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Abstract: New sustainable feed ingredients are a necessity for the salmon aquaculture industry. In
this study, we examined the effect of pre-extrusion processing of two microalgae, Nannochloropsis
oceanica and Tetraselmis sp., on the growth, fatty acid content in the flesh and health of Atlantic
salmon. The fish were fed one of the following five diets for nine weeks: (1) CO: a fish meal-based
control (basal) diet, (2) NU: a Nannochloropsis diet, (3) NE: a pre-extruded Nannochloropsis diet,
(4) TU: a Tetraselmis diet, and (5) TE: a pre-extruded Tetraselmis diet. The algae-incorporated diets
contained 30% of the respective microalgae. Our results showed that the best growth performance
was achieved by the CO diet, followed by the NE diets. Feeding of unprocessed Nannochloropsis and
Tetraselmis resulted in a significant reduction in enterocyte vacuolization compared to the CO feeding.
A significant effect of processing was noted in the fillet fatty acid content, the intestine and liver
structure and the expression of selected genes in the liver. The expression of antioxidant genes in
both the liver and intestine, and the accumulation of different fatty acids in the fillet and liver of the
extruded algae-fed groups, warrants further investigation. In conclusion, based on the short-term
study, 30% inclusion of the microalgae Nannochloropsis oceanica and Tetraselmis sp. can be considered
in Atlantic salmon feeds.

Keywords: aquaculture; feed ingredients; fishmeal replacement; novel ingredients; nutrition

1. Introduction

Marine microalgae are primary producers of eicosapentaenoic acid (EPA) and do-
cosahexaenoic acid (DHA) and, based on their chemical composition, certain microalgae
can be good candidates for ingredients in fish feeds if they can be produced on a large
scale [1]. A variety of microalgae species has been studied to assess their suitability as
feed ingredients for aquaculture in general, and as replacements for fish meal or fish oil in
feeds for Atlantic salmon (Salmo salar) [2–8]. Some of the microalgae are also good sources
of vitamins, minerals and pigments, all with good antioxidant effects [9]. Antioxidant
activity has been reported in extracts from different microalgae, amongst others Tetraselmis
sp. and Nannochloropsis sp. [10]. Feeding fish with microalgae meal, which are sources of
natural antioxidants, may increase their cells’ capacity to scavenge reactive oxygen (ROS) or
nitrogen species. ROS, the products of basal metabolism that regulate cellular homeostasis,
are produced in cell organelles such as endoplasmic reticulum, mitochondria, peroxisomes
and even in cell membranes and cytoplasm [11]. The vital ROS buffering systems in mi-
tochondria and peroxisomes include glutathione peroxidases (GPx), glutathione (GSH),
superoxide dismutase (SOD) family of proteins and catalase that help in converting radicals
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into unharmful substances [12]. Thus, living organisms have developed different antioxi-
dant defence systems to counterbalance the adverse effects of ROS. In addition to these
antioxidant mechanisms, rapid and continuous renewal of secreted mucus safeguards the
epithelial cells such as those of the intestine [13]. Furthermore, intestinal health and welfare
could be considered as interconnected because new aquafeed ingredients can negatively
affect the structure and barrier functions of the different intestinal segments, and intestinal
microbiota is a key player in the immune maturation, growth, health and behaviour of
farmed animals [14]. The gastrointestinal tract of fish is covered by a protective layer
of mucus and each part of the intestine performs different functions [15]. Mucins are a
diverse group of glycoproteins that are vital components of mucus, and these molecules are
responsible for the viscoelastic properties of mucus. Mucins are produced and secreted by
goblet cells in the intestine [16]. Mucous cell quantification is efficient in revealing aberrant
responses in tissues [17]. Mucins can be either monomeric or multimeric, and the former
group includes transmembrane mucins mainly associated with the glycocalyx, while the
latter group are gel-forming mucins, like MUC2, MUC5AC, MUC5B and MUC6 [18–20].
Some MUC genes have been identified in fish or predicted in fish genomes and are in
general similar to mammalian mucin genes [21–25]. Recently, mucin genes have been
identified in several tissues in Atlantic salmon [26].

