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ARTICLE INFO ABSTRACT

Keywords:
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To contribute in knowledge for the development of safe, efficient and sustainable functional salmon diets, we ran
a feeding trial applying a 2° full factorial design to investigate combined effects, on Atlantic salmon smoltifi-

Essential amino acids cation and post transfer performance, of variable supplementation levels of essential amino acid (Lys, Met, Thr

Zliamms and Arg), essential trace mineral (Zn, Fe and Se) and vitamins (E, C and astaxanthin as provitamin A) premixes in
almon X . . . . X . . Lo .
Smoltification low fishmeal diets, using crystalline amino acids, organic trace minerals and synthetic vitamins, respectively. The

nutrient levels used in our study were chosen to meet the known requirements of fish reflecting the variation in
commercial feeds. Fish performance, nutrient digestibility, skin, and intestinal health were evaluated in Atlantic
salmon parr-smolt, the latter by means of qPCR, global transcriptomics, and immunohistochemistry. The results
revealed the potential for significant improvement of salmon post smoltification growth by simultaneous dietary
level increase of Met, Lys, Thr and Arg (5% higher body weight increase). Significantly negative effect on fish
post transfer growth and survival (22.5 % lower body weight growth and 2.6 times higher mortality) was
observed in the high dietary vitamin supplementation treatments which was not present in the simultaneous high
trace mineral and vitamin supplementation treatments (8% higher body weight increase and 2.8 times lower
mortality in the high trace mineral supplementation treatments). In the high trace mineral supplemented dietary
treatments was also observed improved FCR (8.5 %) and a further improvement in performance was seen in the
treatments with simultaneous high essential amino acid and trace mineral supplementation levels (12.6 % higher
body growth increase). Redox-sensitive gene and extracellular matrix components’ gene transcription effects and
compensatory mechanisms on protein and energy metabolism, immune modulation, skin repair systems and
erythropoiesis were observed by transcriptomic and histological analyses in response to the variable dietary
essential nutrient levels.

1. Introduction

Responsible growth of the fish farming industry requires simulta-
neous development of sustainable technologies and knowledge that
secure fish performance, health, and welfare in constantly changing and
challenging conditions. Yearly farming mortality rates for Atlantic
salmon and rainbow trout averaged 13.3 % in 2018 against 14.7 % in
2017 (Fiskeridirektoratet, 2019), and smoltification, sea water transfer,

* Corresponding author.
E-mail address: katerina.kousoulaki@nofima.no (K. Kousoulaki).

https://doi.org/10.1016/j.aqrep.2021.100704

vaccination, infectious disease, treatments, stocking densities and water
quality are bottlenecks contributing to stress and limiting fish growth
and survival (Hjeltnes et al., 2019). Along with improving farming
practices, it is important to balance diets that enable farming of robust
fish that can withstand and recover from stress and diseases. Essential
nutrient requirements in fish have been defined mainly under optimal
conditions, often using diets with high marine content (NRC, 2011). Itis
likely that requirements change during stressful rearing periods. For
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instance, stress tolerance and reduced skin ulcer healing capacity at
smolt transfer are likely to be linked to sub-optimal trace mineral and
vitamin nutrition, whereas poor smoltification and transfer performance
may be linked to the fish’s poor essential amino acid and trace mineral
status (Salte et al., 1994; Wahli et al., 2003). For instance, suboptimal
histidine (His) levels in the diet are the identified cause behind the
development of cataracts in Atlantic salmon smolt following transfer
(Remg et al., 2014). The pathology is however more complex involving
several other nitrogenous compounds that may be limiting in the diet.
For instance cataract has been related with the levels of free anserine in
the fish tissues, whose biosynthesis involves either His or methionine
(Met), occurring via condensation of Nr-methyl-l-histidine with
B-alanine and direct N-methylation of carnosine using S-adeno-
syl-l-methionine as a methyl group donor (Yamada, 2013).

By 2016, the marine component in diets for Atlantic salmon (Salmo
salar) in Norway had decreased 3.6 times since 1990, replaced by plant
based raw materials. A simultaneous increase, by a factor of four, has
been observed in the supplementation of micro-ingredients represented
mainly by essential amino acids added in crystalline form, trace min-
erals, vitamins, phosphorous (P) sources and astaxanthin (Aas et al.,
2019). Benchmarking analyses of commercial diets from different sup-
pliers of feeds for the Norwegian salmon market show that there is
significant variation in the levels of essential nutrients: Iron (Fe)
(108—340 mg/kg; mean: 172 mg/kg), zinc (Zn) (126—232 mg/kg;
mean: 170 mg/kg), copper (Cu) (7—14 mg/kg; mean:, 11 mg/kg),
manganese (Mn) (21—-70 mg/kg; mean: 47 mg/kg), and selenium (Se)
(0.3-1.8 mg/kg; mean: 0.8 mg/kg) (Sele et al., 2018). If supplemented
more than the naturally present levels in the raw materials, the highest
allowed levels for the aforementioned trace minerals in aquafeeds are
750, 200 (180 in salmon), 25, 100 and 0.5 (0.3 and 0.2 added up to 0.5
for inorganic and organic Se, respectively) mg/kg feed for Fe, Zn, Cu, Mn
and Se, respectively (Regulation (EC) No 1831, 2003). In addition,
different nutrient sources, as those of trace minerals and P, may have
different bioavailability (Maage and Sveier, 1998; Standal et al., 1999)
and physiological effects (Berntssen et al., 2018a, 2018b). The relative
levels of naturally occurring and added vitamins and trace minerals in
different forms, and the ratio between essential and non-essential amino
acids, will vary in diets changing from marine to plant-based in-
gredients, as well as between the different sources used.

The dietary requirements of salmon have been established (NRC,
2011) mostly using inorganic compounds in the case of minerals which
can become toxic in higher dietary levels (Berntssen et al., 2018a,
2018b), and not covering the degree of marine component replacement
by plant ingredients which is practiced today (Aas et al., 2019) nor all
farming stages as the challenging smoltification and transfer to the sea
periods. Often, in determining the nutrient dietary requirement of trace
elements in short trials and optimal rearing conditions, in absence of
significant effects on growth and survival, the response parameters used
have been the respective element tissue levels (Maage et al., 1991;
Maage and Julshamn, 1993; Prabhu et al., 2019). Nutrient requirements
in modern fish farming may be increased, as recently reported in the
case of niacin and riboflavin by Hemre et al. (2016) showing that the
current salmon requirement is more than six and two times higher,
respectively, than previously recommended. This is further corroborated
by the increasing numbers of functional-health feeds appearing in the
salmon feed market offering protection or even recovery from patho-
logical syndromes or parasitic and viral diseases, which are responsible
for great losses in salmon farming (Fiskeridirektoratet, 2019), like
pancreas disease (PD), amoebic gill disease (AGD), cardiomyopathy
syndrome (CMS), heart and skeletal muscle inflammation (HSMI), and
winter ulcers. Such functional diets will for instance often contain higher
levels of protein or marine ingredients which will contribute with higher
dietary levels of the essential nutrients dealt with in the current study,
except vitamin C which is lost in the fish meal production processing.

The synergies and interactions between multiple dietary components
are highly complex to model. Recent trials are designed to study the
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effects of micronutrient supplementation in farmed salmon fed low
marine diets, by increasing simultaneously the dietary level of a rather
large number of dietary substances, including trace minerals and vita-
mins. Though the source of the observed effects in fish performance and
possible interactions in such studies remain unclear (Hemre et al., 2016;
Skjeerven et al., 2016; Taylor et al., 2019). In the current study, we
constructed a feeding trial applying a 22 full factorial design to inves-
tigate the combined effects on Atlantic salmon smoltification and post
transfer performance of variable supplementation of essential amino
acids (lysine (Lys), Met, threonine (Thr) and arginine (Arg)), trace
minerals (Zn, Fe and Se) and vitamins (vitamin E, C and astaxanthin as a
vitamin A precursor) in low fishmeal diets. In salmonids, the synthesis of
vitamin A from its carotenoid precursors, such as astaxanthin, is a
known and important pathway (Schiedt et al., 1985; Guillou et al.,
1989). Following a practical approach, we chose nutrient levels in our
design based on the available literature and the respective extreme
levels found through our benchmarking study of commercial feeds. Fish
performance, nutrient digestibility, skin, and intestinal health were
evaluated, the latter by means of qPCR, global transcriptomics, and
histology.

2. Materials and methods
2.1. Experimental design

Before designing the experimental feed formulations, we consulted
the recent literature and benchmarked a limited number (5) of parr/
smolt feeds for salmon for the nutrients of interest in our trial. The
choice of the experimental factor levels in the experimental diets was
based on the variation in the respective analytical results of commercial
salmon diets as well as known levels present in wild fish (Hertrampf and
Pascual, 2000). The analyzed levels for the varying nutrients in our
study in the commercial and the trial diets are presented in Table 1.

We applied a full 2 factorial design (Table 2) with 3 replications at
the points of max and min levels of the main factors, to investigate the
single and combined factor effects of dietary essential amino acid (EAA),
trace mineral and vitamin enrichment levels in low fish meal diets on
smoltification and post transfer performance of salmon smolt. The trace
minerals used were organic/Bioplex, provided by Alltech Inc. (Dun-
boyne, Ireland) whereas the added vitamins (Sodium Ascorbyl Phos-
phate (Stay C), alpha tocopherol, and astaxanthin acting as provitamin
A) and amino acids were purchased from Vilomix Norway AS, Norway.
All diets contained low fish meal levels and other functional components
in equal amounts (Table 3).

The experimental diets were produced at the Feed Technology
Centre of Nofima in Bergen, Norway, in the same production series,
using a Wenger TX-52 co-rotating twin-screw extruder with 150 kgh-1
capacity. The settings of the extruder were “normal” i.e., the production

Table 1
Atlantic salmon commercial feed benchmarking prior to the trial and current
feed trial experimental design.

Commercial feeds Trial feeds (analyzed)

(analyzed)

min max low high
Fe mg/kg 130 260 250-270  330-370
Zn mg/kg 150 210 110-120 250-270
Se mg/kg 0.7 1.4 1-1.1 2.0-2.3
Astaxanthin mg/kg 4.27  8(parr) 32 <2 28-31

(smolt)
VitE alpha-tocopherol mg/ 147 501 180-184  430-466
kg

VitC mg/kg 187 1160 230—252  1570-1590
Lys % in protein 6.2 6.6 4-5.1 5.1-6.1
Met % in protein 2.5 2.6 1.8-1.9 3.2-3.4
Thr % in protein 3.6 3.8 2.4-28 3.4-3.6
Arg % in protein 5.7 6.1 4.2-4.8 5.1-5.4
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Table 2

Feeding trial full factorial 2% design, where: dietary trace mineral (M) level
(varying Se, Fe and Zn), dietary vitamin (V) level (varying VitC, VitE and
astaxanthin - provitamin A), and dietary essential amino acid (AA) level
(varying Arg, Lys, Met and Thr) represent the variable factors 1,2 and 3,
respectively, at two supplementation levels, low (-1 or -) and high (+1 or +).

