally influenced by
geographical region, due to soil content of selenium, seasonal changes,
protein content and food processing (Navarro-Alarcon & Cabrera-
Vique, 2008). A recent systematic data review indicate that Se intake
and status is suboptimal inmost European andMiddle Eastern countries
(Stoffaneller & Morse, 2015). Potential approaches for enhancing
human Se status comprise selenium soil fertilization; animal feed and
food fortification; and intake of single supplements. In our study, an in-
crease of current feed selenium level (0.25mg selenium·kg−1) to max-
imum approved levels in the Europeanmarket (0.5mg selenium·kg−1)
with a selenised-yeast led to a 2.9-fold increase for selenium contents in
trout fillets. Although variable in themagnitude of selenium deposition,
previous studies have also reported the successful Se fortification of fish
fillets (Hunt et al., 2011; Küçükbay et al., 2009; Pacitti et al., 2015;
Rodríguez & Rojas, 2014). The utilization of organic Se sources, as
selenised-yeast, is also advantageous, since organic bound selenium
was found to be a higher bioavailable form of Se when compared to in-
organic sources in rainbow trout fortification studies (Küçükbay et al.,
2009; Rider et al., 2009). The daily nutritional contribution of a 160 g fil-
let portion was raised from 34% to 98% in the case of selenium fortified
trout, considering a daily adequate intake for Se of 70 μg, as recently set
by EFSA. Concerning the beneficial effects for human health, high seleni-
um bioavailability was reported from fish and shellfish food items
(Moreda-Piñeiro, Moreda-Piñeiro & Bermejo-Barrera, 2015). One main
achievement of our study was to establish the dietary use of
selenised-yeast as an effective andnatural strategy to fortify rainbowfil-
lets in selenium.
Please cite this article as: Ramalho Ribeiro, A., et al., Natural fortification
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Iodine deficiency is the world's greatest single cause of preventable
brain damage, and this fact is theprimarymotivation behind the current
worldwide drive to eliminate iodine deficiency (WHO, 2007). Deficien-
cy is largely the result of inadequate iodine intake rather than poor ab-
sorption. The primary strategy for iodine supplementation relies on salt
iodization. However, with the implementation of salt intake reduction
programmes makes this strategy less effective and alternatives are re-
quired. In our study, trout fed diets supplemented with Laminaria
digitata, showed a significant increase of their fillet iodine content,
representing a six-fold increase over the iodine levels found in the reg-
ular fed trout. Dietary macroalgae have been successfully used to
achieve higher iodine contents in rainbow trout (Valente et al., 2015),
chars (Schmid et al., 2003) and gilthead seabream (Ramalho Ribeiro et
al., 2015). Several of these studies report higher iodine fillet contents
than the ones observed in the present trial. This variation is probably
due to the different macroalgae used, dietary iodine levels tested and
fish species considered. As described for other minerals, iodide (I−)
the predominant iodine species in macroalgae is reported to have a
higher bioavailability compared to other inorganic compounds improv-
ing digestibility, absorption and retention in fish (Doucha, Lívanský,
Kotrbáček & Zachleder, 2009; Cotter, McLean & Craig, 2009; Kouba,
Velíšek, Stará, Masojídek & Kozák, 2014). Trout subjected to our iodine
fortification strategy, implementedwithin themaximum allowed levels
(20 mg·kg−1) in fish feeds, covered 12.5% of the daily adequate intake
for adults, with a 160 g portion, considering a daily adequate intake
for iodine of 150 μg. Literature data on the bioavailability of iodine
from fish is limited. Nevertheless, good evidence exist that iodine accu-
mulates in fishmuscle in an inorganic and therefore a complete absorp-
tion after ingestion by humans is assumed (Hurrell, 1997). A work
performed by Schmid et al. (2003) reported high bioavailability of io-
dine from L. digitata enriched chars in a trial with 14 volunteers, al-
though potential cooking losses were not assessed stalling an accurate
absorption measurement.

In most European countries, there seems to be a shortfall in achiev-
ing current vitamin D recommendations, particularly in older
institutionalised adults and in some ethnic groups (Cashman,
Fitzgerald, Kiely & Seamans, 2011). Vitamin D status is highly depen-
dent on several factors like diet, sunlight exposure and lifestyle. Fish
are among the richest sources of vitamin D, available as the D3 chemical
form (Schmid & Walther, 2013). Moreover, vitamin D3 shows a higher
efficacy to raise serum 25-hydroxycholecalciferol (25(OH)D) concen-
trations than vitamin D2 (Cashman et al., 2011). Despite not being the
target of our fortification strategy, trout fillets fed the various experi-
mental diets showed high vitamin D3 levels (119–123 μg·kg−1).