It is suggested that microalgae such as Nannochloropsis sp. and Tetraselmis sp. can provide
the essential vitamins, pigments and polyphenols for the aquaculture industry [27–29]. In
addition, Nannochloropsis and Tetraselmis are sources of high-value essential n-3 long-chain
polyunsaturated fatty acids such as EPA and alpha linolenic acid (ALA) [30]. The protein
and lipid content of Nannochloropsis vary between 18 and 48% and 2 and 68%, respectively.
Tetraselmis has a protein content ranging between 27 and 54% and a lipid content in the range
3–45% [30]. Carnivorous species such as Atlantic salmon have a relatively short and simple
digestive system with a limited capacity to digest complex carbohydrates present in intact
microalgae. However, it is now known that the rigid microalgae cell walls can be broken to
release the essential nutrients and antioxidant elements from microalgae [29,31–33]. Since
the microalgae processing technology has not matured yet [34,35], it has been reported that
the current microalgae inclusion level should be below 10% to avoid negative effects on
energy digestibility and to obtain a good feed conversion ratio (FCR) [3–6,30,34]. Previous
studies have indicated the suitability of microalgae for farmed fishes; 14.2% of a blend of N.
oculata defatted biomass and whole cell Schizochytrium sp. was efficient enough to impart
good growth in Nile tilapia (Oreochromis niloticus) [36], and low levels of Spirulina can
help rainbow trout in recruiting lipids during times of starvation [37]. Studies have also
shown that extrusion improves the digestibility of Nannochloropsis [2] and the process can
also be used as a pre-treatment method to increase extraction of lipid [32] as well as other
intracellular components. It is therefore hypothesized that extrusion as a pre-treatment
of the algae biomass may enhance the bioavailability of lipids from Nannochloropsis and
Tetraselmis, which, along with the released antioxidants, could improve the growth as
well as the health of the fish. Hence, we have investigated the effects of feeding whole
and pre-extruded microalgae meal on weight gain, whole body chemical composition,
expression of selected genes in the liver and intestine and histological features in these
organs of Atlantic salmon. Additionally, we have examined the feed quality based on the
content of volatile organic compounds. It is reported that pre-processing of ingredients as
well as the heat and shear forces from the extrusion process itself may also induce volatile
organic compounds (VOCs) from oxidation of lipids [38–40] as well as oxidized proteins,
indicating that VOCs may interfere with feed utilization [41].

2. Results
2.1. Volatile Organic Compounds

Dynamic headspace gas chromatography–mass spectrometry (GC-MS) analysis de-
tected approximately 130 different volatile organic compounds (VOCs) in the experimental
feeds, and the information of selected compounds is provided in Table 1. The molecules
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detected in the feeds were typical protein (low molecular weight (LWM) amines, branched
chain volatiles) and lipid oxidation products (aldehydes, alcohols, ketones). As observed,
pre-treatment of the algae increased the concentration of LMW amines, hexanal, butanal,
2-methyl-propanal, 1-penten-3-one, (E)-2-pentenal, (E)-2-hexenal, and 1-penten-3-ol.

Table 1. Volatile oxidation products (ng/g) in feeds.

CO NU NE TU TEVOCs
Diet Groups

SUM LMW Amines 790 694 722 595 657
Propanal 5 6 2 7 12

Propanal, 2-methyl- 27 49 96 33 45
2-Propenal 0 3 9 2 2

Butanal 18 33 37 33 39
Butanal, 2-methyl- 53 101 4 72 102
Butanal, 3-methyl- 310 651 406 372 550

1-Penten-3-one 33 38 62 31 35
2-Butenal 7 33 77 13 16
Hexanal 51 107 116 48 77

2-Pentenal, (E)- 16 32 98 16 34
1-Penten-3-ol 307 428 678 244 580

2-Hexenal, (E)- 43 80 72 36 82
2-Penten-1-ol, (E)- 135 57 189 5 170

2.2. Growth

All the feeds were well accepted by the fish and there was no mortality during the
course of the experiment. The weight gain of the fish ranged from 83 to 99 g (Table 2).
The final weight of the fish fed the CO diet was significantly higher compared to the fish
fed algae diets. Pre-extrusion of Nannochloropsis tended to increase fish growth compared
to the other algae-fed fish groups, as reflected in the increased weight gain (WG; %) and
specific growth rate (SGR; % day−1). The WG and SGR in fish fed NU, TU and TE were
also significantly lower compared to the CO group. A significant effect of the extrusion
process was not evident from the 2-way ANOVA (Supplementary Table S1).