Factor 1 Factor 2 Factor 3
Treatment Replicate Trace minerals ~ Vitamins Amino acids
tanks o) v (AA)
CDMCDVED 3 - - _
AA
CDMEDV(+D) 1 - - +
AA
CDMG+1V(-1) 1 - + -
AA
1M1V 1 - + +
(+DAA
+1DMEDV(ED) 1 + - -
AA
(+1M(-1)V 1 + - +
(+DAA
+1M(+1)V 1 + + -
(-1AA
+1DM(+1)V 3 + + +
(+DAA

can be up scaled to a feed factory (extruder settings considered: screw
configuration (D), die opening (4.5mm), knife speed
(1494—1981 rpm), SME (7.7-9.5 kW), feed rate (150 kg/h) and amount
of steam (0 kg/h) and water (0.15—0.41 kg/min) added to the process).
The experimental diets, and were relevant fish faeces, were analyzed for
proximate composition: Crude protein: (Kjeldahl method N x 6.25; ISO
5983-1997), moisture (ISO 6496—1999), ash (ISO 5984-2002) and
lipid (Bligh and Dyer, 1959). Dietary gross energy was determined in a
Parr adiabatic bomb calorimeter. For total amino acid profile determi-
nation, samples were hydrolyzed in 6 M HCI for 22 h at 110 °C and
analyzed by HPLC using a fluorescence technique for detection (Cohen
and Michaud, 1993). The astaxanthin content in feeds was performed
according to Schierle et al. (2016). Test trace minerals and vitamins in
feeds and faeces were analysed by an external laboratory (Eurofins,
Hamburg, Germany). The remaining analyses were performed in
duplicate. If differences between parallels exceeded standardised values,
new duplicate analyses were carried out according to accredited pro-
cedures. More in detail (as provided by Eurofins): For the test trace
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mineral analyses the sample preparation was realised according to §64
LFGB L.00.00-19/1, CON-PV 00001 (2019-03) with microwave diges-
tion. Copper (Cu), iron (Fe), zinc (Zn) and manganese (Mn) were ana-
lysed using ICP-OES according to EN ISO 11885 (modified). Selenium
(Se) was analysed using ICP-MS according to an analogue method to §64
LFGB L 00.00-19/3. Retinol (vitamin A) was analysed according to EN
12823-1 2014, alpha tocopherol (vitamin E) was analysed according to
EN 12822:2014 and DJCPH L-ascorbyl-2-phosphate (stay-C form of
vitamin C added in the diets) was analysed by LC-DAD (Table 4).

2.2. Salmon feeding trial

The feeds were given to 12 populations of 99 individual Atlantic
salmon parr for a period of 15 weeks, of which 4 weeks were in fresh-
water and 11 in saltwater. The experiment took place in the land tank
facilities of Nofima at Sunndalsgra, Norway. The experimental fish used
were non-vaccinated Atlantic salmon parr, with 38 g as mean body
weight at start, and mean final body weight at ca. 100 g in all treatments
combined. Fish were tagged using passive integrated transponder (PIT)
tags (HPT 12, Biomark inc., 2.12 mm diameter and 12.5 mm length),
which made it possible to follow individual fish performance, assess fish
according to their performance in each tank and potentially exclude
much lower performing fish which may have eaten too little to exhibit
dietary effects.

The experimental tanks were equipped with continuous light and
flow through water systems using UV-treated filtrated water from 40 m
depth. The initial stocking density in the tanks was 3.3 kg/m°® and was
roughly tripled at the end of the trial. The fish were fed 120 % of the ad
libitum feeding levels during the saltwater phase of the trial. Uneaten
feed was collected and weighed daily for the estimation of total daily
feed intake of the experimental fish populations. During the freshwater
phase, the fish were fed at visual satiation, and uneaten feed collection
was not practiced. During the freshwater phase, smoltification was
induced by photoperiod manipulation.

At start, Atlantic salmon parr were starved for 24 h and the indi-
vidual weight and length of 100 fish where noted. The range of indi-
vidual fish weights acceptable for use in the trial was defined by
excluding fish belonging to the 10 % highest and lowest size groups. Fish
showing deformities or lesions were also excluded. The selected trial fish
were pit tagged, individually weighed, and distributed in the experi-
mental tanks in rotation. The fish were first offered feed the following
day at gradually increasing amounts to determine the satiation feeding

Table 3
Experimental feed formulation. Ingredient level are provided in % of the total feed raw material mix before extrusion.
Diet Name 1M (-1)V 1M (-1)V (-M (+1) -DM (+1)V +DM (-1)V (+1)M (-1)V +1M (+1) (+1)M (+1)
(-1AA (+1DAA V (-1)AA (+1DAA (-1DAA (+1)AA V (-1)AA V (+1)AA
Plant protein mix 48.29 48.29 48.29 48.29 48.29 48.29 48.29 48.29
Horse beans 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00
Fish meal Norse-LT 94 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00
Plant oil mix (rapeseed/linseed oil) 7.2 7.2 7.2 7.2 7.2 7.2 7.2 7.2
Fish oil 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00
Microalgae meal 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00
Mineral mix (without - Fe, Se, Zn) 2.88 2.88 2.88 2.88 2.88 2.88 2.88 2.88
Vitamin mix 2.004 2.004 2.004 2.004 2.004 2.004 2.004 2.004
Krill hydrolysate (liquid) 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
Soya lecithin 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Microingredients (Choline chloride, Cholestorol, 1.54 1.54 1.54 1.54 1.54 1.54 1.54 1.54
Aquate, inositol, His, Yttrium oxide)
Zn Bioplex 0.037 0.037 0.037 0.037 0.140 0.140 0.140 0.140
Selplex 0.015 0.015 0.015 0.015 0.080 0.080 0.080 0.080
Fe Bioplex 0.080 0.080 0.080 0.080
Vitamin C (Stay C) 0.286 0.286 0.286 0.286
Vitamin E 0.062 0.062 0.062 0.062
Astaxanthin (Carop Pink 10 %) 0.030 0.030 0.030 0.030
Lysine 0.320 1.300 0.320 1.300 0.320 1.300 0.320 1.300
Methionine 0.185 1.110 0.185 1.110 0.185 1.110 0.185 1.110
Threonine 0.022 0.610 0.022 0.610 0.0220 0.610 0.022 0.610
Arginine 0.40 0.40 0.40 0.40
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Table 4
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Experimental diets’ nutrient composition (complementary information to that provided in Table 1).

DM (-1)V -1DM (-1)V DM (+1)V DM (+1)V DM DV DM DV +1M (+1)V +DM (+1)V

(-DAA (+1DAA (-1AA (+1DAA (-DAA (+DAA (-1)AA (+1DAA
Crude protein % 49.7 50.4 50.7 50.5 49.9 50.6 49.7 50.6
Dry matter % 92.7 91.6 94.1 91.9 93 91.8 92.8 92.2
Crude lipid % 21.6 20.7 21.7 20.6 21.8 20.8 21.6 20.8

(B&D)

Crude lipid (EU) % 22.2 21 22 21.2 21.8 21.1 21.7 21
Raw fibers % 1.8 1.8 1.9 1.8 1.9 2.2 2.2 1.7
Crude energy Kj/g 22.74 22.32 22.86 22.38 22.53 22.49 22.48 22.17
Asparaginic acid % 3.1 3 3.3 3.1 3.2 3.1 3.4 3.2
Glutaminic acid % 9.7 9.8 10.3 9.8 10 9.8 10.4 9.6
Hydroxyproline % 0.1 0.11 0.11 0.1 0.11 0 0 0.1
Serine % 2.1 2.1 2.3 2 2 2 2 2
Glycine % 2 2 2 1.9 1.8 1.8 1.9 1.9
Histidine % 1.1 1.1 0.96 1 0.95 0.97 1 1
Alanine % 1.8 1.8 1.9 1.8 2 1.8 1.9 1.7
Proline % 3.6 3.6 3.7 3.5 3.7 3.4 3.7 3.5
Tyrosine % 1.6 1.7 1.7 1.5 1.6 1.6 1.6 1.6
Valine % 2.1 2.1 2.2 2.1 2.1 2.1 2.1 2.1
Isoleucine % 1.9 1.9 1.9 1.8 1.9 1.8 1.9 1.8
Leucine % 3.5 3.5 3.7 3.4 3.6 3.5 3.6 3.4
Phenylalanine % 2.3 2.2 2.3 2.2 2.2 2.1 2.2 2.1
Vitamin A mg/ 0.116 0.106 0.111 0.101 0.114 0.110 0.123 0.111

kg

rate levels of each group. Fish were weighed individually before
switching from fresh to seawater supply in the experimental tanks. On
the last day of the experiment, fish were fed continuously, until indi-
vidually weighing all fish in all trial tanks. Tissues samples from the 5
largest fish (145 + 8.1 g) from each tank were taken for calculation of
biometric indexes, and further analysis of skin histology and skin and
midgut qPCR. Three fish per tank from the treatments without replica-
tion (-M-V + AA, -M + V-AA, -M + V + AA, +M-V + AA, +M + V-AA,
+M-V-AA), and 2 fish per tank from the treatments with 3 replicates (-M-
V-AA, +M + V + AA) were used in the microarray study. Random
sampling is common praxis that can yield meaningful results when the
sampled population is homogenous and / or n — numbers are relatively
large. Due to the high costs of transcriptome analyses only a small
number of fish can usually be included and the size variance in the study
groups was relatively high. By selecting the largest fish in each tank, we
eliminated risk of bias related to undernourishment or other factors
affecting feeding and growth and got a picture of the metabolic balance
in genomic level in fish fed different diets but achieving similar
phenotype (growth). The start, intermediate and final fish number and
mean body weights of all fish in the tanks as well as the fish used for the
microarray and histology studies, growth rate, FCR and biometrics are
provided din Supplementary Table 1.

2.2.1. Growth and feeding performance

Fish growth rate, survival, feed intake rates and feed efficiency (TGC:
thermal growth coefficient, FCR: feed conversion ratio, PER: protein
efficiency ratio) and fish biometrics (D%: dress out percentage, HSI:
hepatosomatic index, CF: condition factor) were measured. Feed intake
was expressed as the total feed consumed per tank, mean feed intake per
fish, or mean daily feed consumption per fish expressed as % of its body
weight. Feed conversion ratio is feed consumed/biomass increase. Feed
efficiency is biomass increase/feed consumed. Thermal growth coeffi-
cient is TGC = (w2'3- w1'/3) x 1000/ > (t x feeding days), where > (tx
feeding days) is the sum of water temperatures (°C) for every feeding
day in the experiment (Cho, 1992). Protein efficiency ratio is fish weight
gain/protein consumption. Condition factor is CF = fish weight (g) x
fish fork length™ x 1000. Dress out percentage is D% = gutted fish
weight/whole fish weight x 100. Hepatosomatic index (HSI) is the % of
liver weight/whole fish weight.

2.2.2. Nutrient apparent digestibility coefficient (ADC)
At the end of the trial all fish from each tank, except for 10, of which

5 fish were used for further biological studies and 5 more kept in store,
were stripped and their faeces separated from urine and collected in 1
pre-weighed box per tank. Following sampling of each tank the collected
faeces were frozen immediately at —20 °C prior to further freeze drying
and analysis. Apparent digestibility coefficient of nutrients and energy
in the test diets was calculated from the following formula: ADC = 100 —
100 x Yd x Nf / Nd / Yf where d is diet, f is faeces, Y yttrium content and
N nutrient content.

2.2.3. Skin health

Gene expression analysis (QPCR) was performed in skin samples to
evaluate how the different feeds affect skin status and health. Selected
markers involved in e.g., cell proliferation and differentiation, cell-cell
contact, immune response, oxidative stress, apoptosis, mucus produc-
tion or trace minerals regarding scale development, known to be
affected by dietary factors such as trace minerals and vitamins, were
analyzed (Table 5). For instance, diets supplemented with organic Zn
enhanced the epidermal activity of the metalloproteinases mmp9 and 13
in experimentally wounded Atlantic salmon (Berge et al., 2019). Skin
samples from selected groups was further evaluated using histology and
immunohistochemistry (e.g., with specific antibodies for connective
tissue, cell-cell contact, stress, or immune markers).

