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Aquaculture production is demanding novel feed ingredients that reflect natural marine nutrient levels,
that are also essential to humans. In this regard, biofortification through addition of iodine-rich sugar kelp
in feed formulations was assessed in a 12 week rainbow trout trial. Yttrium inclusion in feed allowed
determinations of apparent absorption coefficients of essential and potentially toxic elements and apparent
digestibility coefficient of nutrients. E.g. apparent absorption coefficients in trouts fortified feed with 1-
4% dw kelp were 67-61% As, 32-40% Cd, <5% Fe; 80-83% |; 66-58% Se. lodine concentrations in feed
up to 239 mg/kg (~4% kelp) was proportional to iodine accumulation in trout fillets (R?=1.00) with 0.5%
transfer ratio. Feed iodine concentrations up to 117 mg/kg (~2% kelp) did not affect growth performance
negatively, but increased significantly protein efficiency ratio after eight weeks feeding. However, 4%
kelp meal inclusion affected final growth and hepato somatic index, and caused histomorphological
changes in the intestine. All fillets had low toxic element concentrations (As, Cd, Hg, Pb). The potential
applicability of Saccharina latissima as feed ingredient to tailor iodine concentration in farmed fish is
evident. Consuming of a 160 g fillet (2% kelp) contributes ~60% of recommended daily iodine intake for

adults.



Abbreviations iAs inorganic arsen

AAC apparent absorption coefficient Aslll  arsenite

ADC apparent digestibility coefficient AsV  arsenate

As arsenic IMTA integrated multi-trophic aquaculture
BM  biomass ICP-MS inductively coupled plasma mass
Ctr  control spectrometry

Cd cadmium Pb lead

CF  condition factor PER protein efficiency ratio

CRM certified reference material PUFA, polyunsaturated fatty acids

DHA docosahexaenoic acid NFE  nitrogen free extractives

dw  dry weight Se selenium

EHA eicosapentanoic acid SGR  specific growth rate

FCR feed conversion ratio TMAH tetramethylammonium hydroxide
Fe iron ww wet weight

Hg  mercury Y yttrium

HSI  hepato somatic index Zn zinc

1. Introduction

Global seafood consumptiger capita has increased steadily from 9 kg in 1961 to moam tPO kg in
2015, surpassing global consumption of meat (FARQB2, in 2015 accounting for 17% of animal protein

consumed worldwide (FAO, 2018).

Aquaculture products comprise half of all seafoodstimed, and this industry is expected to be thie ma

supplier of fish and shellfish in the future (FA)18). Aquaculture depends on natural feed ressurce
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and with increased production, traditional maringrédients, such as fish meal and fish oil are doein
replaced. For example, in the Norwegian Atlanticnsa farming, fish meal and fish oil decreased from
90% to 30% between 1990 and 2013. Thus, farmedhtitigalmon has become a net producer of marine

protein using only 0.7 kg marine protein to prodidey salmon protein (Ytrestayl et al., 2015).

Novel ingredients should provide fish products witle same high nutritional value to promote the
associated health benefits, previously describedigh. Wild oily/fatty fish are known to be rictogrces

of beneficial components, such@3-polyunsaturated fatty acids and vitamin D. Vitarhi is e.g. found

in Atlantic salmon and rainbow trout at 1.6+0.5 &n0t2.3 pg/100 g, respectively (Jakobsen and S$Smith
2017). However, it is important to consider whetther benefits of fish composition are compromisgd b

feed substitutions, as reported by Spargue e2@L6).

Wild fish are also a good dietary source of esakntiinerals such as selenium and iodine. lodine
typically occurs at low concentrations in most fetdfs with marine fish, especially lean fish, aintng

the highest concentrations (18-1210 pg/100 g; Neetal., 2018).

lodine is essential for synthesis of thyroid horemnwhich depends on an adequate and regular sofoply
iodine, and regulate many functions in the bodgjuding metabolism, energy production, mood and
neural development. According to WHO, globally ielideficiency is the greatest cause of preventable
brain damage in childhood and they recommend & dadine intake of 150 pg for adults (WHO, 2004).
Pregnant women, in particular, need more iodineetisure thyroid hormones are available for the
developing fetus. Inadequate maternal iodine stdtuwing pregnancy is associated with later impaim

of language skills in their children at the age$012 and 18 month (Markhus et al., 2018) and otga
the cognitive outcome of children aged eight ye@ath et al., 2013). Thus, it is not only iodine

deficiency but also insufficiency that can havérideental effects on the health of their children.

To prevent iodine deficiency, many countries hawstiffed salt with iodine. However, health

recommendations to limit salt intake may reduceneccontribution from salt intake. As iodine is a
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natural mineral present in the marine environmet @ccurs naturally in fish, it is obvious to catesi
farmed fish as a candidate foodstuff to becomeobiified with iodine, e.g. by using iodine-rich fite
ingredients as certain types of seaweed. Macroalgapecially brown algae species contain high
concentrations of iodine, some above 10 g iodingfkgweight (dw) (Schiener et al., 2015), such as
sugar kelp $accharina latissma) and oarweedl@minaria digitata). Both species are produced for a
variety of purposes, e,dsaccharina latissma is grown on longlines (robe), as part of integrated
multitrophic aquaculture (IMTA) to capture nutrienfiround salmon cages and a few studies have
reported fortification using macroalgaerécilaria vermiculophylla, Laminaria digitata) in fish (rainbow

trout, gilthead seabream) to increase iodine corfiéadente et al., 2015, Ribeiro et al., 2015, 2017

In addition to the beneficial essential elementdish and macroalgae, they may also contain elevate
levels of potential toxic elements like arsenigrodum, lead and mercury. Arsenic exists as botlanim
and inorganic compounds, of which inorganic arséntbe most toxic form of arsenic and recognized a
a class | human carcinogenic (IARC, 2011). In stypes of seaweed inorganic arsenic may be present a
relatively high concentrations (Duinker, 2014)cbntrast, only very low concentrations commonlyuscc

in wild caught and farmed fish species (Julshamal,e2012). Mercury is known to accumulate in the
marine food webs and consequently the highest odrat®ns are reported in large predatory fish sagh
tuna or swordfish (Storelli et al., 2005). Cadmiamd lead are typically found at low concentration i
most fish species but for seaweed and shellfisihdnigconcentrations of cadmium can be found

(Maulvault et al., 2015, Rasmussen et al., 2017).