In our study themain source of dietary lipids wasmarine fish oil and
it remained unchanged among the various diets. Also, Laminaria and
selenised yeast had no interference onmuscle fatty acids profile. There-
fore, the combined content of EPA and DHA (0.96 ± 0.08 g·100 g−1

fresh fillet) and PUFA n-3/n-6 ratio (2.82 ± 0.22) in raw fillets was rel-
atively constant among the various treatments. The consumption of a
160 g portion of trout fillets, twice a week, represented, on average,
88% of EPA and DHA combined Adequate Intake, as recommended for
primary prevention of cardiovascular disease in adults (ISSFAL, 2004).
Similarly, the fillet content of all other measured minerals (Fe, Zn, K,
andMg) and vitamin A remained unaffected by the dietary supplemen-
tation strategies. The nutritional contribution of trout fillets evaluated
according to the established recommended values for adults, and if ap-
plicable for men andwomen distinctively, shows that a portion of 160 g
offillet of any test group contributed to the daily adequate intake for po-
tassium (16%), magnesium (14% men; 16% women), iron (8% men; 4%
women), zinc (4% men; 5% women) and vitamin A (3%). Most dietary
guidelines convey the message that health benefits associated to a
given nutrient are generally stronger when derived from a whole food
matrix, as part of a synergistic dietary pattern, rather than its supply
as a single supplement. Under this scenario, tailoring farmed fish with
health beneficial compounds is becoming particularly important owed
of trout with dietary macroalgae and selenised-yeast increases the
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to the role of seafood as part of a healthy food pattern (EFSA, 2014a).
Also of importance is the fact that the fortified trout fillets could be pro-
moted in the functional foods market. According to EC 1924/2006 regu-
lation, in the Europeanmarket, a food item can be labelled as “source of
selenium” if it supplies 15% of the DRV in 100 g of product and “high in
selenium” in case of containing at least twice this value (30% of seleni-
um DRV). Under this definition, the selenium supplemented fillets pro-
duced in our trial could be labelled with a nutrition claim like “high
source of selenium” since it supplies 43 μg selenium·100 g−1 (61% of
DRV). Similarly, all produced fillets could be labelled as “high source
of vitamin D3”, since on average they provide 80.5% of RDI in 100 g of
food item. Therefore these food items could be considered as functional
foods (EFSA, 2009; EFSA, 2015c).

In spite of actual consumer request for healthy food, there is also
awareness about the natural sensory properties of food items
(Verbeke, 2005). Thus, a nutritional fortification of food should avoid
any negative effects on the sensory traits. In the current trial, dietary
supplementation with selenised yeast and/or iodine-rich macroalgae
did not alter organoleptic characteristics of steamed cooked trout fillets.
Typical taste and typical odour, usually determinant traits for con-
sumers' acceptance, were found similar between all dietary treatments.
Also, fillets texture, assessed as firmness and succulence, was not affect-
ed by experimental diets. Previous studies also showed that dietary for-
tification withmacroalgae did not alter sensorial traits in trout (Valente
et al., 2015) and seabream (Ramalho Ribeiro et al., 2015). However,
channel catfish fed a diet supplementedwith Se-enriched garlic, flavour
traits were significantly altered, although the effect was attributed to
the garlic odour and flavour (Schram et al., 2010).

Acceptance of a novel or enriched food product is largely dependent
on its positive health and natural image (Dickson-Spillmann, Siegrist &
Keller, 2011). The use of synthetic or non-naturally occurring supple-
ments may undermine consumer perception of enriched food products.
Consumers often perceive natural additives as inherently better and
healthy, while artificial chemicals in food are associated with higher
risk perception (Dickson-Spillmann et al., 2011). A consumer survey
performed in Germany, UK and Italy showed a general high acceptance
for foods with seaweed ingredients (Buehrlen, Canavari & Breitschopf,
2005). Brown macroalgae, such as Laminaria digitata, although per-
ceived as a natural product and a rich source of health valuable nutrients
(e.g. iodine), may also contain elevated levels of some toxic metals such
as arsenic (As) and cadmium (Cd), which may limit their use as food
and feed ingredients. In order to protect animals, the consumer and
the environment, the European feed legislation (Commission Directive
2002/32/EC and amended by Commission Regulation EU 1275/2013),
has set maximum permitted levels for a range of undesirables sub-
stances in feed materials and complete compound feeds. Currently,
the maximum total arsenic level in feed materials from seaweed and
products thereof is 40 mg·kg−1 (or 2 mg·kg−1 of inorganic arsenic)
and the maximum total arsenic level in complete fish feeds is
10 mg·kg−1. For cadmium, the current maximum permitted level in
both feed materials of vegetable origin and complete fish feed is
1 mg·kg−1. A recent study assessed the potential risks of macroalgae
harvested in Norwegian waters when used as feed materials and food
for animals and humans (Duinker et al., 2016). Their data showed that
several macroalgae species, and particularly brown algae, exceeded
the current maximum permitted levels of Cd and As, clearly limiting
their use as ingredients in animals feeds, including fish. However, the
high variability on As and Cd levels associated to the geographical origin
of the macroalgae and the lower toxicity of organic As forms generally
occurring in thesemarine-derived products are aspects that require fur-
ther studies to fully elucidate the potential risks associated to their use.

In conclusion, rainbow trout fillets may be successfully tailored to
improve its nutritional value conveying an added value for consumers'
diets. The supplementation of a traditional trout feed with macroalgae
(Laminaria digitata) and selenised yeast significantly enhanced the
daily nutritional contribution in iodine and selenium, while vitamin D3
Please cite this article as: Ramalho Ribeiro, A., et al., Natural fortification
nutritional contribution in iodine and se..., Food Research International (20
and n-3 LCPUFA were also present at high levels. Moreover, the use of
natural sources of trace elements, replacing inorganic mineral salts in
fish feeds, fits a broader concept of sustainable, chemical-free farming,
which is highly appealing to consumers.
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