Samples for histological evaluations were taken from fish with end
mean body weight of 145 g (n = 5 per group), fixed in formalin (Cell-
storeTM, CellPath, UK) and stored at 4 °C. Skin samples were further
carefully dissected, orientated and placed in tissue embedding cassette
(Simport, Quebec, Canada). To decalcify the skin samples, samples were
incubated in EDTA (Merck KGaA, Darmstadt, Germany) solution, pH 7
for 4 days. Tissue processing was performed using an automated tissue
processor (TP1020, Leica Biosystems, Nussloch GmbH, Germany) where
the samples were dehydrated through 100 % alcohol and then a clearent
Xylene bath before infiltration in melted 60 °C paraffin (Merck KGaA,
Darmstadt, Germany). Paraffin-embedded tissue samples were cut in
5 pm sections using a Microtome (Leica RM 2165), mounted on polysine
coated slides (VWR, Avantor, Pennsylvania, USA) and dried overnight at
37 °C. The sections were deparaffinized and rehydrated, and staining
was performed using an automated special stainer (Autostainer XL Leica
Biosystems, Nussloch GmbH, Germany). Paraffin sections were stained
with Hematoxylin/Eosin (HE) and Alcian Blue Periodic Acid Schiff (AB/
PAS, pH 2.5, Alcian Blue 8GX, Sigma Aldrich, Darmstadt, Germany),
modified Mowry method. Sections were examined by light microscope,
Zeiss ZEN Blue software (Zeiss International).
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Table 5

Primer pairs and related information for real-time qPCR assays.
Gene Accession nr. Forward Primer (5'-3') Reverse Primer (5'-3")
elongation factor 1a afla DQ834870 CACCACCGGCCATCTGATCTACAA TCAGCAGCCTCCTTCTCGAACTTC
heat shock protein 70 hsp70 BT043589.1 TGACGTGTCCATCCTGACCAT CTGAAGAGGTCGGAACACATCTC
lamininl la FJ195616 CATGTGACATGGACACAGGAA CGTCCTCAGCCTCATAGGTGTA
elastinl eln BF228555 GACCAGGAGGAGCTGCTGCTGGAT TCTGGGTCGGTGGGTTTGTA
collagen 1al collal FJ195608 GGGTCCTGGAAGTCCCTGGAAT AGAGAGGAGTCATGGGACCCGTT
matrix metalloproteinase 13 mmpl3 DW539943 TGATGTCCAAGTCAGCCGCTTC AAGGAGGCAGGAGGAAGAGG
Decorin dec DQ452069 GAACCTGGCTAAGCTGGGTCTAA GAACAGGCTGATGCCAGAGTACAT
Lysyl oxidase lox EF514532 CTGCCTGATCTTGTGCCGGACG GGAACCTCAGCAGCATCCGGGT
Mucin-lin 2 muc2 JT815394.1 ACCACCCTGAACCATCAGTC CTCCTTCAACATCGCATCAA
Mucin-like 5ac muc5 JT819124.1 AGGCGTCCTTGTCCAAATAA CCTCTGGAAACTGGATGGTC

Skin samples for gene expression analyses were snap frozen in liquid
nitrogen and stored at -80 °C. Gene expression analysis was performed
using Trizol (Invitrogen) to isolate RNA, cDNA transcribed using Su-
perScript® VILO cDNA Synthesis Kit (Thermo Fisher Scientific Inc.) and
SYBR Green I Master mix (Roche Applied Science, Mannheim, Germany)
to quantify relative gene expression levels. Real time qPCR was run on a
LightCycler with primers for the genes listed in Table 5. The samples
were run on a LightCycler 480 (Roche Diagnostics) under the following
conditions: Preincubation at 95 °C for 5 min, amplification with 45 cy-
cles at 95 °C for 15 s and 60 °C for 1 min, melting curve at 95 °Cfor 5 s
and 65 °C for 1 min, cooling at 40 °C for 10 s. All samples were run in
parallels. Non-template control and non-RT control were included in the
analysis. A melting point analysis was included to confirm specificity of
the primers, and the primer efficiencies were evaluate using a standard
curve.

2.2.4. Gut transcriptome

Transcriptomic analysis was performed in intestinal tissue from the
mid gut of the largest fish in each tank. The DNA oligonucleotide
microarray platform developed by Nofima (SIQ-6 microarray: Salmon
Immunity and Quality) contains probes for 15 K genes annotated with
the bioinformatic pipeline STARS, (Krasnov et al., 2011). Microarrays
were fabricated by Agilent Technologies, equipment and reagents unless
indicated otherwise were purchased from the same provider. Total RNA
was extracted with PureLink RNA Mini Kit (Thermo Fisher Scientific)
and RNA quality confirmed (Bioanalyzer). Two-color common reference
design was applied where test and reference (equalized mixture of all
samples) RNA were labelled with Cy5 Cy3 and competitively hybridized
to microarray. Following hybridization and scanning of arrays, spot
signal intensities were processed and normalized using STARS.

2.3. Statistics

The biological and analytical data were analyzed for Pearson’s cor-
relations using Microsoft Excel for Windows. Biological and analytical
data were subjected to General Linear Model Univariate analysis of
variance tests using IBM SPSS statistics 24 for detection of between-
subjects’ effects of main factor and their interaction. When differences
among treatments were identified means were ranked using the Duncan
post hoc test. Bonferroni adjustment for multiple comparisons was
applied for pairwise comparisons of estimated marginal means for the
main factors and interaction of 2 main factors at the time. Equality of
error variances was tested with Levene’s test. Effects were considered at
a significance level of p < 0.05, and tendencies are discussed at p<0.1.

3. Results and discussion
3.1. Smoltification and transfer survival rate
At trial day 1 all fish populations were in fresh water and set at 24 h/

day light. On days 26, 33 and 37, one fish per tank was used for salt
tolerance test (measure of smoltification success) and on day 38 all fish

were weighed and transferred to new tanks supplied with salt water,
were they remained until the end of the trial (108 days). There was
nearly no mortality in fish (2 dead fish in total) during the first 50 days of
the trial (freshwater and transfer phase). During smoltification, in the
freshwater phase of the trial and transfer, the average fish body weight
in the trial tanks did not change, similarly in all treatments. Neverthe-
less, this was not the case for individual fish. Approximately a third of
the fish in each tank increased in body weight during this period, some
individuals up to 50 %, whereas others did not growth or even lost
weight (<10 % on average). It was however not possible to predict post
transfer performance by the weight change of the fish during smoltifi-
cation (Fig. 1). A limited number of fish that lost weight during smol-
tification remained at the same weight during the trial, when other
reached highest post transfer performance irrespectively of feeding
during the smoltification period (Fig. 1A). Starting 13 days post transfer
to salt water, mortality was observed in some dietary treatments, which
topped 39 days post transfer, decreased then onwards and stopped 59
days post transfer. Over half of all the fish that died post transfer (29 out
of total 55) had increased their weight during smoltification (Fig. 1B)
and nearly all are assumed to have been feeding to some degree, justi-
fying our assumption that a significant proportion of the mortality can
have been a result of the dietary treatments.

Our further measurements, analyses and presentation of results
concern the phase following transfer, after all fish populations started
feeding normally.

The most marked dietary effect in the present study was a signifi-
cantly negative effect of high dietary vitamin levels on total fish growth
and survival rate following smoltification and transfer to seawater
(Fig. 2 and Table 6). The main contribution to the observed mortality
effect is due to 1 treatment (-M + V + AA) whereas all + V treatments
yielded lower growth rates as compared to the -V treatments. No definite
conclusion can be drawn on weather one or combination of 2 or all 3
vitamin/provitamin components that were used caused the observed
effects, and the results are discussed based on this consensus.

The + V diets contained relatively high vitamin C levels and
moderately high levels of vitamin E, in addition to the increased
astaxanthin levels (as provitamin A) as compared to the -V diets. There is
consensus on the fact that vitamin C, being a water-soluble vitamin, is
not harmful at high dietary levels and there are speculations and sci-
entific evidence that considerably higher than the known dietary
requirement levels of vitamin C may be beneficial for fish, as for instance
seen in Atlantic salmon pre-smolt fed up to 4000 mg/kg diet vitamin C
(Waagbo et al., 1993). The reported requirement for vitamin C using
AMP in Atlantic salmon is in the range of 10—20 mg ascorbic acid
equivalents per kg diet (Sandnes et al., 1992). Dietary doses up to 1137
vitamin C in AMP form as the one used in this trial induced no negative
or positive effects in farmed juvenile eel (Bae et al., 2012), and in
humans a daily intake higher than 33 mg vitamin C per kg body weight
(for instance in the case of a 60 kg adult) may cause negative side effects
such as nausea and diarrhea (Johnson, 2019). In our trial, with an
average daily feed intake rate throughout the experiment of 6 g feed per
kg fish, the intake of vitamin C is calculated to have been approx.
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Fig. 1. A: Post transfer growth of smoltified Atlantic salmon (TGC; y axis) vs smoltification performance in terms of weight change for one month (x axis, in grams),
and B: weight change during smoltification of fish that died post transfer.
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Fig. 2. Fish smoltification-transfer performance: A. End point fish mean body weight in black (BW in g) and transfer survival in grey (%); B. Saltwater phase fish
thermal growth coefficient in black (TGC) and feed conversion ratio in grey (FCR) of experimental populations. For -M-V-A and + M + V + A n = 3, for all other
treatments n = 1.
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Table 6

GLM univariate tests of between-subjects effects results; summary for the effects
of main factors and their interactions on salmon performance and biometrics
following smoltification and transfer when fed diets with variable levels of trace
minerals, vitamins and amino acids, considering all fish in the trial units (all fish
per tank considered).

Dependent Source df F Sig. Pairwise comparisons
Variable
Corrected
Model 7 16.7 0.008
Intercept 1 2806 0.000
M 1 13.5 0.021 +M<-M
\% 1 33.2 0.004 +V>-V
ECR AA 1 8.55 0.043  +AA > -AA
MV 1 1257 o024 MVSMV<EMAV<
M+V
. +M + AA<-M-AA<+M-
M*AA 1 27.56 0.006 AA<-M + AA
-V + AA<-V-AA<+V-
*
V*AA 1 23.32 0.008 AA<+V + AA
Corrected
Model 7 6.64 0.043
Intercept 1 36.45 0.004
M 1 3.698 ns
) \4 1 10.08 0.034 +V>-V
Dej:ﬁfi;s AA 1 0242 ns
. -M-V<+M + V<+M-V<-
(total) M*V 1 11.25 0.028 M4V
. +M + AA<-M-AA<+M-
M*AA 1 11.25 0.028 AA<-M + AA
-V + AA<-V-AA<+V-
*AA 1 . X
\% 7.938 0.048 AACLV + AA
Corrected
Model 7 7.739 0.033
Intercept 1 11,637 0.000
M 1 3.909 ns
Post transf v 1 12.39 0.024 +V<-V
Ossur‘:?:; T AA 1 0114 ns
% M*V 1 1172 o0z7  MVZAMAVEEMA Ve
M+V
. +M + AA>-M-AA>+M-
M*AA 1 13.78 0.021 AAS-M + AA
-V + AA>-V-AA>+V-
*
V*AA 1 8.653 0.042 AAS AV + AA
Corrected
Model 7 4.112 0.095
Intercept 1 2725 0.000
. M 1 1.136 ns
Daily feed =y 1 1412 ns
intake %
of bod AA 1 5.194 0.085 +AA>-AA
weighty M*V 1 1627 ns
) -M + AA>-+M-
M*AA 1 6.116 0.069 AASLM + AAS-M-AA
. +V + AA>-V-AA>-
V*AA 1 6.196 0.068 V 4+ AAS+V-AA
Corrected
Model 7 2.052 ns
Intercept 1 1474 0.000
M 1 1.028 ns
TGC \% 1 8.85 0.041 +V <V
AA 1 0.079 ns
M*V 1 0.037 ns
M*AA 1 1.081 ns
V*AA 1 0.846 ns
Corrected
Model 7 2.64 ns
Intercept 1 1228 0.000
M 1 1.028 ns
BW increase v 1 11.52 0.027 +V <-V
AA 1 0.596 ns
M*V 1 0.081 ns
M*AA 1 1.407 ns
V*AA 1 1.55 ns
;ﬁ:;:ted 7 3126  ns
END BW Intercept 1 3436 0.000
M 1 0.838 ns
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Table 6 (continued)

Dependent Source df F Sig. Pairwise comparisons
Variable
\Y 1 13.64 0.021 +V <V
AA 1 0.702 ns
M*V 1 0.14 ns
M*AA 1 1.69 ns
V*AA 1 2.213 ns
END CF (all Corrected 7 15.716 0.000
fish) Model
Intercept 1 124,405 0.000
M 1 0.968 ns
\Y 1 3.262 0.071  -V>4V
AA 1 84.82 0.000 +AA>-AA
M*V 1 0.000 ns
M*AA 1 0.581 ns
V*AA 1 6.461 0.011 -V + AA>+V + AA>+V-
AA>-V-AA
END CF Corrected 7 4.105 0.001
(sample Model
fish)
Intercept 1 18,562 0.000
M 1 0.014 ns
\% 1 0.304 ns
AA 1 22.658 0.000 +AA>-AA
M*V 1 0.965 ns
M*AA 1 1.471 ns
V*AA 1 0.011 ns
END D% Corrected 7 0.883 ns
(sample Model
fish)
Intercept 1 179,028 0.000
M 1 0.254 ns
\% 1 0.569 ns
AA 1 1.401 ns
M*V 1 0.976 ns
M*AA 1 0.686 ns
V*AA 1 0.161 ns
END HSI Corrected 7 4.241 0.001
(sample Model
fish)
Intercept 1 3823.4 0.000
M 1 1.441 ns
\% 1 0.152 ns
AA 1 17.188 0.000 +AA<-AA
M*V 1 0.059 ns
M*AA 1 7.069 0.011  +M + AA<-M + AA<-M-
AA<+M-AA
V*AA 1 2.590 ns

1 mg/kg and 9 mg/kg fish body weight in the -V and + V treatments,
respectively. Nevertheless, during smoltification, osmoregulation is
challenged and so may be the capacity of fish to excrete superfluous
vitamin C amounts, which could have caused that instead of exerting
antioxidant effect, excess vitamin C promoted oxidative stress,
compromising thus, fish performance, either alone or in combination
with the relatively increased dietary astaxanthin and vitamin E levels.