The aim of the present study was to evaluate alnusiral feed ingredient, sugar kelp macroalgae
Saccharina latissima, for use in rainbow troutQnchorynchus mykiss) diets. Feed formulations with 1%,
2% and 4% dried sugar kelp (w/w) were fed to ramlimut in a controlled trial to determine the most
appropriate level for future aquaculture productidrhe controlled trial assessed several growth
performance parameters, as well as impacts on apipdigestibility/absorption of nutrients and essgn

and toxic elements from the experimental feeds fillatibiofortification.
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2. Material and methods

2.1. Animal husbandry

Rainbow trout (all female), were obtained from anoeercial fish farm (Lundby Fisk, Nibe, Denmark)
and transported to DTU Aqua facilities at the Nd8a Research Centre, Hirtshals, Denmark. Initially
they were kept in large (3,000 L) circular outdtenmks (15-20ppt saltwater), for a three-week quaran
period, primarily as a precautionary action to &ifly parasites. Until the growth trial, the fishrevéed a

typical commercial diet (BioMar A/S, Brande, Denkjar

2.2. Experimental diets

Dried Sacharina latissima sugar kelp from Integrated Multi-Trophic Aquacu#(IMTA) was used in the
experimental feeds. Th& latissima seaweed had grown on longlines (robe on whichsteveed is
deployed and harvested from) in close proximitgtoommercial Norwegian Atlantic salmon farm, from
October 2017 to May 2018. The dridatissima was analysed for iodine content before feed pedjuar

to establish the appropriate dose of iodine and faelusion levels. Based on an iodine conten&.in
latissima of ~ 5g/kg dw, concentrations of iodine were addpdo ~ 200 mg/kg (~ 4% kelp inclusion).
Four iso-nitrogenous and iso-caloric diets weranfdated and produced by SPAROS Lda, Olhao,
Portugal (Table 1). Protein and starch sourcebi®fé¢ference diet were based on a mixture of fisthme
soy protein concentrate, krill meal, faba beansatiyluten and wheat meal. Kelp meal was included i
three of the four diets at 1%, 2% and 4% (w/w) eetipely, replacing some of the wheat meal in the
formulation. All diets were enriched with selenidoy adding 0.02% selenium yeast. The oil coating on
the pellets was a mixture of primarily rapeseedaod, to a smaller extent, fish oil. For measuramenh

apparent absorption/ digestibility , yttrium oxidas added to all diets at the level of 0.01%.

2.3. Macronutrients and gross energy content analyses.



82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

Feed samples were homogenised using a Speedy fPiagbaizer (Krups, Frankfurt am Main, Germany)
and analysed for dry matter (DM) and ash (NMKL, 1R%rude protein (CP) (ISO, 2005, where protein
= Kjeldahl-N x 6.25), crude fat (Bligh and Dyer,5%) modified to fish feed and total phosphorus (ISO
1998). Nitrogen free extract was calculated as DRM&t-ash. The gross energy content was measured
using an IKA calorimeter C7000 (Janke & Kunkel Ik¥halysentechnik, Staufen, Germany) after drying

the homogenized diet samples for 48 h at 60°C.

2.4. Element analyses

2.4.1. Total arsenic, cadmium, mercury, lead, selenium and yttrium

Total arsenic (As), cadmium (Cd), mercury (Hg),deg@b), selenium (Se) and yttrium (Y) were
determined using inductively couple plasma masstepmetry (ICP-MS) after acid pressure digestion,
based on the principles of the European standarthade EN 13805:2014 and EN 15763:2009 as
described by Rasmussen et al. (2017). In briefsaulples (approximately 0.300 g dry weight) were
digested in closed vessels in a microwave oven tiiMave 3000, Anton Paar, Graz, Austria) with 4 mL
HNO; (65% w/w) and 2 mL ultra-purified water (<18 Mcm; Milli-Q-Integral system, Merck,
Germany). Digests were diluted to a volume of 20 with ultra-pure water. Prior to analysis, sample
aliquots were further diluted with ultra-pure waterd HCI added to obtain aqueous solutions of 3%
HNOs, 1% HCI (c/v). The elements were determined bi?-MS (ICAPQ ICP-MS, Thermo Fischer
Scientific, Bremen, Germany) using external linealibration. Rhodium wad added as internal standard
to correct any drift of the instrument. The limid$ quantification were 0.0006 mg/kg for As, 0.0006
mg/kg for Cd, 0.0009 mg/kg for Hg, 0.012 mg/kg Riy and 0.012 mg/kg for Se, respectively. Accuracy
and precision were evaluated by analysis of cedifieference materials (CRM). For DORM-4 (Fish
protein, National Research Council Canada (NRCG@av@, Ontario, Canada) the values obtained for

most elements (As 6.67 + 0.25 mg/kg, n = 6; Cd@-88.010 mg/kg, n = 6; Pb 0.451 £ 0.031 mg/kg, n =
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6; Hg 0.422 + 0.021 mg/kg , n = 5) were in agreemath the certified values (As 6.87 + 0.44 mg/kyd

0.299 £ 0.018 mg/kg; Pb 0.404 + 0.062 mg/kg; HdL@.4 0.036 mg/kg), while for Se, the value obtained
(Se 4.95 + 0.42 mg/kg, n = 6) was higher than @véifeed value (Se 3.45 + 0.40 mg/kg). For BCR-668
(Mussel tissue, Joint Research Centre (JRC), Geddium) the values obtained (Y 56 + 3 pug/kg, n =5)

were in agreement with the certified value (Y 59 pg/kg).