Table 2. Initial, final weight and specific growth rate of Atlantic salmon fed one of the five experi-
mental diets for 9 weeks.

Growth
Indices CO NU NE TU TE

IBW(g) 154.4 ± 0.1 154.0 ± 0.1 153.9 ± 0.3 154.4 ± 0.2 154.3 ± 0.2
FBW (g) 307.8 ± 1.6 a 288.9 ± 5.0 b 292.9 ± 1.7 ab 282.9 ± 3.4 b 285.1 ± 3.6 b

WG (%) 99.4 ± 2.0 a 87.6 ± 6.3 b 90.3 ± 3.0 ab 83.3 ± 4.3 b 84.8 ± 4.8 b

SGR (% day−1) 1.15 ± 0.01 a 1.05 ± 0.03 b 1.07 ± 0.01 ab 1.01 ± 0.02 b 1.02 ± 0.02 b

Tanks were the experimental units (n = 4 replicates). Values are expressed as mean ± sem. Values in the same row
with different superscript letters (a, b) show significant differences (p < 0.05). CO: Control fishmeal-based diet,
NU: Nannochloropsis, NE: Nannochloropsis pre-extruded, TU: Tetraselmis, TE: Tetraselmis pre-extruded. IBW, Initial
body weight; FBW, Final body weight; WG, Weight gain; SGR, Specific growth rate.

2.3. Whole Body Proximate Composition

The whole body proximate composition of fish from the experimental groups at the
end of the feeding study is presented in Table 3. The dry matter in the TE group was higher
compared to the CO group, which had values significantly lower than the NE group. The
NE group had higher dry matter values than the NU group. The highest protein content
was found in salmon fed diet CO, but the values were not significantly different from the
protein content in fish fed diets NU and TU. Fish fed NE and TE had significantly lower
protein content than fish from the CO diet groups. In addition, the protein content of the
TU and TE were significantly different. The lipid content was significantly higher in fish
fed diet TE than fish fed NU, NE and TU. Ash content was significantly higher in fish fed
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diets NU and NE. Ash content was significantly lower in fish fed diets TE compared to the
fish fed CO, NE and NU diets. The ash content in NU was significantly higher compared
to the TU group. Energy content was significantly higher in fish fed the diets TU and TE
compared to fish from the other diet groups.

Table 3. Whole body proximate composition (%) of fish from the different experimental groups.

Parameter CO NU NE TU TE

Dry matter (g/kg) 28.8 ± 0.09 a 28.8 ± 0.19 ac 29.6 ± 0.11 b 29.3 ± 0.16 abc 29.6 ± 0.28 bc

Dry matter (%)
Protein 62.6 ± 0.42 a 61.1 ± 0.45 abc 60.4 ± 0.29 bc 61.4 ± 0.6 ac 59.6 ± 0.43 b

Lipid 32.5 ± 0.54 ab 31.7 ± 0.53 a 32.0 ± 0.3 a 32.0 ± 0.57 a 35.0 ± 0.54 b

Ash 6.8 ± 0.09 ab 7.0 ± 0.13 a 7.0 ± 0.21 ab 6.1 ± 0.2 bc 5.6 ± 0.05 c

Energy 25.6 ± 0.07 a 25.6 ± 0.02 a 25.6 ± 0.06 a 26.1 ± 0.11 b 26.3 ± 0.13 b

Values are expressed as mean ± sem (n = 4 replicates). Values in the same row with different superscript letters
(a, b, c) indicate significant differences (p < 0.05).

The fatty acid composition of salmon fillet after 9 weeks of feeding with the experi-
mental diets are presented in Table 4. The highest content of SFA in the flesh lipids was
found in the fillet of salmon fed diet NE. SFA content was significantly lower in fish fed
diets CO, NU and TU. The MUFAs in the fillet were significantly higher in fish fed diets NU
compared to all fish groups except those fed on the TE diet. Fish fed the TU diet showed
higher PUFA content compared to the other groups, but we did not detect any significant
differences. Fillets from fish fed the TU diets had higher content of EPA+DHA compared
to fish fed the TE diet. The ratio of n-6 to n-3 fatty acids in the fillet were found to be
significantly higher in fish fed the NU diet compared to the CO and TU diets.