In fish, vitamin E deficiency has been studied in several species
(NRC, 2011) inducing symptoms such as reduced immune responses in
rainbow trout (Blazer and Wolke, 1984). Increased dietary vitamin E
levels were reported to improve immune responses of Atlantic salmon
(Hardie et al., 1990) but not that of rainbow trout (Kiron et al., 2004).
Studies in fish with moderately high dietary vitamin E levels are scarce.
Reduced blood erythrocytes in juvenile brook trout blood (Poston and
Livingston, 1969) and increased lipid peroxidation in sweet smelt
(Kaewsrithong et al., 2001) were reported at very high dietary vitamin
levels (5000 and 10,000 mg/kg, respectively), which are more than ten
times higher than the levels we used in our study.

Though vitamin E is vital for protection of cells from oxidative stress
(Verhagen et al., 2006), high intake levels of vitamin E (e.g., in the form
of supplements) may have negative health effects. Thus, the Food and
Nutrition Board (FNB) at the Institute of Medicine and Food and
Nutrition Board (2000) has set the Tolerable Upper Limit levels (Uls) for
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human adults to 1500 [U/day for supplements made from the natural
form of vitamin E and 1100 IU/day for supplements made from syn-
thetic vitamin E (1 mg of alpha-tocopherol is equivalent to 1.49 IU of the
natural form or 2.22 IU of the synthetic form). The current fish trial diets
were analyzed to contain 150-200 mg/kg (-V treatments) or
500—600 mg/kg (+V treatments) vitamin E. At 0.6 % mean daily feed
intake per body weight in our trial, fish had an average daily vitamin E
intake of 1 (when fed the 200 mg/kg vitamin E diet) or 4 mg kg body
weight (when fed the 600 mg/kg vitamin E diet), corresponding to safe
intake levels in humans.

Our trial data show significant interactions among the main dietary
test factors on fish survival including interaction i) between dietary trace
mineral and vitamin levels, ii) between trace mineral and amino acid
levels, and iii) vitamin and amino acid levels (Table 6). Mortality rates
were reduced in the groups with simultaneous high dietary supple-
mentation of both organic trace minerals and vitamins. Similarly,
mortality rates were significantly lower in the dietary treatments with
balanced (low/low or high/high) dietary trace mineral and amino acid
levels, lowest when both nutrient premixes were supplemented at high
as compared to low levels. Last, fish mortality was reduced moderately
(ca. 4%) in the high amino acid supplementation treatments, but only at
low dietary vitamin levels.

In salmon, Se deficiency is found to induce several negative effects,
lethargy, loss of appetite, growth retardation, reduced muscle tone, and
mortality which can be partly alleviated by adequate vitamin E sup-
plementation (Poston et al., 1976; Poston and Combs, 1979). Toco-
pheroxyl radicals (Vitamin E-O*) are recycled by a network of
antioxidants (hydrogen donors) including ascorbate (Vitamin C) and
thiols, including glutathione (in Traber, 2014; Packer et al., 1979). In
our study it was mainly the increased trace mineral supplementation,
likely leading to increased production of enzymes with antioxidant
functions, as for instance selenopeptides (Sele et al., 2018) and seleno-
proteins, that may have contributed to alleviating the putative detri-
mental effects of high vitamin levels and potential presence of
accumulated reactive oxygen species (ROS) through suboptimal vitamin
E recycling and antioxidant function.

With respect to the observed improvement in salmon smolt survival
by increased levels of dietary essential amino acid and trace mineral
supplementation, it is expected that fish fed balanced diets with better
nutritional status will be more robust in overcoming the osmotic stress
and increased energy needs during smoltification and transfer from fresh
to saltwater. During this period feed intake can be reduced or cease for
variable periods of time, as also seen in our study in the case of two
thirds of the fish populations. The tissues involved in osmoregulation of
euryhaline fish species fuel their increased energy requirement during
osmotic acclimation by metabolites as amino acids, lactate, and glucose
(Sangiao-Alvarellos et al., 2003, 2005; Soengas et al., 2008). It has been
demonstrated in rainbow trout that dietary supplementation of the
essential amino acids Lys, Met and Leu in free form is effective in raising
their plasma concentration above levels found in fish fed similar
amounts bound in proteins (Tantikitti and March, 1995). It may be that
besides growth, fish survival following transfer can improve by the
presence of higher available free amino acid levels in the diet, allowing
the fish to maintain normal physiological functions (in Matthews, 2014:
Cahill and Aoki, 1980).

During the freshwater phase of the trial, i.e., before transfer, no
significant effects or interactions of the main factors were observed in
terms of survival rate, as seen also in Espe et al. (2019).

3.2. Feed intake and feed conversion efficiency

There were no significant correlations between feed intake and the
test variables and their interactions. Nevertheless, there was a tendency
for higher daily feed intake rate at + AA as compared to -AA as well as
interaction between AA and M and AA and V treatments. Higher feed
intake at + AA did not lead to significantly higher growth but had a
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negative effect on FCR (increasing FCR). Daily feed intake rate ranged
between 0.85 and 1% BW/day except for the -M + V + AA treatment
where DFI was 1.2. In this treatment there were the fewest fish in the
tank following the highest mortality rate among all treatments and
included the fish with the lowest BW. Smaller fish grown at the lowest
fish density are expected to grow at higher rates than larger fish. This
last treatment excluded, feed intake rate correlated near linearly with
final fish weight (R? = 0.756, P < 0.05).

In terms of FCR, all trial fish per tank included, the analysis show
significant effects of all main factors and their interactions (Table 6).
Those included increased FCR at + V or + AA and improved (decreased)
FCR at + M. FCR improved with simultaneously high or low supple-
mentation of organic trace minerals and essential amino acids, demon-
strating that the dietary balance of those essential nutrients is important
for best nutrient utilization efficiency of the fed diets. Moreover, FCR
was lower at high vitamin and trace mineral supplementation levels,
when compared to the diets where vitamins but not the essential trace
minerals were supplemented at higher levels. FCR was largely affected
by the observed growth inhibition and increased fish mortality in the
high vitamin groups, thus, the mechanisms described in sections 3.1 and
3.3 are considered relevant here too.

3.3. Growth and fish biometrics

Final body weight, transfer survival, TGC and FCR of fish in the
different dietary treatments are shown in Fig. 2. In terms of growth
performance of the whole tank populations, a significantly negative ef-
fect of high vitamin supplementation level was observed. Trace mineral
and amino acid supplementation level had no significant effect on
growth, and no significant interactions between the main factors were
observed (Table 6). Espe et al. (2019), in a, experimental set up with
Atlantic salmon fed first in fresh and then in saltwater, saw increased
salmon performance through feeding a plant based diet fortified with
Met (9.2 g/kg), vitamin B12 (0.18 mg/kg), folic acid (4.8 mg/kg) and
vitamin B6 (8.45 mg/kg), and growth reduction when the respective
premix was included in excess (Met: 11.7 g/kg; Vitamin B12:
0.20 mg/kg; B6: 11 mg/kg and folic acid: 6.3 mg/kg). In our study Met
levels in the high AA treatment were higher than the respective excess
treatment in Espe et al. (2019) and did not affect the growth in a
negative way, leading us to the conclusion that it is more likely that it is
the excess vitamins in the diet that caused the negative effects in fish
performance in both studies.

Lee and Dabrowski (2004) found that high supplementation levels of
dietary vitamin C (250 mg/kg) alone or combined with vitamin E
(160 mg/kg) improved growth rates and survival in yellow perch. The
assigned low levels (-V) of the Vitamin C and E in the diets of our study
were similar to the high levels used by Lee and Dabrowski (2004) and
showed better growth as compared to even higher dietary supplemen-
tation levels. Vitamin C contributes to regeneration of vitamin E by
tocopheroxyl radicals (Packer et al., 1979) restoring the impaired
vitamin E status. In the presence of high levels of vitamin C, high (e.g.,
more than 150 mg/kg vitamin E) supplementation of vitamin E may be
superfluous (Hamre et al., 1997), or even detrimental as may have been
the case in our study. Very high levels of dietary vitamin E supple-
mentation levels (1000 ppm against 50—100 ppm) had neither benefi-
cial nor detrimental effects in growth, feed efficiency or survival of
channel catfish, but induced reduced protease, lipase, and alkaline
phosphatase in hepatopancreas and the gut at similar levels as the
treatments with no vitamin E supplementation (He et al., 2017). In our
study we saw significant upregulation of several protease coding genes
as for instance coding for trypsin, carboxypeptidase precursors Al; A2
and B, Chymotrypsin-like protease CTRL-1 precursor, Elastase-1, car-
boxylic ester hydrolase, Proproteinase E precursor a.o. (results not
shown) in the midgut of the five biggest fish in the tanks of the + V
treatments, apparently exhibiting compensatory mechanisms to the
negative effects induced by excess vitamin supplementation levels. High
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doses of vitamin E antagonize vitamin K, reducing the vitamin
K-dependent coagulation factors II, VII, IX and X (Corrigan, 1992). Ac-
cording to the FAO, published toxicity effects in salmonids due to hy-
pervitaminosis with vitamin A and D, include growth reduction,
increased mortality, and fin erosion at 2.2-2.7 million IU vitamin A/kg
diet (Poston et al., 1966;1971), growth reduction, lethargy, and dark
coloration by high levels vitamin D (Halver, 1980). Vitamin D supple-
mentation in our study was similar in all diets, whereas the variable
levels of dietary supplemented astaxanthin, a precursor of vitamin A,
would result in far lower levels of vitamin A as compared to the levels
that induced toxicity in the aforementioned studies.

Some dietary factor effects in our study were more prominent, or
only existed when considering smaller population size of largest fish per
tank. The smaller the fish, the least prominent is expected to be the
actual dietary effect which gets diluted by fish that eat less or not at all,
due to for instance established hierarchies common in Atlantic salmon
populations. Considering body growth rate in groups of the fish pop-
ulations in each treatment by size ranking, we found a positive effect
of + AA on body growth in the 5% largest fish. High dietary Met intake
(1000—2000 mg/100 g diet) by rainbow trout fingerlings reversed or
ameliorated some of the toxic effects of excess vitamin A (2000-4000
1U/100 g diet) (Eckhert and Kemmerer, 1974), but this did not occur in
our study against the negative effects of the used vitamin premix. Among
the largest 10 % of the fish in the populations, the higher vitamin sup-
plementation levels show significantly negative effects, however a
significantly positive effect of higher amino acid supplementation level
was still present. No effect of trace mineral supplementation level or
interactions were observed on fish growth of the largest fish groups. By
increasing the population size considered, at the largest 25 % of the fish
in the populations, increased vitamin supplementation still resulted in a
negative effect, whereas there was only a tendency for a positive effect of
the higher amino acid supplementation level that was no more present
when all fish populations were considered.

Only few and small significant treatment effects were found in the
biometric indexes measured. Dietary AA level significantly affected the
condition factor of the fish, with + AA yielding fish with higher CF,
similarly for sample and all fish considered, which agrees well with the
observed higher feed intake and FCR, not followed by higher body
growth in the + AA groups. Nevertheless, the opposite effect was
observed in the relative liver size of the fish (HSI). Fish CF considering
all the fish in the tanks was, as expected, negatively affected by high
dietary vitamin levels, as in these treatments fish body growth was
significantly lower. Significant interaction was observed between di-
etary vitamin and AA level on the CF of fish when all individuals were
considered, whereas no such effect was detected for the sample fish.
Last, significant interaction was observed between dietary trace mineral
and AA level on the HSI of sample fish, as also observed in the case of the
relative feed intake levels of the fish (Table 6).