2.4.2. lodine analysis

lodine () was determined by ICP-MS after alkaliegtraction with dilute tetramethylammonium
hydroxide (TMAH) based on the principles of the @pegan standard method EN 15111:2007 as
described by Camacho et al. (2018). In brief, supdas of muscle tissue approximately 1.000 g; faece
approximately 0.200 g; feed approximately 0.300egevmixed thoroughly with 1 mL of TMAH (25%
wiw, 99.9999%) and 5 mL ultra-purified water (<1&bmm; Milli-Q-Integral system, Merck, Germany)
before being incubated at 90 + 3 °C for 3 hourgeAtooling, the extracts were diluted to 50 mLhwit
ultra-pure water. Before analysis, an internal déad (tellurium) was added and the extracts wert@du
diluted with 0.5% TMAH, depending on the expectedine content. lodine was determined by ICP-MS
(ICAPQ ICP-MS, Thermo Fischer Scientific, Bremergr@any) using external linear calibration. The
limit of quantification for the method was 0.03 g/ Accuracy and precision were evaluated by
analysis of a certified reference material (CRM)r BCR-422 (Cod muscle, JRC) the value obtained

(4.84 £ 0.26, n = 3) was in agreement with theiftedtvalue (4.95 + 0.49 mg/kg).

2.4.3. Inorganic arsenic analysis

Inorganic arsenic was determined as sum of arségftdl) and arsenate (AsV) using anion exchange
HPLC (high performance liquid chromatography) cedpto ICP-MS, following acidic digestion based
on the principles of the European standard methidd16802:2016 as described by Rasmussen et al.
(2017). In brief, subsamples (approximately 1.0p@vgre extracted using 10 mL (aqueous 0.1 M HNO
in 3% HO,) at 90 + 3 °C for 1 hour and centrifuged (2,500%@,°C) for 10 min. Hydrogen peroxide

ensured a quantitative oxidation of arsenite (Adtllarsenate (AsV) (Rasmussen et al., 2012). iyuat
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of the supernatant was transferred to a filter \{islini-UniPrep, PTFE Filter media with polypropyie
housing; GE Healthcare, Little Chalfont, UK) prtoranalysis. HPLC column outlet was connected ¢o th
ICP-MS nebuliser via a short length of PEEK tub{0gl3 mm id). Separation was obtained using a
polymer-based strong anion exchange column (DidoeRac AS7, 1@m, 2x250 mm) equipped with a
guard column (Dionex lonPac AG7, h, 2x50 mm; 5 pl injection volume) by isocratictea (0.15
mL/min, 15 min run time) using a HPLC system wittbiaary pump and autosampler (Agilent 1260
series, Agilent Technologies, Waldbronn, Germarkfje mobile phase was prepared weekly by
dissolving ammonium carbonate (50 mM) in 3% (v/\8thanol aqueous solution followed by adjustment
of pH to 10.3 with 25% (v/v) aqueous ammonia andssguently filtration through a 0.4pm
polyvinylidene difluoride filter (Millipore, Denméij) prior to use. Inorganic arsenic was determingd b
ICP-MS (Agilent 8800 ICP-QQQ-MS; Agilent Technolegi Santa Clara, CA, USA) using external
linear calibration. The limit of quantification tfie method was 10 ug/kg. Accuracy and precisiorewer
evaluated by analysis of a certified reference matéCRM). For ERM-BC211 (rice, JRC) the value

obtained (110 pg/kg) was in agreement with thdfesitvalue (124 + 11 pg/kg).

2.5. Trout trial

2.5.1. Trial facilities and conditions

Experimental protocols were prepared for all tripégformed at DTU-Aqua, the North Sea Research
Centre, and the Ministry of Food and Environmenttirely inspects the facilities. No special perraes
from The Danish National Committee for the Protatif Animals was required for this trial as it diot
include toxicants nor was it expected to cause pairstress. Previous applications to the National
Committee for the Protection of Animals used fdestific purposes, regarding fish trials perfornisd

scientist/staff at the facility have been granted(Granby et al., 2018).
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The facilities used for the trial consisted of 1Zwalar polyethylene rearing tanks (diameter 1n1)0-6),
supplied with aerated flow through fresh seawdtbe water was, to some extent, temperature coattoll
but due to the flow-through conditions and the Higtoughput, the temperature could only be incéase
from 7-8° to 11°C, which is less than optimal fainbow trout (~15°C). However, the temperature
remained stable throughout the trial. Each tank @eagpped with circulation pumps placed at the wéll
the tank, resulting in a circular current that draneaten pellets and faeces into a central badraim.

The water current also seemed to lower aggressteeaictions. An external standpipe on each of the 1
tanks was fitted with a whirl separator for colleatof uneaten pellets and faeces. Oxygen saturatis
continuously monitored in each tank using fixed @ety probes connected to an oxygen delivery system.
If oxygen saturation fell below 85%, pure oxygensvealded to the tank through ceramic diffusers, and
when saturation had increased to 90%, the supp$ytwimed off. This resulted in a very stable oxygen

saturation, also during feeding hours. Light cdoditvere 14.5L: 9.5D cycles (light on 07:30-22:Q0 h

2.5.2 Fish stocking and maintenance

A total of 561 fish were anaesthetized with bemioe (200 mg/L, diluted as ~20 mL in 100L),
individually weighed, and their lengths measurefbleebeing randomly distributed among the 12 tanks,
i.e. 46-48 fish per tank. Average fish size was.1885.6 g and 25.1+1.12 cm (meanSD). Total biomass
for each tank varied between 8.90 kg and 9.44 ke.fich were fed experimental diets in triplicaie £2
weeks. Based on appetite observations, the figte fied approximately 0.9% of expected biomass
(average entire trial). The expected biomass betwesighing was calculated using a feed conversion
ratio of 0.8. Feeding was continuous by belt fegder a period of about eight hours and uneateletsel
were recorded the following morning. All fish waralividually weighed at four and eight weeks and at
the end of trial (week 12), while lengths were nuead only at the onset of the trial and at the end.
Faeces were stripped after eight weeks in ordestimate apparent digestibility coefficients (ADG)
nutrients (protein, lipid and phosphorus), and agpiaabsorption coefficients (AACs) for essentiatl a

potentially toxic elements were estimated the sasmmg



179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

2.5.3. Sampling

At the onset of the trial, 48 fish were killed wiéim overdose benzocaine, and 12 were frozen wbole f
later proximate composition analysis. The remairfial (36) were allocated to nine pools, four figh
each, for time t=0 measurements. Fillets were mumfboth sides; the skin was left intact and oidgue
above the lateral line and in front of the analJias used. One fillet was bagged individually anel t
other pooled, i.e. four fillets per pool. In additj liver and kidney were removed, weighed andenon
pools. All tissues were frozen and stored at -20f@l further analyses. At the end of the trialreth
pools of 12 fish (only 10 in one of the tanks, betow) were sampled from each tank, resulting ireni
pools per diet for each tissue mentioned above cMisamples without skin and liver were also sathple
and flash frozen in liquid nitrogen for further &wation of gene expression and analyses of lipids,

cholesterol and vitamin D (Ferreira et al. 202(0yress).