3.4. ADC of dietary energy and nutrients

No effect of the main factors was seen on ADC of protein, lipid, or
energy (Supplementary Table 2). There were nevertheless observed
significant interactions between vitamin and trace mineral levels in the
ADC of both lipids (P = 0.031), and energy (P = 0.017). ADCjjpiq was
reduced at -M + V (90.5 %) as compared to + M + V (92.6 %). The
opposite was observed at low vitamin levels where ADCj;pig in -M-V
(92.9 %) was higher as compared to + M-V (91.7 %). Similar effects as
for ADCyjpiq were observed in ADCepergy Which was reduced at -M + V
(83.8 %) as compared to + M + V (85.4 %). The opposite was again
observed at low vitamin levels where ADCepergy in -M-V (85.7 %) was
higher as compared to + M-V (84.0 %). This result agrees with the
performance data where fish fed the -M + V diets had the lowest total
growth (TGC) and final body weight among all treatments. Moreover, as
in growth performance, ADCepergy Of the -M-AA (85.7 %) and + M + AA
(84.8 %) treatments were higher as compared to the -M + AA (83.8 %)
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and + M-AA (84.6 %).

Olsen et al. (2015) suggested that in salmon vitamin E supplemen-
tation prevents uptake and accumulation of fatty acids, which agrees
partly with our observation of increased FCR with higher vitamin sup-
plementation in the diets as well as the observed effect in ADC of lipid
and energy which were reduced in the treatments with high vitamin and
low trace mineral levels.

Simultaneous high supplementation of the essential amino acids Thr,
Lys, Met and Arg in crystalline form significantly improved the di-
gestibility —of total dietary Thr (ADCrn-1AA =87.7 %;
ADCrpr+1AA = 91.2 %), Lys (ADCrys-1AA = 92.9 %;
ADCrys+1AA=94.6 %), Met  (ADCyerlAA =948  %;
ADCpet+1AA =96.8 %) and Arg (ADCag-1AA =955 %;
ADCarg+1AA = 96.2 %) (Supplementary Tables 2-3). This effect may be
related to the potentially higher availability of the supplemented crys-
talline amino acids. As mentioned previously, higher dietary levels of
available essential amino acids could be utilised even more efficiently
both as an energy source via gluconeogenesis and in protein synthesis to
maintain vital physiological functions in ‘fasting’ or fish feeding at
reduced rates during smoltification and immediately following transfer
to saltwater. There was a significant interaction of dietary vitamins and
amino acid supplementation levels. Higher vitamin supplementation
had a significantly negative effect on Thr ADC, only at low AA supple-
mentation rates (Corrected model: P < 0.05; Vitamins x Amino: acids
P < 0.05). The ADC of dietary Gly and His were higher at high dietary
supplementation of Thr, Lys, Arg and Met, and simultaneous high di-
etary vitamin supplementation levels. This may highlight the need for
generation of compounds involved in antioxidant functions and tissue
regeneration and healing processes (His) and connective tissue (Gly),
induced by high vitamin levels which had negative effects on both fish
growth and survival, which can be facilitated by higher dietary sup-
plementation of essential amino acids. Both corrected models had a p
value between 0.1 and 0.05 and showed indications for effects from both
variable trace mineral supplementation and the interaction of trace
mineral and vitamin supplementation, highlighting the need for nutrient
balance in diets when formulating feed for the different life stages of
fish.

3.5. Skin and intestinal health — qPCR

Transcriptional changes in skin from the variable dietary trace
mineral, vitamin, and amino acid levels, were found (Table 7 and Sup-
plementary Table 4). High trace mineral as well as high vitamin premix
supplementation levels upregulated collal transcription in both skin
and intestine (P < 0.01) (Supplementary Tables 4 and 5, respectively).
In addition, only in the intestine but not in the skin, higher levels of
supplementary essential amino acids led to downregulation of this gene,
whereas there were also seen interaction effects between essential
amino acid and trace mineral supplementation. No significant treatment
effects were detected in the skin for the other genes studied.

In the intestine, we saw, in addition, significant transcriptional effect
of vitamin levels on muc5mc (+V > -V; P < 0.05) and interaction effects
between essential amino acid and trace mineral supplementation were
observed. Unlike collal and muc5mc, transcription of intestinal hsp70
was downregulated by higher vitamin supplementation levels. A ten-
dency for higher transcription of hsp70 in the —1 M treatments and in-
teractions between vitamin and amino acid supplementation levels were
also observed. Last, there were observed tendencies for increased tran-
scription of mmp13 at higher organic trace mineral supplementation
levels and for interactions between vitamin and amino acid supple-
mentation levels.

3.6. Morphological evaluation of skin

Few histological differences were found between the groups (Table 8
and Supplementary Table 6). However, an effect of trace mineral
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Table 7
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GLM univariate tests of between-subjects effects results; summary for the effects of main factors and their interactions on salmon skin and intestine tissue relative
expression of barrier tissue structural and health indicating genes following smoltification and transfer when fed diets with variable levels of trace minerals, vitamins
and amino acids, considering all fish in the trial units and (presented are results where significant differences were found).

Source SS df F Sig. Pairwise comparisons
Corrected Model 59.13 9 6.668 0.000
Intercept 68.32 1 69.349 0.000
Trace minerals 8.593 1 8.721 0.005 +M > -M
. Vitamins 13.25 1 13.447 0.001 +V>-V

Skin Collal Amino acids 0.449 1 0.456 ns
Trace minerals*vitamins 0.316 1 0.321 ns
Trace minerals*amino acids 2.607 1 2.646 ns
Vitamins*amino acids 1.183 1 1.200 ns
Error 47.29 48
Corrected Model 115.7 8 12.831 0.000
Intercept 152.8 1 135.561 0.000
Trace minerals 9.336 1 8.284 0.006 +M > -M

Intestine Collal Vitamins 11.37 1 10.092 0.003 +V>-V
Amino acids 7.553 1 6.703 0.013 -AA > +AA
Trace minerals*vitamins 0.613 1 0.544 ns
Trace minerals*amino acids 5.946 1 5.276 0.026 +M-AA>+4M + AA>-M-AA>-M + AA
Vitamins*amino acids 1.590 1 1.411 ns
Error 56.34 50
Corrected Model 84,153 8 1.656 0.133
Intercept 57,328 1 9.025 0.004
Trace minerals 1735 1 0.273 ns

Intestine mucSac Vitamins 30,625 1 4.821 0.033 +V > -V
Amino acids 3550 1 0.559 ns
Trace minerals*vitamins 1476 1 0.232 ns
Trace minerals*amino acids 23,015 1 3.623 0.063 -M-AA>+M + AA>+M-AA>-M + AA
Vitamins*amino acids 4597 1 0.724 ns
Error 317,599 50
Corrected Model 22.80 8 3.034 0.007
Intercept 0.546 1 0.581 ns
Trace minerals 2.778 1 2.958 0.092 -M > +M

Intestine hsp70 Vitamins 7.357 1 7.834 0.007 V>4V
Amino acids 0.328 1 0.349 ns
Trace minerals*vitamins 0.781 1 0.831 ns
Trace minerals*amino acids 0.311 1 0.331 ns
Vitamins*amino acids 3.728 1 3.969 0.052 -V-AA>-V + AA>+V + AA>+V-AA
Error 47.00 50
Corrected Model 4.25 8 1.627 0.141
Intercept 22.68 1 69.433 0.000
Trace minerals 1.294 1 3.963 0.052 +M > -M

Intestine mmp13 Vitamins 0.666 1 2.039 ns
Amino acids 0.279 1 0.855 ns
Trace minerals*vitamins 0.015 1 0.047 ns
Trace minerals*amino acids 0.027 1 0.082 ns
Vitamins*amino acids 0.977 1 2.992 0.090 +V-AA>-V + AA>+V + AA>-V-AA
Error 16.33 50

supplementation level on the thickness of the dermis was observed, with
fish in the -M treatment having increased dermis thickness. Collagen 1al
is the major component of the dermis, and differences in thickness were
reflected in transcriptional changes seen for this gene in response to
altered trace mineral supplementation. An increased number of mucous
cells at the surface of the epidermis was found in the -AA as compared
to + AA treatment. Fish fed + M + V + A had higher ratio of purple
mucous cells compared to the -M-V-A fed fish. Dietary components have
previously shown to impact the skin structures differently (Ytteborg
et al., 2018) and mucous cells in the outer part of the epidermis to
indicate higher stress levels (Sveen et al., 2018). Examples of skin tissue
histology samples in fish of the present trial are shown in Fig. 3.
Though fish tissues where not analyzed for the test dietary compo-
nents in the present study, recently published studies show that for
instance, Atlantic salmon readily accumulates Se in its tissues when fed
increasing dietary levels of organic Se, far more efficiently as compared
to inorganic selenium (Prabhu et al., 2020). The gut transcriptomic data
of the current study showed significant upregulation of the zinc trans-
porter gene zip4 in the -M (p < 0.001), +AA (p < 0.01) and M/AA
interaction p < 0.001) in a similar manner as observed with the per-
formance results indicating increased trace mineral need at -M supple-
mentation levels. In a preliminary study we observed that increased
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dietary levels of organic Se and Zn lead to higher tissue levels (including
fillet, gills, skin, and liver) of the respective trace minerals in Atlantic
salmon smolts without compromising the deposition of Cu, Mn and Fe in
the respective tissues (Kousoulaki, 2017), as it has been reported in Nile
tilapia in the case of dietary inorganic trace minerals (Huang et al.,
2015). As in our trial we used organic trace minerals and available and
stable forms of vitamins and amino acids we are confident that the
observed effects in the analyzed tissues (in this case skin) were a result of
the dietary treatments.

3.7. Gut metabolism and health

The transcription of 15 000 genes was assessed in midgut samples of
fish from all experimental treatments. Several functional groups of genes
were significantly affected by the main variables in the study. Interac-
tion effects were also observed.

3.7.1. Cytoskeleton

The microarray platform contains 241 probes to genes for cytoskel-
eton components and 58 were significantly up or downregulated the
dietary factors of the study. Those with a higher response are listed in
Table 9 and Supplementary Table 7. Several actin, desmin, calponin,



K. Kousoulaki et al.

Table 8

Aquaculture Reports 20 (2021) 100704

GLM univariate tests of between-subjects effects results; summary for the effects of main factors and their interactions on salmon skin histological measurements in fish
following smoltification and transfer when fed diets with variable levels of trace minerals, vitamins and amino acids, considering all fish in the trial units and
(presented are results where significant differences or indications were found). Purple and blue mucus cells were counted only in the + M + V + A and -M-V-A

treatments.

Dependent Variable Source Type III SS df F Sig. Pairwise comparisons
Corrected Model 2141.768a 7 1.669 0.152
Intercept 446175.637 1 2433.185 0.000
Trace minerals 650.910 1 3.550 0.069 -M>+4+M

Mean dermis thickness um Vitamins 419.140 1 2.286 ns
Amino Acids 280.000 1 1.527 ns
Trace minerals * Vitamins 598.163 1 3.262 0.080 -M-V>-M + V>+M + V>+M-V
Trace minerals * Amino acids 4.989 1 0.027 ns
Vitamins * Amino Acids 145.764 1 0.795 ns
Corrected Model 5221.150a 7 1.730 0.137
Intercept 160898.823 1 373.229 0.000
Trace minerals 299.811 1 0.695 ns

. Vitamins 0.021 1 0.000 ns

Mucus cells (ratio outer/total %) Amino Acids 4102.691 1 9.517 0.004 -AA>+AA
Trace minerals * Vitamins 430.507 1 0.999 ns
Trace minerals * Amino Acids 139.062 1 0.323 ns
Vitamins * Amino Acids 182.850 1 0.424 ns
Between Groups 0.320 1 10.409 0.010 +M + V + A>-M-V-A

Mucus cells Ratio purple/blue Within Groups 0.277 9
Total 0.597 10

annexin, LIM domain protein, plasticin, filamin, nestin and other cell
cytoskeleton protein coding genes were downregulated by high dietary
trace mineral and vitamin and low dietary amino acid levels (except a
molecule interacting with CasL 2b gene that showed opposite effect).
Several interactions between the three main factors were observed
showing similar trends among the different genes. Common interactions
were downregulation of genes coding cytoskeleton proteins at + M + V
but not at + M-V, downregulation at + M-AA and + V-A but not
at + AA.

3.7.2. Cell redox

Of 81 genes related to the redox status, 19 genes showed tendency or
significant differential expression (Table 10 and Supplementary
Table 8). In the high vitamin supplementation treatments, down-
regulation of redox related genes was observed, in several cases com-
bined with high AA supplementation, whereas the treatments with
combined high vitamin and organic trace mineral supplementation were
associated with upregulation of several genes encoding thioredoxine,
selenoprotein and glutathione peroxidase. All but two regulated genes
were also significantly affected by interactions between the main factors
(V, M or AA supplementation levels). Most regulated genes were
significantly affected by the treatments with variable levels of AA. In
the + AA treatments downregulation of e.g., a thioredoxin-interacting
protein, a selenoprotein (M) and a glutathione peroxidase coding gene
was observed. This occurred particularly in treatments with both high
AA and V supplementation, as for instance the upregulation of seleno-
protein (Pa), two different glutathione related proteins coding genes a.o.

Reduced expression of redox-sensitive genes seen at the high dietary
vitamin supplementation treatments, can increase risk for oxidative
stress, which in our study was associated with smoltification and
seawater transfer. In the present study, increased supplementation of
vitamin E, C and astaxanthin was associated with increased mortality. It
is not possible to separate the effects of individual vitamins in our trial;
thus, we can only speculate on a plausible scenario. We found no evi-
dence for possible adverse effects of high vitamin C levels in Atlantic
salmon, only the contrary. On the other hand, excessive intake of
vitamin E has been found to be harmful, in other model animal studies,
due to a decrease in the activity of antioxidant enzymes in rat erythro-
cytes (Eder et al., 2002) or to the induction of toxicity when male albino
rats are administered in high doses (2000 mg / kg body weight, vitamin
E) daily for 30 days) (EL-Hak et al., 2019).

The effects observed in the + V treatments on genes of redox
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metabolism (e.g. thioredoxin-interacting protein) were reversed in
the + V + M treatments, agreeing with our hypothesis that increased
levels of antioxidant molecules such as selenomethionine can mitigate
the putative prooxidative effect of excess dietary vitamins.

3.7.3. Iron and heme metabolism

Of 53 genes on the platform, 14 genes responded to the main dietary
factors of the study and interactions between them were also observed
(Table 11 and Supplementary Table 9). The need for erythropoiesis
which in turn regulates plasma iron turnover and the regulation of iron
uptake from the gastrointestinal tract (Weintraub et al., 1965). Effects
on iron transporter transferrin and depot proteins ferritins could be
expected as absorption and storage of Fe is facilitated by ascorbic acid
(vitamin C) and amino acids (Conrad and Umbreit, 1993). On the other
hand, persistently higher levels of trace mineral supplementation and
levels of available Fe can reduce the efficiency of Fe absorption.
Accordingly, most of the responsive genes in the intestine of salmon in
our study were downregulated in the treatments with combined high
trace mineral and amino acid supplementation levels but remained
upregulated in the treatments with low trace mineral supplementation
levels as well as high vitamin supplementation levels. The stimulated
genes are involved in biosynthesis, transport, and degradation of heme.
An interaction effect was seen between M and V for a series of genes
responsible for iron storage and biosynthesis of heme which followed
the logic of bioavailable iron requirement of fish. Therefore, the iron and
heme homeostasis related genes were upregulated at -M-V (need for
more Fe), downregulated at -M + V (growth impairment in + V and
thus lower need for Fe and/or increased Fe uptake by high dietary vit C
levels), decreased at + M-V (adequate Fe supplementation) and again
increased at + M + V (at + M growth was impaired to a lower degree
by + V maintaining thus higher Fe requirement).

3.7.4. Growth factors and related proteins

The expression of 147 genes encoding growth factors and related
proteins was analysed and 27 genes were affected showing tendency (3)
or significant (24) up or downregulation (Table 12 and Supplementary
Table 10). Like genes coding proteins of cytoskeleton and extracellular
matrix (ECM), the growth factors and related genes were downregulated
in the + M treatments and in general also in the + V treatments and
were upregulated in the + AA treatments. A common interaction was
observed: the inhibitory effect of + V was neutralized in the + AA
treatments. A suite of genes was downregulated in the high vitamin and
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Fig. 3. Histology of skin included measuring the different layers in skin A) epidermal and dermal thickness (white lines) and counting mucous cells (arrow) that
included B) outer mucous cells (star) and inner mucous cells, and C) differentiation of blue (black arrow) and purple (white arrow) cells, as visualized through AB/

PAS staining. Scale bar = 100 pm.

trace mineral supplementation treatments and upregulated in the high
amino acid supplementation treatments. This was true among other for
follistatin-related protein 1 precursor (FSTL1 with a role in nervous
system and skeletal development in mammals (Sylva et al., 2011; Yang
et al., 2009)), insulin-like growth factor (IGF) binding protein, several
growth factor-receptor bound proteins and transforming growth factor
induced proteins, three precursors of sparcs, which regulate cell growth
through interactions with the extracellular matrix and cytokines (Ter-
mine et al., 1981; Gaudet et al., 2011) and two mimecan precursors.

3.7.5. Extracellular matrix (ECM) and secreted proteins
The mechanical properties of the connective tissue and ECM in
barrier tissues such as skin and intestinal epithelium, is determined by
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the abundance and modifications of collagens, other extracellular pro-
teins and glycans. Out of 83 genes encoding collagens and modifying
enzymes, 27 were affected by the dietary factors of the study (Tables 13,
14 and Supplementary Tables 11,12). Vitamin C is required for hy-
droxylation of proline residues in procollagen stabilizing the triple he-
lical structure (reviewed in Peterkofsky, 1998). In our study, increased
vitamin premix supplementation led to higher expression of COLlal
both in the skin and the intestine (relevant observation in histology in
the + V groups). Nevertheless, microarray analysis showed increased
expression of collagen genes in the low (-1) vitamin treatments (in
particular the —1 M-1V-1AA) and downregulation of multiple genes in
the high (+1) vitamin supplementation treatment +1M+1V-1AA (e.g.
collagen type XI alphal short isoform, collagen type X alpha 1 precursor,
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Table 9

Significant effects (p < 0.05) and tendencies (p < 0.1) of dietary factors (low -1,
and high +1, levels of Trace minerals: M, Vitamins: V, amino acids: AA) on the
RGE (Relative gene expression) of genes related to cytoskeleton (n = 3-6 in-
dividual fish per treatment). The direction of expression differences is indicated
in columns Trace minerals (M), Vitamins (V) and Amino acids (AA) by | for
downregulation or 1 for upregulation by high dietary nutrient supplementation
level. Symbols indicate: * = p < 0.1, * = p < 0.05, ** = p < 0.01, *** =
p < 0.001 for the statistical significance level of main effects and interactions,
and: — no significant effect or interaction.
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Table 10

Significant effects (p < 0.05) and tendencies (p < 0.1) of dietary factors (low -1,
and high +1, levels of Trace minerals: M, Vitamins: V, amino acids: AA) on the
RGE (Relative gene expression) of genes related to cell redox metabolism
(n = 3-6 individual fish per treatment). The direction of expression differences is
indicated in columns Trace minerals (M), Vitamins (V) and Amino acids (AA) by
| for downregulation or 1 for upregulation by high dietary nutrient supple-
mentation level. Symbols indicate: ¥ = p < 0.1, * = p < 0.05, ** = p < 0.01, ***
= p < 0.001 for the statistical significance level of main effects and interactions,
and: - no significant effect or interaction.

Gene M v AA M*V M*AA V*AA Gene M \% AA M*V M*AA V*AA
Phosphatase and actin ok - # #! w2 - Thioredoxin-interacting protein - - w1 - -
regulator 3 Ml AA| AA|
PDZ and LIM domain protein ~ ** # # #° - #! Selenoprotein M [SePM] - - * 2 #°
3 M| Vi AA?T AA|
LIM and SH3 domain protein ~ ** - # #° - - cytoglobin - - # - - * 4
1 M| AA?T AA|
Alpha actin e - # *5 - - DJ-1 _ _ * _ % 10 _
Ml AA?T AA|
Annexin A6 *ak # ** *5 - *6 Catalase - - 4 - *7 -
M| A\ AA?T AA|
Desmin sk # # w5 - w7 Glutathione peroxidase i - # - - -
Ml Vi AA?T M1t AA|
Filamin-A *M| - * *5 - * 11 Selenoprotein Pa [zSelPa] - - * *2 *6 -
AAT AA|
Filamin-A i # - #° - w11 checkpoint kinase 2 - - # - * 6 -
M| \7) AA?T
Nestin - Ident 27 e - - * 9 - # ! Glutathione S-transferase P - - # # 12 w7 -
Ml AAT
Plasticin *k - ok *5 *x 8 *x 9 Extracellular superoxide # - - -
M| AAT dismutase precursor M| AAT
Desmin e * # * 9 #8 w10 Glutathione peroxidase 7 - * * - * 8 -
M| \%A0 AA?T precursor \A0 AAT
Desmin *kk * - #5548 7 Glutathione S-transferase P - * - - ol -
Ml V0 A%}
Actin *x - - #° #° - Interactor protein for cytohesin ~ — # - - - *9
Ml exchange factors 1 \'A8
Proline-serine-threonine * M| - - - * 8 - Thioredoxin domain-containing * # - - #°3 #°
phosphatase-interacting protein 12 M| ‘A8
protein 2 Peroxiredoxin-6 # - - #°
Microfibrillar-associated e o # - #° 14 M| V]
protein 2 precursor Ml Vi AA?T glutathione peroxidase 4b # - - - * 6 -
Calponin-1 *k # - #° * 13 * 10 M1
M| \l Thioredoxin-dependent - - - *2 - -
Actin * M| - xx o #1° - peroxide reductase,
AA?Y 12 mitochondrial precursor
Annexin A6 ** * ** *5 * 15 *9 Thioredoxin domain-containing ~ — - - *2 - -
M| \'A) AA?T protein 9
Calponin-3 * M| * # - - * 6 Arrestin domain-containing - - - - * 3 -
\%A0 AAT protein 2
Smoothelin-like e * - - - w7 glutathione S-transferase kappa - - - i - -
M| Vi 1-like H
Molecule interacting with i - # - - - 1 K _ .
CasL. 2b Mt AA| Downregulation + V-M, neutralised moderate upregulation + V + M.

! Highest downregulation by -M-V followed by + M + V, highest RGE
at + M-V followed by -M + V.

2 Downregulation at -M + AA and + M-AA, highest upregulation at -M-A
followed by + M + AA.

3 Downregulation at + M more at + V, upregulation at -M irrespective of V
level.

* Downregulation at + V-A, upregulation at + V + AA, no different RE at -V
irrespective of AA.

5 Downregulation at + M + V, upregulation at -M.

6 Downregulation at + V-A, upregulation at + V + AA and -V.

7 Downregulation at + V-A, upregulation at + V + AA and -V-AA.

8 Downregulation at + M-AA, upregulation at -M.

 Downregulation at + V-A, upregulation at + AA.

10 Downregulation at + V-A, upregulation at -V-AA.
Downregulation at + V-A, upregulation at + V + AA.
Downregulation at + M + V, upregulation at -M + V.
Downregulation at + M-AA, upregulation at + AA.
Downregulation at + M + V, upregulation at -M-V.
Downregulation at + M-AA, upregulation at -M + AA.
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2 Downregulation at + V-M and -V + M, upregulation at -V-M and + V + M.

3 Downregulation at+ M-AA and -M + AA, upregulation at -M-AA
and + M + AA.

* Downregulation at + V + AA and -V-AA, upregulation at+ V-AA and
-V + AA.

5 Downregulation at + V + AA, upregulation at + V-AA.

 Downregulation at -M-AA, upregulation at -M + AA and no effect at + M.

7 Downregulation at -M-AA and + M + AA, upregulation at + M-AA and
-M + AA.

8 Downregulation at + M-AA, upregulation at + M + AA.

° Downregulation at + V-AA, moderate upregulation else.