Pooled samples of whole fish were autoclaved for(220°C) and homogenised using a hand processor
before analyses of protein, lipid, dry matter andrgy, as described for the diets. Sample poofsiof

fillets with skin were homogenized for chemical lgsas.

2.5.4. Faeces

Stripped faecal samples were frozen at -80°C, &ekizd (Christ Beta 2-16), and further dried oigith
at 60°C. The samples were powdered by hand and/samublfor protein, lipid, dry matter and ash
phosphorus, as described for the diets in se@i®mM sub-sample was used for determination of yitriu

and target elements (see secfiof).

2.6. Performance calculations

Apparent digestibility coefficient (ADC) respectiyeapparent absorption coefficient (AAC) were

calculated as:
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ADCy = 100-100 * ((%VYeed%0 Ytaeced*(%0X teed%0 Xiaeced), Where Y=yttrium and X is the nutrient or

element of interest.

The specific growth rate (SGR, %/day) was calcdlftem biomass gain in the tanks, assuming thht fis
grew in an exponential manner (Hopkins, 1992): SGR0*In (W, — Wp)/t, W, where W = biomass in a
tank at the start and end of the growth period, tandumber of feeding days. The biomass of fismglyi
during the trial was added to the weight at the ehthe growth trial, but all the fish that diedd o
during the final growth period (week 8 — 12). Tleed conversion ratio (FCR) = feed intake/ biomass
gain (kg/kg). Protein efficiency ratio (PER) = biags gain/protein intake (kg/kg). Protein reten{eR,

%), also called protein productive value was caltad from biomass (BM) and protein content of fish

the end and start of each growth period and pratgike:

BM (end)x protein content (end) — BM (start)x protein content (start
PR. (%) = (end)x p (end) ( )xp ( )x100

protein intake

The biological value (BV) was calculated as:

BV BM (end)x protein content (end) — BM (start)x protein content (start) 100
= X

protein intake x ADC (protein)
Lipid retention (LR) was calculated as:

BM (end)x lipid content (end) — BM (start)x lipid content (start)
x

LR. (%) =
(%) lipid intake

100

Energy retention (ER) was calculated from BM andrgp content at the end and start of each growth

period and energy intake:

BM (end)x energy content (end) — BM (start)x energy content (start)
x

ER (%) = 100

energy intake

Energy content of the four diets was measured ythoalorimetry, while in fish it was estimated gsin
protein and lipid contents for the fish and enewgyues for protein and lipid (23.7 MJ/kg and 39.6

MJ/kg).
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Hepato somatic index (HSI) also named liver somatiex was calculated as HSI = 100 x (liver

weight/body weight).

2.7. Histological measurements of the intestine

The anterior intestine was collected after pylardecum (0.5cm fragments), from three fish per tank
(nine fish per diet) for histological evaluatiorarSples were fixed in 4% neutral-buffered formaldighy
and embedded in paraffin. Transversal sectionadf sample were cut (3 pm-thick) in a semi-autothate
rotary microtome (Leica RM 2245, Leica Microsystemégetzlar, Germany). Slides were dewaxed and
stained with specific Alcian Blue/PAS (pH 2.5). Mbgraphs of each section were taken with a 4x
objective using an Olympus BX51 microscope andfmpus SC50 camera (Olympus Corp, Tokyo,
Japan). For each intestinal section, the followiagameters were measured in two subsections usng t
imaging software Olympus cellSens Dimension Deskia@a and perimeter; total muscular layer
thickness; fold length and width and goblet celesemce. The total muscular layer thickness was
measured at eight points in each transverse seatidrthe mean value considered. The same procedure
was applied for thickness of the inner circular obeidayer. The thickness of the outer longitudinal
muscle layer was calculated as the difference latwiee total muscular layer thickness and the tesk

of the inner circular muscle layer. The eight lostg®lds in each section were measured (length and
width) and goblet cells (mucus-producing cells)ted. Folds lengths were determined from the fipld t

to the bottom, following the curves of the folddjilst widths were determined at the bases of thisfo

2.8. Satistics

One-way ANOVA, followed by Holm-Sidak, significaulifferences (p<0.05) are denoted dhifferent
superscript letters. Where equal variance teste wet passed, a Kruskal-Wallis one-way Analysis of
Variance on Ranks was performed. However, stadistielement concentrations in feeds and filletsewe

performed by one-way ANOVA analyses using the EXasllysis ToolPak.
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3. Results and discussion

3.1. Diet composition

Feed formulation, estimated concentrations of motfat, iodine, selenium and polyunsaturated fatty
acids (DHA+EPA) as well as analysed gross commusdind gross energy contents appear from Table 1.
Measured gross composition values were close teetlestimated, although protein decreased slightly

with increased kelp meal inclusion.

Table 1. Ingredients and composition of diets of contmol%-, 2%- or 4%&accharina latissima.

Trout diet

Con- 1% S. 2% S. 4% S.
Ingredients, %

trol latissma latissma latissma
Fishmeal LT70 14.00 14.00 14.00 14.00
Krill meal 3.00 3.00 3.00 3.00

Soy protein concentrate 21.00 21.00 21.00 21.00

Wheat gluten 9.00 9.00 9.00 9.00
Wheat meal 6.34 5.34 4.34 2.34
Faba beans (low tannins) 10.00 10.00 10.00 10.00
Fish oil 8.96 8.96 8.96 8.96
Rapeseed oil 24.24 24.24 24.24 24.24
Vitamin and Mineral

1.29 1.29 1.29 1.29
Premix
MAP (Monoammonium

1.20 1.20 1.20 1.20
phosphate)
Se yeast 0.02 0.02 0.02 0.02
Astaxanthin 0.04 0.04 0.04 0.04

12



250

251

252

253

254

L-Lysine
L-Threonine
DL-Methionine
Yttrium oxide
Saccharina latissima

Total

Asfeed basis (estimated)

Crude protein, % feed

Crude fat, % feed
Se, mg/kg

I, mg/kg

Proximate composition

Crude protein, %
Crude fat, %

Dry matter, %
EHA+DHA, %

> PUFA, %

Ash, %
Phosphorus - P, %
NFE, %

Energy, kJ/g

0.30

0.20

0.40

0.01

100

39.3

35.0

1.2

3.3

39.5

34.4

94.8

0.99

3.07

3.30

0.70

17.50

24.8

0.30

0.20

0.40

0.01

1.0

100

39.3

35.0

1.2

57

38.6

35.3

94.2

0.96

2.93

3.36

0.67

17.00

24.8

0.30
0.20
0.40
0.01

2.0

100

39.3
35.0
1.2

112

38.1
35.3
94,2
0.94
2.82
3.56

0.67

17.30

24.8

0.30

0.20

0.40

0.01

4.0

100

39.3

35.0

1.2

220

375

35.3

93.8

0.96

291

4.20

0.67

16.80

24.6

3.2. Trout trial

3.2.1. Growth performance

Overall, the trout trial went well, except for arygen failure (one-day) in one tank (tank 11, di%4-

kelp), at about eight weeks. This caused the defasix fish and some feed loss (~30% of offeredifee
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the following day. Two days after the incident,ddatake was back to normal and the incident did no

affect the overall performance of the fish.

The mean weight in each diet group ranged from5Pth 198.5g at the onset of trial and the troetgr
to final mean weights ranging from 457.5¢g (diet-4&384.3g for the control diet at the end weel@2 (
feeding days) (Table 2). The overall appearanctheffish was very good for all diets, with conditio
factors (CFs) increasing from 1.21 at the onsétiaifto about 1.45 at the end of the trial (Fib),land no
significant differences were found among dietshFed 4%S latissma had significantly lower final
weights than those fed all other diets. Furthermpegformance data showed that, after eight weets,
fed 4%S. latissma had a significantly lower SGR (mean 1.16 %/day) pared to diet-1% (mean 1.27
%/day) and diet-2% (mean 1.26%/day), but not siggittly different from controls (mean 1.23%/day). |
the same period, FCR was significantly higher fiet-d% (0.78) compared to the other test dietstfcbn
0.75; diet-1% 0.73 and diet-2% 0.73 respectivel@hough fish fed diet-1% and diet-2% had slightly
better performance compared to control after eigeks, i.e. higher SGR and lower FCR, no significan

differences were found among the groups after lekaie

Protein efficiency ratio (PER) was significantlygher after eight weeks for diet-1% and diet-2%
compared to both control and diet-4%, which wadabdy related to the slightly lower protein content
of these diets, increasing the differences obseline#CR. Again, after 12 weeks, no significant
differences were found. Protein retention rangesvden 47.9% and 47.1% for all groups with fish fed
diet-4% showing the lowest retention (Fig.2), lhere were no significant differences among the ggou
Lipid retention in the fish decreased with increhkelp meal inclusion and was significantly lower f
diet-4% (67.2%) compared to controls (75.1%). Sinhyl energy retention decreased from 59.5% in
control fish to 55.3% in fish fed diet-4%, but nigrsficant differences were found. The hepato satnat
indices (HSI) (Fig. 1a) were negatively correlateith kelp-meal inclusion, resulting in significaytl
lower HSI for livers from fish fed diet-4% compartxthe other diets. Fish store “excess” energjhén

liver, and HSI is used as indirect measure of gnstatus and is affected among others by both fitsét,

14



280  size, reproductive status as well as exposure Hataots. In the present study a lower HSI of digt-

281  thus indicates a poorer diet.
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Table 2. Growth performance and intestinal morphologytr@iut fed control-, 1%-, 2%- or 4%Saccharina

latissima diets Different superscript letters denote significarffedences (P < 0.05).

Trout Diet Control 1% S. latissima 2% S. latissima 4% S. latissima
Growth performance

Final fish weight (g), 484 + 81° 477 +79° 481+ 79° 458 +72°
Final fish length (cm) 32.1+14° 321+1.5° 32.0+1.5° 31.6+1.4°
SGR (%/day), 0-8 weeks 1.23+0.034 % 1.27+0.020° 1.26 +0.021° 1.16 £ 0.043°
SGR (%/day), 0-12 weeks 1.16 £ 0.009 1.13 £ 0.054 1.16 £ 0.012 1.10 £ 0.035

FCR (kg/kg), 0-8 weeks

0.751+0.013°

0.728 +0.010°

0.733+0.012°

0.783+0.010°

FCR (kg/kg), 0-12 weeks 0.787 £ 0.023 0.818 £0.041 0.795 +0.010 0.836 £ 0.019
PER (kg/kg), 0-8 weeks 3.370.057 ° 3.56+0.049 ° 3.58+0.061° 3.41#0.045°
PER (kg/kg), 0-12 weeks 3.21+0.096 3.17+0.162 3.30+0.042 3.20+0.075
Histology

Section area (mmz) 129+2.1 11.6+2.0 135+4.1 15.1+2.8
Total muscular layer thickness (pm) 170 £ 22° 171 £ 23° 150 + 29%° 130 +13°
Inner circular muscle layer thickness (um) 112 +12° 111 +18° 95+ 18% 86+8°
Outer longitudinal muscle layer thickness 58.3 +11.9° 59.2+8.1° 55.1+12.5% 43.9+7.11°
(um)

No. goblet cells/fold 85+ 16 86+ 15 96 + 26 88+ 15
No. goblet cells secreting acid mucins/fold 63+14 56 + 10 75+ 28 68+9
No. goblet cells secreting neutral 22+11 29+7 17+8 23+13
mucins/fold

Width/fold (um) 139+13 136+ 12 138.+17 139+17
Length/fold (um) 762 £79 754 £ 75 802 + 128 806 + 108.