10 pownregulation at + M + AA, moderate upregulation else.

"1 Downregulation + V-M and -V +M, upregulation -V-M and less
at +V + M.

2 Downregulation at + V-M and -V + M, upregulation at -V-M and + V + M.

collagen a3(I); al(I) and type I collagen alpha 2 chain, collagen type XI,
protein similar to vertebrate collagen, COL6A3, collagen I alpha 2 chain,
col6a2 protein, collagen 2al and 1la, collagen V alpha 3 and
procollagen-lysine,2-oxoglutarate 5-dioxygenase 3 precursor). Several
genes encoding other ECM protein were downregulated in the + M
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Table 11

Significant effects (p < 0.05) and tendencies (p < 0.1) of dietary factors (low -1,
and high +1, levels of Trace minerals: M, Vitamins: V, amino acids: AA) on the
RGE (Relative gene expression) of genes related to iron heme metabolism
(n = 3-6 individual fish per treatment). The direction of expression differences is
indicated in columns Trace minerals (M), Vitamins (V) and Amino acids (AA) by
| for downregulated or 1 for upregulated by high dietary nutrient supplemen-
tation level. Symbols indicate: * = p < 0.1, * = p < 0.05, ** = p < 0.01, *** =
p < 0.001 for the statistical significance level of main effects and interactions,
and: — no significant effect or interaction.
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Table 12

Significant effects (p < 0.05) and tendencies (p < 0.1) of dietary factors (low -1,
and high +1, levels of Trace minerals: M, Vitamins: V, amino acids: AA) on the
RGE (Relative gene expression) of genes related to tissue growth factors (n = 3-
6 individual fish per treatment). The direction of expression differences is
indicated in columns Trace minerals (M), Vitamins (V) and Amino acids (AA) by
| for downregulated or 1 for upregulated by high dietary nutrient supplemen-
tation level. Symbols indicate: * = p < 0.1, * = p < 0.05, ** = p < 0.01, *¥** =
p < 0.001 for the statistical significance level of main effects and interactions,
and: — no significant effect or interaction.

Gene M A% AA M*V M*AA V*AA Gene M A% AA M*V M*AA V*AA
Heme-binding protein 2 # # - - #! w2 Transforming growth factor * #2 - * 1
M| Ak beta-1-induced transcript 1 M AA?
Uroporphyrinogen-III synthase * - - - %9 w4 protein
M| Follistatin-related protein 1 * #*vy * - - * 1
HIRA-interacting protein 5 # - # - #7 - precursor M| AAT
M| AA] IGF binding protein 6, IBP6 * *y| oo - - w1
Heme oxygenase * # - - - - M| AA?T
M| A%} Transforming growth factor- ok ' - - x 1
5-aminolevulinate synthase. - i * - - #° beta-induced protein ig-h3 Ml AAY
nonspecific. mitochondrial \% AA| precursor
precursor SPARC precursor # *V] # - - -
Transferrin - * - - #7 - Ml AA?T
vt SPARC precursor # *V] oo - - #1
Ferritin. middle subunit - - # #° - - M| AA?T
AA| Mimecan precursor # sk _ - - #1
Ferritin-H subunit - - * - - - M| A0
AA| Insulin-like growth factor- * * V] - - - -
5-aminolevulinate synthase. - - - * 3 - - binding protein 7 precursor M|
erythroid-specific. Growth factor receptor-bound ~ # bl - - #° -
mitochondrial precursor protein 2 M| A\
Delta-aminolevulinic acid - - - * 3 - w4 latent transforming growth * *V] - - w0 w1
dehydratase factor binding protein Ml
Ferritin middle subunit - - - *3 *5 - Transcription factor Smad4 # *VP o - - - -
FRIM SALSA RecName: - - - eI w4 M|
Full = Ferritin. middle WNT1 inducible signaling - *V] * - - -
subunit; Short = Ferritin M pathway protein 1b AA?
Ferritin. middle subunit - - - #° * 5 #° Serine protease HTRA1 - hid i - - *1
\'A AA?T
1 s .
) +AA balance gene RGE which is lowest at + M-AA and highest at -M-AA. cysteine rich angiogenic B wyy  x _ B PR
+AA balance gene RGE which is lowest at + V-AA and highest at -V-AA. inducer AAY
3 At-M increased RGE at -V, decreased at + V, at high trace minerals opposite SPARC precursor _ * V| # _ _ # !
effect. AAL
4 At -V increased RGE at + AA, decreased at -AA, at high vitamins opposite Bone morphogenetic protein 4 — *veooo* - - -
effect. AAL 1
5 At -M increased RGE at + AA, decreased at -AA, at high trace minerals Growth factor receptor-bound - - - - #
opposite effect. protein 10 AAT
o Rhomboid-like protease 4 - - * - #4 * 1
6 Upregulation of RGE at + V-AA, low else. P AAT
7 .
At -M increased RGE at + AA, decreased else. Relaxin-3 _ _ ** _ _ _
AA]
. ) #
and + V and upregulated in the + AA treatments. Serine protease HTRA1 - - L - -
Interactions between dietary trace mineral and vitamin level sup- L P ¢ s .
R R K . Cation-independent mannose - - * - #
plementation were also observed. Typically, the upregulation effects in 6-phosphate receptor AA|
the + AA treatments in the expression of this group of genes was absent transforming growth factor, - vy - #5 - o L
in the -V but present in the + V treatments. Nevertheless, single genes beta receptor III, TGBR3
- . _ . _ _ - -
were upregulated at + AA at both -V and + V. The lack of clear effects IGF binding protein 5 vl
or.1 collager} production 1g the transcription level in our trial 1§ in llpe Mimecan precursor B x B B B B
with the trial results of Li et al. (2007) who saw that healthy juvenile Vi
Atlantic salmon reared under controlled growth conditions require Heparin-binding EGF-like - ok - - - x7
79 mg kg diet vitamin C inclusion in order to synthesize adequate sol- growth factor precursor vt |
. . . Bone morphogenetic protein 2~ — - - - - wx
uble muscle collagen, and no further increase in collagen production precursor
was promoted by higher dietary vitamin C levels up to 424 mg/kg diet. « 8

3.7.6. Plasma proteins

The microarray used in this study contained probes to 90 genes for
secreted proteins and 8 genes were differentially expressed (Table 15
and Supplementary Table 13). Those, including 3 apolipoprotein A and
B coding genes, were upregulated in the + M and downregulated in
the + AA treatments mostly irrespective of V, and in some cases the
downregulation in + AA was stronger than the upregulation in + M.
Several interactions of the main variables were observed, mainly upre-
gulation of genes in the group in the + V-AA treatments and
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Granulins precursor - - - — * _

Cancellation of + V downregulation at + AA.
Downregulation at + V + M and upregulation at -M, no effect at -V + M.
Downregulation at + M-AA, upregulation at -M-AA else no effect.
Downregulation at + M-A, else little effect.
Downregulation at + V + M and upregulation at + V-M or -V + M.
Downregulation at -M + AA and + M-AA and upregulation at + M + AA or
-M-AA.

7 Upregulation at + V-AA else little effect.

8 Upregulation at -M + AA and + M-AA and downregulation at + M + AA or
-M-AA.

1
2
3
4
5
6
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Table 13

Significant effects (p < 0.05) and tendencies (p < 0.1) of dietary factors (low -1,
and high +1, levels of Trace minerals: M, Vitamins: V, amino acids: AA) on the
RGE (Relative gene expression) of genes related to EMC (n = 3-6 individual fish
per treatment). The direction of expression differences is indicated in columns
Trace minerals (M), Vitamins (V) and Amino acids (AA) by | for downregulated
or 1 for upregulated by high dietary nutrient supplementation level. Symbols
indicate: * = p< 0.1, * = p < 0.05, ** = p < 0.01, *** = p < 0.001 for the
statistical significance level of main effects and interactions, and: — no significant
effect or interaction.

M v AA M*V M*AA V*AA
Chondroitin sulfate L # - 7 #° * 5
proteoglycan 5 M| A8
Transgelin ik *x *7 _ 5
M| Vi AAT
Periostin precursor i * * - - _
M| \a! AA?T
Lumican * M| * * - — w8
vi AAT
Fibronectin type III domain- My o * - - _
containing protein \2 AAT
Protein-lysine 6-oxidase ML # - - w4
A2 AAT
Leprel2 protein My * # - - -
vl AAT
Decorin precursor My * wx - - #©
2 AAT
Galectin-3 My # - - w5
A\ AA|
Matrix Gla protein precursor M| * - - - 4
Vi
A disintegrin and ML - - — _
metalloproteinase with 2
thrombosp
Matrix Gla protein precursor #* My * - - - * 5
vi
Laminin subunit beta-1; il - * * 1 - #2
Laminin. beta 1. isoform C M| AAT
Leucine-rich repeat - - - * 9 -
transmembrane protein Ml
Exostosin-1c i - - - - -
Ml
Microfibrillar-associated *ML - # #! - -
protein 2 precursor AA]
Procollagen C-endopeptidase *M| o - * - - _
enhancer 1 precursor AAT
Hyaluronidase-2 precursor K Y - # - - =
AAT
Fibulin-7 Ml - * - - #2
AAT
osteocalcin *Mp # 14 * 15 * 4
4 AA|
NHL repeat-containing * M1 wx - - - _
protein 3 precursor \%)
Laminin alpha 3b My e - - - #°
vt
Lumican - — _ _ #4
4
Prolyl 4-hydroxylase subunit - * # - - #4
alpha-2 precursor A\ AAT
Extracellular matrix protein 1 - # - - - 2
precursor A\
GalNAc alpha 2.6- - # - - _ ok 13
sialyltransferase \2
Fibronectin - - * - - _
AAT
Alkaline phosphatase - - - - x 11 _
Protein-lysine 6-oxidase - - * * 10 _ * 2
AAT

12At -V no effect of M, at high V reduced RGE by -M and increased at + M.
! Atlow V no effect of M, at high V reduced RGE by + M and increased at -M.
2 At low V no effect of AA, at high V reduced RGE by -AA and increased
at + AA.
3 Higher RGE at + V, more at low than high AA.
4 Higher RGE at -V, lowest at + V -AA.
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5 Athigh AA, no effect of V, at low AA decreased RGE by + V and increased at
-V.
6 Upregulation by + AA, lowest RGE at -AA and + V.

7 Reduced RGE by + M even more pronounced at + V.

8 At -V no effect of AA, at + V reduced RGE by -AA only and similar to -V
by + V + AA.

9 Reduced RGE by + M even more pronounced at -AA.

10 Reduced RGE by + M + V increased at + M-V, opposite effect at -M.

11 Reduced RGE by + AA at -M and increased at + M.

13 At -AA upregulation at -V and downregulation at + V, opposite effect but
smaller at + AA.

14 Increased RGE at + M-V, decreased at + V and low at -M-V.

15 Increased RGE at + M-AA, decreased at + AA and low at -M-AA.

downregulation in the -M + V treatments. Apolipoproteins are involved
in the transport and uptake of lipids and cholesterol, which is crucial for
nutrient utilisation and growth. Three apolipoprotein coding genes were
upregulated at + M, which agrees with the observed increase in ADC of
lipids and energy at + M + V. The opposite was observed in the + M-V
treatment. In the + M treatments there was also seen increased
expression of the AMBP protein coding gene, a protein that interacts
with numerous plasma proteins (Berggard et al., 1997). Valdene-
gro-Vega et al. (2014) noted a significant downregulation of AMPB
protein coding gene in Atlantic salmon gill cells infected by AGD.
Increased relative gene expression (RGE) of Alpha-1-antiproteinase-like
protein coding gene, protecting proteins against proteases released from
inflammatory cells’ (Mackiewicz, 1993), which was in turn down-
regulated in the high dietary vitamin supplementation treatments.