SGR: Specific growth rate: FCR: Feed conversion ratio; PER: Protein efficiency ratio; CF: Condition factor; HSI: Hepato somatic index
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Fig. 3. Transversal paraffin embedded sections ofriantmtestine (Alcina Blue-PAS stainingd,and c) Intestine
of fish fed control diethb and d) Intestine of fish fed 4%@accharina latissma diet. The 4-% diet shows lower
thickness of muscular layer compared to the conthotows in d) are indicating several clear, valeabized,

intracytoplasmatic vacuoles in the mostly apicaeescytes.

3.2.2. Intestinal histology and intestine thickness reduction

Intestinal villi heights, thicknesses and base hgdif rainbow trout were evaluated at the end eftial
Total muscular layer thicknesses in fish fed digt€howed a significant reduction compared to tliede
with the control diet (Table 2, Fig. 3). Total dentareas, villi widths and lengths, and numbegaiblet
cells were not significantly affected by diet corajion. Yet, in the mostly apical enterocytes ahfifed
diet-4%variable sized intracytoplasmic vacuoles were olek(Fig. 3d). Growth impairment in fish fed

seaweeds (10%) was previously associated withrafisignt reduction in intestine diameter in rainbow
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trout (Aradjo et al., 2016) and villi length in Killilapia (Silva et al., 2015), which could advéysfect
nutrient uptake. However, such results could notdogirmed in the present study. On the other hand,
decrease in tunica muscularis thicknesses, whiald@ecrease intestine strength and motility, watead
with increasingS. latissima inclusion levels and was significant in fish fadted% S latissima. Previous
studies reported increased growth performance agkleh tunica muscularis thickness in trout fed
fermentable fibre (Vitacel®, Yarahmadi et al., 2D1Regardless, the high fiber content of sugar kelp

seems to compromise the fish intestinal histoldgitactures, affecting nutrient digestibility.

3.4. Effects of kelp meal inclusion on apparent digestibility (ADC) or absorption efficiency (AAC) of

nutrient, essential and potentially toxic elements

Apparent digestibility coefficient (ADC) is a measuf how much of the ingested feed ingredient is
absorbed by the animal, i.e. the percentage oftedenutrients/feed components not lost with faeltes
does not consider potential endogenous losses diggstive enzymes and mucoproteins excreted in
faeces), hence the term “apparent”. In theory A28 be negative if the endogenous losses are larger
than the absorption, e.g. if the animal activelgreie components via faeces. Here the term apparent
digestibility coefficient (ADC) has been used fapgein (N) and fat, as well as dry matter, nitrodese
extractives (NFE) and phosphorus, and apparentratiso coefficient (AAC) for essential and toxic

elements, despite being calculated in the same(8tayebakken et al., 2000).

In the present study, inclusion of sugar kelp neaalsed a small (~2.5%) but significant decreageD@
of protein (N) from 90.2+0.3% in control diet to88.% (n=9) for all fortified diets, i.e. digestiky did
not decrease further with increased inclusion & keeal (Fig. 4). In contrast, ADC of fat rangedrfr
91.242.1% for diet-4% to 92.2+1.8% for diet-1%, whmy no significant differences among groups.
ADC of NFE were clearly affected by kelp meal irgthn, as diets-1%, -2% and -4% showed a

significant (20%) lower ADC (decreasing from 51.799% to 40.6+2.2%) compared to the control diet.
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However, the decrease did not correlate with tHp keclusion levels. ADC of phosphorus increased

slightly from 74.2+0.9% (control) to 75.6+0.7% (d426), but these differences were not significant.

AAC for iodine, selenium and arsenic were strongffected by sugar kelp inclusion, particularly
between control and diet-1%, and to a lesser extgrfurther increase in sugar kelp content (Fig. 5)
lodine AAC was significantly affected by kelp inslan, with a large relative increase ~30% from 62+4

in controls to 80+2% in fish fed diet-1%. It inceea up to 83+0% for diet-4% but the differencesewer

not significant among diets-1%, -2% and -4%.

In contrast, selenium, waregatively affected by kelp meal inclusion, as fish fed dikds, -2% and -4%
had significantly lower AAC values (ranging betwe®B+4% and 66+3%) compared to those fed the
control diet (73+4%), but there were no significaifferences among the three diets with sugar kelp.
Arsenic, which feed concentrations increased witlp kneal inclusion (Fig. 7d) decreased significaint
AAC from about 81+1% for the control diet to 61+1f#r diet-4%. AAC of arsenic appeared to be
somewhat correlated with kelp inclusion level, éasing from 67+5% for diet-1% to 63+4% for diet-
2%, but none of these differences were significamwo elements (iron and cadmium) showed more AAC
variability, however no significant differences wedobund among diets and they were neither corgblate
with levels of sugar kelp inclusion. AAC rangedveeen 32+7% - 40+2% for cadmium and we¥%

for iron.

Studies on iodine AAC from kelp are scarce. Usingraevitro method with the human Caco-2 cell line
Dominguez-Gonzélez et al. (2017) found iodine kieasibilities of 49-82%, i.e. availability for
absorption after seaweed gastrointestinal digestiguaron et al. (2002) found iodine bioavailamakt
from seaweeds to humans, foaminaria hyperborea 62-90% and foGracilaria verrucosa 85%-100%.
The present study on trout found iodine AAC fr@ratissima of 80-83% for iodine concentration 63-

239 mg/kg.
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Table 3. Concentrations of essential and potentiallyc@kements in control diet and three fortifiedtdief 1%; 2%

and 4% sugar kelp and in the trout fillets of ffel the respective diets for 12 weeks. Differergesacript letters

denote significant differences (P < 0.05).

Trout Diet Control 1% S. latissma 2% S.latissma 4% S. latissma
| feed mg/kg 36+0.1 62.8+2.3 1172 239+5

I fillet mg/kg 0.055 + 0.008 0.323+0.08° 0.55+0.12° 1.17+0.45°
Se feed mglkg 2.10 +0.03 2.26 2.17 1.82

Se fillet mg/kg 0.21 £0.02 0.24 £0.03 0.22 £ 0.09 0.16 + 0.06
Fe feed mg/kg 220+11 228 216 205

Fe fillet mg/kg 2.80 +0.08 2.81+0.02 2.95+0.14 3.29+0.14
As feed mglkg 2.10 £ 0.06 2.64 3.56 4.64

As fillet mg/kg 0.77 £0.03 0.79 £0.05 0.81 £0.02 0.78 £ 0.02
iAs feed pa/kg 103+1 n.a. n.a. 109+3
iAs fillet pg/kg <3V <3V <3Y <3Y

Cd feed mgl/kg 0.345 +0.014 0.355 0.371 0.333

Cd fillet mg/kg <0.0002 0.0003 + 0.0003 <0.0002 0.0004 + 0.0001
Pb feed mg/kg 0.069 +0.011 0.055 0.049 0.062

Pb fillet mg/kg 0.005 +0.001 <0.004 0.005 +0.007  0.018 + 0.003
Hg feed mg/kg 0.057 +0.002 0.062 0.061 0.059

Hg fillet mg/kg 0.032+£0.003  0.031+0.000  0.032+0.001  0.031 +0.001

Y<LOD

3.5. Essential and potentially toxic elements concentration in feed and trout fillets

3.5.1. lodine

lodine concentrations in trout fillets were profpamal to concentration absorbed by the fish fromftéed

(Fig. 7b), i.e. inclusion of 1, 2, and 4% latissma, in the feed was highly correlated with iodine
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concentrations in the trout fillets after 12 weel®=1.00). Nonetheless, iodine concentrations in
biofortified fillets were only ~0.5% (0.51%; 0.47%.49%) of iodine concentrations in the feed, despi
up to 83% of iodine in feed was absorbed by thatt(Big. 5). This is because the major proportiébn o
available iodine was distributed to and retainedheythyroid gland where iodine is essential foraofd
hormones biosynthesis (Berson, 1956). Mean iodm&entration in fish fillets increased from 0.05

mg/kg at of the beginning of the trial, to 0.55 kygfor diet-2% after 12 weeks.

lodine biofortification using 0.8 % dw of the browmacroalgad.. digitata (~4 g I/kg dw) in the feed of
freshwater charSalvdinus sp.), was assessed by Schmid et al. (2003). Fiddthé concentration was
0.54 mg/kg ww in fillets with skin after nine mosthwhich is comparable to the present findings, i.e
0.55 mg/kg ww in trout fillets with skin (10-foldf control diet), using 2% dietary inclusion &
latissima for three months. Schmid et al. (2003) also foubdimes higher iodine concentrations in char

skins compared to fillets without skin.

Valente et al. (2015) doubled iodine contents, frorhl to 0.22 mg/kg, in rainbow trout fillets after
feeding fish for 91 days with 5% of red algaeacilaria vermiculofylla (i.e. 105 mg I/kg dw). Growth of
fish fed the test diet was not different from tlwmtrol group, but increasing algae inclusion froth
10% seriously impaired growth performance. Anotlagmbow trout trial (freshwater, 91 days) performed
by Ribeiro et al. (2017), showed that addition 6f4% L. digitata (~20 mg I/kg feed) significantly
increased iodine concentrations by six-fold, frori20to 0.12 mg/kg fillet. The addition &f digitata
alone, or in combination with selenium, was asgediavith higher whole-body weights compared to
controls. Likewise, Ribeiro et al. (2015) foundttfeeding seabream with 10Rsdigitata (~428 mg I/kg

dw feed) for 118 days resulted in a significanb{®ld) increase (to 0.84 mg/kg fillet) of fillebdine
content, over levels found in controls. Seabreaemesl less sensitive to high dietary iodine and kelp

inclusion, as feed intakes and efficiencies, gronaths, and nutrient utilization were not affected.

3.5.2. Sdeniumand iron
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Selenium was added as selenised yeast in the saments to all diets, and fillet concentrations weog
significantly different. Selenium had a ratio of0% in fillet relative to feed and iron had a ratib
~1.5%. The iron contents in the trout fillet weign#ficantly higher for the 4% diet compared to the
control diet, but with no statistical differencesufid among the other diet combinations. The iron
concentrations in fillet increased from 2.8 mg/kdish fed control diet to 3.3 mg/kg in fish fed 4%et.

The iron feed concentrations did not increase wiitfpar kelp inclusion, and nor did AAC.

3.5.3. Arsenic, cadmium, lead and mercury

Arsenic concentrations in the test diets increasi#inclusion of seaweed, meaning tiatatissma is a
source of As, which is in accordance with data franNorwegian survey of 21 species of seaweed
showing that brown algae, includiigylatissma, contain elevated levels of As (Biancarosa et2fl1,8).
Although As concentrations in the diets increas®dC, i.e. the relative availability decreased with
addition of seaweed, which suggests that As sp@casent in seaweed are less bioavailable thae thos
fishmeal and fish oil, which are the main sourckarsenic in the test diets. The major form of As i
seaweed are arseno-sugars, i.e. arsenic contaibgides (Francesconi and Edmonds, 1998; Feldmann
and Krupp, 2011). As, accumulated in trout fillltd with the experimental diets, revealed no défferes
between the experimental groups, indicating thatsiburce of the accumulated As are fish meal atd fi
oil. Fish meal may contain inorganic arsenic, whicharcinogenic (EFSA, 2009). The level of inorigan
arsenic was low in the diets (5.0% of total Ashia tontrol diet, and 2.4% of total As in the 4%tdand
inorganic arsenic was not found (< LOQ) in trodefs fed with the experimental diets. The level of
inorganic arsenic was also low (103 + 4 ug/kg, 2)n the kelp included in the diets. In comparisan
different sample ofS latissima contained 250 pg/kg inorganic arsenic (Biancaresal., 2018). Cd
concentration in the test diets did not increadh miclusion of seaweed, i.8. latissma was not a source

of Cd, which is not atypical for seaweed (Biancaretsal., 2018). Cadmium did not accumulate in the
trout fillets, despite the test diets contained e@d (mean 0.3 mg/kg) and the Cd availability (AAG)s

30-40%, depending on the diet composition. Avadabtl is likely to have accumulated in the intestjine
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livers and kidneys of trout. Studies with Atlansalmon Galmo salar) have shown that Cd does not
accumulate in the fillet, but rather in organs.(irtestine, liver and kidney, Berntssehal., 2001).
Concentations of Pb and Hg were low in all dietd did not increase with the inclusion of seaweed.
Seaweed, including latissima, typically contain low concentrations of Pb and HBjancarosa et al.,
2018), and is not a source of either elements.I®Rbdid not accumulate in fillet from fish fed thest

diets, while Hg accumulated in the fillet, althoumHow levels.