3.7.7. Mucus proteins

Of 26 genes encoding mucus proteins and related genes, 12 were
regulated in relation to the dietary factors (Table 16 and Supplementary
Table 14). Upregulation of two giant mucus protein (GMP) and two
spondin coding genes at + M, of mucin 5B2, a spondin and a pancreatic
secretory granule membrane major glycoprotein (GP2) coding gene
at +V, and of mucin 5AC and a spondin coding gene by + AA was
observed. Several interactions of the main factors were also seen. Mucus,
composed of highly glycosylated proteins suspended in a solution of
electrolytes, is secreted by goblet cells in the intestinal epithelium and
serves multiple functions, as for instance protection against shear stress
and chemical damage (Gendler and Spicer, 1995). In our study, in the
increased dietary vitamin (C, astaxanthin and E), organic trace mineral
and essential amino acid supplementation treatment there was upre-
gulation of genes involved in mucus homeostasis in the mid intestine of
salmon. In our study we supplemented astaxanthin (provitamin A) to
enhance the production of vitamin A without risking adverse effects of
too high dietary doses of this vitamin (Grisdale-Helland et al., 1991). In
channel catfish variable vitamin E supplementation, between 50 and
1000 mg/kg, did not cause differences in the thickness of the mucus
membrane (He et al., 2017).

4. Conclusions

The main findings of this study are related to the negative effects on
Atlantic salmon post-smoltification and transfer growth and survival
from relatively high dietary vitamin C and E supplementation levels. In
the groups that overall exhibited reduced growth at the time of sampling
we saw significant upregulation of several protease coding genes in the
midgut of the biggest fish in the tanks of the high vitamin treatments,
which exhibited apparently compensatory mechanisms to the negative
effects induced by high vitamin supplementation levels and/or
compensatory growth.

Several observations in the current study indicate that balance be-
tween essential trace minerals and essential amino acids in the diet is
important for fish digestion and health and welfare physiological status.

Increased trace mineral supplementation in organic form (the only
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Table 14

Significant effects (p < 0.05) and tendencies (p < 0.1) of dietary factors (low -1,
and high +1, levels of Trace minerals: M, Vitamins: V, amino acids: AA) on the
RGE (Relative gene expression) of genes related to collagen homeostasis
(n = 3-6 individual fish per treatment). The direction of expression differences is
indicated in columns Trace minerals (M), Vitamins (V) and Amino acids (AA) by
| for downregulated or 1 for upregulated by high dietary nutrient supplemen-
tation level. Symbols indicate: * = p < 0.1, * = p < 0.05, ** = p < 0.01, *** =
p < 0.001 for the statistical significance level of main effects and interactions,
and: — no significant effect or interaction.

Gene M A% AA M*V M*AA V*AA
Collagen alpha-1(VI) chain # * - _ _ w2
Ml Vi
type I Collagen alpha 2 chain # o - - _ 2
Ml Vi
Type I Collagen Alpha 2 chain # * - - _ * 2
M Vi
Collagen la # o _ _ _ %2
Ml V)
type I Collagen alpha 2 chain # i - - - *2
Ml Vi
Collagen a3(I) # * - - . #2
Ml Vi
Collagen alpha-3(VI) chain # * _ _ _ * 2
Ml Vi

ProCollagen-lysine.2- # - - 2

oxoglutarate 5-dioxygenase 3 ~ M| \ AAT

precursor
Adiponectin ok i * _ _ 5w 2
Ml 'A% AA?T
Dipeptidase 1 *% - # _ _ _
Ml AAT
Collagen type XI alphal short * - - _ * 2
isoform M| AA?
Collagen type XI R - - #° _ 5 2
Ml
Collagen a3(I) - *x _ _ _ w2
Vi
Collagen a3(I) - * - _ _ %2
vi
Collagen Type XI Alpha2 - # - - # 10
Vi
Novel protein similar to - * - - — #2
vertebrate Collagen type VI \
alpha 3 (COL6A3) - Ident 41
Col6a2 protein - Ident 96 - # - - - #2
vi
Collagen a3(I) - * - _ _ %2
Vi
Col6a2 protein - Ident 96 - * - - _ * 2
Vi
type I Collagen alpha 2 chain - * # - — * 2
Vi AAt
Coll4al protein - * # %9 _ %2
vi AA?T
SSR alpha subunit - - # x4 _ _
AAT
ProCollagen-lysine.2- - - # - *7 _
oxoglutarate 5-dioxygenase 3 AA?
precursor
ProCollagen-lysine.2- - - *k - - _
oxoglutarate 5-dioxygenase 3 AAT
precursor
Collagen a3(I) * wx _ %8 _ _
Mt Vi
Collagen type XI - _ _ %8 _ _
Collagen Type XI Alpha2 - - - * 8 _ _
Collagen type XI - - - _ *% 5 _
Alkaline phosphatase - - - - * 5 _
Collagen Type XI Alpha2 - - - - *6 _

Collagen triple helix repeat- - - - - - *
containing protein 1
precursor

! Downregulation at -V-AA, upregulation by + V-AA>-V + AA.

2 Downregulation at -+ V-AA, upregulation at -V-AA, +AA cancels the + V
effect or induces upregulation.

% Downregulation at + V + M, upregulation at + V + M & -V-M.
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4 Downregulation at + V-M, upregulation at -/+V-M, no effect -V + M.

6 Downregulation at -M-AA, upregulation at -M + AA and + M-AA.

7 Downregulation at + M-AA, upregulation at + M + AA, else little effect.

° Downregulation at + V + M, upregulation at -V + M.

5 Downregulation at -M + AA & +M-AA, upregulation at + M + AA (in some
cases also -M-A).

10 Downregulation at + M + AA & -M-AA, upregulation at -M + AA.

8 Downregulation at -V-M, else no/little effect.

Table 15

Significant effects (p < 0.05) and tendencies (p < 0.1) of dietary factors (low -1,
and high +1, levels of Trace minerals: M, Vitamins: V, amino acids: AA) on the
RGE (Relative gene expression) of genes related to tissue secretory functions
(n = 3-6 individual fish per treatment). The direction of expression differences is
indicated in columns Trace minerals (M), Vitamins (V) and Amino acids (AA) by
| for downregulated or 1 for upregulated by high dietary nutrient supplemen-
tation level. Symbols indicate: * = p < 0.1, * = p < 0.05, ** = p < 0.01, *** =
p < 0.001 for the statistical significance level of main effects and interactions,
and: — no significant effect or interaction.

Gene M \% AA M*V M*AA VEAA
Apolipoprotein A-I-2 * M1 - #* AAT # 1 _ %2
Apolipoprotein A-I-1 * M1t - ok # 1 *% 3 *on 2
precursor AA]
Alpha-1-antiproteinase- ok - *kk w1 * 6 w2
like protein Mt AA|
Apolipoprotein B-100 MY - - - — _
AMBP protein precursor * M1 *E - - — _
vt
Von Willebrand factor * Ml *Vi o - - - -
[VWF]
Haptoglobin - *x o _ _ _
V0 AA|
Heparinase - - # AA| x4 %5 _

! Downregulation at + V and -M, upregulation at + V + M, no effect at -V.

2 Downregulation at + V and + AA, upregulation at + V-AA, no effect at -V.

3 Downregulation at -M + AA, lower upregulation at -AA irrespective of M
status.

4 Lower upregulation ag -V-M and + V + M and downregulation else.

5 Downregulation at + M + AA minor upregulation + M-AA, else little effect.

6 Upregulation ag + M-AA, lower downregulation at -M + AA, else little
effect.

form used in this study) alleviated the negative physiological effects
observed in the high vitamin premix supplemented treatments.
Accordingly, the expression of genes regulating the redox status was
reduced at high dietary vitamin levels which was possibly associated
with lower post transfer performance. However, combined high dietary
organic trace mineral and vitamin levels increased transcription of
several redox related genes such as thioredoxine, selenoprotein and
glutathione peroxidase.

During and following smoltification feed intake is commonly
reduced dramatically which in turn is known to deplete fish’s glycogen
stores and body proteins. Increased dietary essential amino acid sup-
plementation in combination with increased trace mineral supplemen-
tation led to improved post transfer survival of salmon smolt, with
indication of higher feed intake but deterioration of FCR. ADC of pro-
tein, lipid or energy was not affected by the main dietary factors, but
significant interactions among them were present. Moreover, the ADC of
threonine, lysine, methionine, and arginine was significantly higher in
the treatments where they were supplemented at higher levels, possibly
due to the higher availability of the supplemented crystalline amino
acids which fish could use as energy source via gluconeogenesis and in
protein synthesis to maintain vital physiological functions in previously
‘fasting’ fish during smoltification and immediately following transfer to
saltwater. In the low performing high vitamin treatments, increased
Met, Lys, Thr and Arg supplementation also led to higher Gly and His
ADC, possibly allowing fish to increase synthesis of collagen and com-
pounds with antioxidant and tissue regeneration function, strengthening
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Table 16

Significant effects (p < 0.05) and tendencies (p < 0.1) of dietary factors (low -1,
and high +1, levels of Trace minerals: M, Vitamins: V, amino acids: AA) on the
RGE (Relative gene expression) of genes related to mucus production and
homeostasis (n = 3-6 individual fish per treatment). The direction of expres-
sion differences is indicated in columns Trace minerals (M), Vitamins (V) and
Amino acids (AA) by | for downregulated or 1 for upregulated by high dietary
nutrient supplementation level. Symbols indicate: * = p < 0.1, * = p < 0.05, **
=p < 0.01, *** = p < 0.001 for the statistical significance level of main effects
and interactions, and: — no significant effect or interaction.

Gene M \% AA M*V M*AA V*AA
SCO-spondin 1 * # - - - #1
M1t vt
SCO-spondin 2 * - # *20 # 2

M1t AA|
GMP Giant Mucus Protein 3 * - - - - # 1
Mt
GMP Giant Mucus Protein 4 * - - - - -
Mt
Mucin 5AC * - i b wlo V7
M) AAY 15
Mucin 5B2 - * - w1 w12 i 13
vt
Pancreatic Secretory Granule - # - 3 _ #!
Membrane Major \%
Glycoprotein GP2
GMP Giant Mucus Protein 1 - - - - w2 -
GMP Giant Mucus Protein 2 - - - #7 - w8
Large Mucosal Protein - - - - *9 * 10
Secreted Protein Acidic Richin - - - #° - w6
Cysteine (Oncorhynchus
mykiss)
Sushi Domain Containing - - - b #10
Protein 2 18
1 At -V, +AA reduce RGE but at +1 V increases.
2 At -M, +AA increase RGE but at +1 M reduces.
3 At -M, +V increase RGE but at +1 M reduces.
4 At -V, +AA reduce RGE but at +1 V increases.
5 At -M, +V reduce RGE but at +1 M increases.
® At -V, +AA increase RGE but at +1 V reduces.
7 At -M, +V increase RGE but at +1 M reduces.
8 At -V, +AA reduce RGE but at +1 V increases.
9 At -M, +AA reduce RGE but at +1 M increases.
10 At -V, +AA increase RGE but at +1 V reduces.
11 At -M, +V increase RGE but at +1 M reduces.
12 At -M, +AA reduce RGE but at +1 M increases.
13 At -AA, -V reduce RGE but at +1AA increases, no effect at + AA.
14 At -AA, -V reduce RGE but at +1AA increases, no effect at + AA.
15 1V reduce RGE only at +1 M.
16 LM reduce RGE only at -AA.
17 1V reduce RGE only at -1AA.
'8 At -M-AA and 4+ M + AA low whereas + M + AA higher RGE.
19 At -M, +V reduce RGE but at +1 M increases.
20

+V increase RGE in -AA and reduce RGE at +1AA.

the animals’ barrier tissues. This suggestion was supported by our gene
expression data. Dietary trace mineral, essential amino acid and vitamin
levels also affected the genes for mucus component increasing the
transcription rate at higher dietary levels.

Higher trace mineral supplementation resulted in significantly lower
FCR. FCR improved also with simultaneously high or low supplemen-
tation of organic trace minerals and essential amino acids, demon-
strating the importance of dietary balance between essential nutrients
for optimal dietary amino acid and energy utilization efficiency.
Compensatory mechanisms were observed in the transcription of genes
for cytoskeleton components with downregulation at high trace mineral
and vitamin and low essential amino acid dietary levels. Similar effects
were also observed in the regulation of genes encoding growth factors
and related proteins as well as extracellular matrix components, such as
collagens. The regulation of apolipoprotein coding genes was also
affected by dietary essential nutrients, with potential implications in
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fish’s energy metabolism. Last, the regulation of heme homeostasis
genes was affected by dietary trace mineral and vitamin levels indicating
increased need at low trace mineral supplementation or higher fish
growth.
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