When comparing the ratio of concentrations in tilleo those in the feeds, there were major diffezen
(Table 3) reflecting toxicokinetic characteristio§ the different potentially toxic elements. Mergur
accumulated in muscle tissue (e.g. high ratio d%}h while Cd mainly occurred in liver and kidney
(ratio <0.1% to fillet). Fillets had low conceniats and high uncertainty for Cd and Pb and, inesom
cases, values were below the limits of detectibnvas interesting to note the decreased ratio @ to
arsenic in fillets relative to feed with increasisgpweed inclusion (Table 3), which is probably wuthe

corresponding decrease in AAC (Fig. 6d).

3.6. Prospects for iodine biofortification

It is important to have an appropriate level ofiledfor function of the thyroid grand as the dodeesse
effect is U-shaped (Laurberg et al 2010), i.e. badfficiency and excess can affect thyroid hormone
regulations in humans, as well as in fish. In EetdpFSA has set the tolerable upper safe limit (tdL)

600 pg/day for adults (EFSA, 2014).

Regarding minimum concentrations required @mcor hynchus species, they are reported to be 1-1.1 mg
I’/kg diet (NRC, 2011). Appropriate and/or upperiédd levels of | in the form of a dietary supplemte
have been studied in other trials. Schuhmachdr €parsonal communication’ in EFSA, 2005) fournal n
effects on performance and histomorphology of tiyedid gland in rainbow troutdncor hynchus mykiss)

and common carpCiprinus carpio) supplemented with iodine (0-64 mg/kg feed), eaenhe highest

26



454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

dietary concentration (64 mg iodine/kg). Nor werdumnar epithelial cells, as markers of epithelial
hypertrophy, or proliferation of epithelial cellsdicating hyperplasia observed. Julshamn et a0gpfed
Atlantic salmon $almo salar) diets containing different amounts of | (10-86/kgy for five months, but
did not observe any effects on fish weights andjtles or plasma hormone (thyroxin (T4) and triiodo-
thyronine (T3)) concentrations. Their results warghe same tolerable range as in the present study
where no adverse effects were observed with tHadion ofS. latissima in feeds corresponding to iodine
concentrations of 63-117 mg/kg, while 239 mg/kg {di4t) affected trout growth performance
parameters and significant histomorphological cleanzpuld be observed in the intestines. Furthermore
in terms of physiological effects in trout (Fereeiet al. 2020in press) reported limited effects of kelp
inclusion on iodine or growth-related genes, butiavnregulation of genes associated with lipid
metabolism FAS expression) and oxidative stresSPk1b2 expressioh in fish fed with the diet

containing 4% kelp.

lodine from consumption of farmed rainbow trout fada diet containing sugar kelp could contribate t
recommended daily intakes (RDI) (150 pg per day,QVRI004). Based on 2% dw sugar kelp (117 mg/kg
) in the feed, iodine concentration in fillets wa8.55 mg/kg. A portion of 160 g would correspoadh
iodine intake of ~90 pg/day, which is about 60%h&f WHO RDI of 150 pg and ~15% of the upper safe
limit of 600 pug/day. Consuming 160 g of 2%-d&tatissima fortified fillet would also correspond to
half RDI for Vitamin D (15.Cug/day).

Considering seafood (fish, shellfish and seaweed)bdeen a major source of |, using I-rich seawsed a
ingredient in aquafeed to tailor fish products vdbsem a sensible approach. Low inclusion (< 499 of
latissima as natural ingredient in farmed fish feed mighttdbute to improved fish and human health by
increasing | intakes. Other bioactive componentsseweed might further promote sustainable

biofortification for health benefits in fish andans.

4, Conclusions
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The present rainbow trout trial showed a benefickbfortification with no detrimental effects 2% S.
latissima in fish feed. lodine fortification of feed up t&®S latissma (=239 mg/kg | in feed), was
associated with a 0.5% proportional | concentratiotrout fillets (R= 1.00). Mean | concentrations in
fish fillets increased from 0.05 mg/kg at of thegimming of the trial to 0.55 mg/kg for diet-2% aftE2
weeks. Consumption of a 160 g portion of such #obified trout fillet from fish fed a 29%&. latissma

diet would ensure ~ 60% of iodine RDI.

AACs of iodine were >80% for diets with latissima, while for Se and As, AACgegatively affected by
S latissima inclusion. Although As from the kelp increaseddemncentrations, the availability (AAC)
decreased with addition of seaweed, which suggists As species present in seaweed are less

bioavailable than those in fishmeal and fish oil.

Regarding the potentially toxic elements inorgakécoccurred in the feed, but could not be deteated

the fillets whilst Cd, Hg, Pb occurred in very l@ancentrations in fillets.

Fish fed 4% Slatissima had significantly lower final size, lower HSI ameduced tunica muscularis
thicknesses, which could decrease intestine stiemgd motility. In comparison 1%- and 2%-diets did
not affect fish growth performance. Inclusion offkalso resulted in a significant decrease in pnof)

ADC, without a major impact on FCR, after the 1Z2k& biofortification.

Overall, this study clearly demonstrates that isido of up to 2% ofS. latissmi, as an ingredient in
aquaculture feeds, can proportionally transfer ffish, at concentrations that would improve human
iodine intake and status, as well as other bioactivbstances (e.@3-polyunsaturated fatty acids and

vitamin D), thus contributing to the health bergifif seafood for European consumers.
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Highlights
* Fortification of trout with no impact at 2% S. latissima (117 mg iodine/kg) in feed
* lodine up to 239 mg/kg in feed proportional to trout fillet transfer (0.5%)
» Apparent absorption coefficients of arsenic, cadmium, iodine and selenium
» Toxic elementsin feed, occurred in low concentrationsin fillets (As, Cd, Hg, Pb)

e Consuming of a160 g fillet contributes ~60% of recommended daily iodine intake
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