Table 4. Content of fatty acids (% of lipid) in the fillets of fish fed the experimental diets for 9 weeks.

CO NU NE TU TEFatty Acids
Diet Groups

C14:0 3.1 ± 0.04 ab 3.1 ± 0.02 b 3.3 ± 0.01 a 3.4 ± 0.4 b 3.1 ± 0.02 b

C16:0 13.0 ± 0.18 a 13.0 ± 0.13 a 14.5 ± 0.26 b 12.5 ± 0.67 a 13.8 ± 0.23 ab

C18:0 2.9 ± 0.05 a 2.8 ± 0.05 ab 2.9 ± 0.05 a 2.7 ± 0.07 b 2.9 ± 0.05 ab

∑SFA 19.0 ± 0.24 a 18.8 ± 0.15 a 20.7 ± 0.31 b 17.98 ± 0.94 a 19.70 ± 0.27 ab

C16:1 3.4 ± 0.01 ab 4.0 ± 0.04 ac 4.6 ± 0.05 c 3.2 ± 0.03 b 3.4 ± 0.07 ab

C18:1n-9 21.4 ± 0.51 ab 22.8 ± 0.2 b 20.6 ± 0.39 a 19.5 ± 1.67 a 22.7 ± 0.22 b

C18:1n-7 2.8 ± 0.01 ab 2.9 ± 0.02 b 2.7 ± 0.02 a 2.7 ± 0.04 a 2.7 ± 0.01 a

C20:1n-9 3.8 ± 0.15 a 4.3± 0.02 b 3.9 ± 0.09 a 4.0 ± 0.04 a 4.1 ± 0.06 ab

C22:1n-9 3.8 ± 0.02 a 4.3 ± 0.03 b 3.9 ± 0.04 abc 3.8 ± 0.07 ac 3.9 ± 0.01 bc

∑ MUFA 35.1 ± 0.56 ab 38.3 ± 0.23 c 35.7 ± 0.38 ab 29.8 ± 5.08 b 36.9 ± 0.20 ac

C18:2n-6 6.8 ± 0.19 a 7.7 ± 0.15 b 7.1 ± 0.15 a 6.8 ± 0.33 a 7.3 ± 0.12 ab

C18:3n-3 2.3 ± 0.20 ab 2.3 ± 0.08 ab 2.1 ± 0.06 a 2.8 ± 0.05 bc 3.2 ± 0.17 c

C18:4n-3 4.4 ± 0.28 a 1.3 ± 0.01 b 1.2 ± 0.03 b 1.4 ± 0.02 ab 4.1 ± 0.11 a

C20:4n-3 1.1 ± 0.05 abc 1.0 ± 0.00 ab 1.0 ± 0.01 a 1.3 ± 0.03 bc 1.3 ± 0.01 c

C20:5n-3 4.9 ± 0.62 a 5.4 ± 0.25 ab 6.5 ± 0.16 b 4.9 ± 0.40 a 5.2 ± 0.08 a

C22:5n-3 1.5 ± 0.09 a 1.1 ± 0.07 b 1.2 ± 0.06 b 2.2± 1.03 ab 1.2 ± 0.09 ab

C22:6n-3 21.4 ± 0.51 ab 22.8 ± 0.22 b 20.6 ± 0.39 a 19.5 ± 1.67 a 22.7 ± 0.22 b

∑ PUFA 34.2 ± 4.77 34.1 ± 0.25 29.9 ± 3.95 34.4± 0.91 33.1 ± 3.97
∑ n-6FA 6.8 ± 0.19 a 7.7 ± 0.15 b 7.1 ± 0.15 a 6.8 ± 0.33 a 7.4 ± 0.12 ab

∑ n-3FA 27.4 ± 4.59 a 26.3 ± 0.18 b 22.9 ± 4.03 ab 27.6 ± 0.65 ab 25.8 ± 3.87 ab

∑ EPA+DHA 18.6 ± 4.30 a 20.8 ± 0.11 ab 17.6 ± 3.71 ab 21.3 ± 0.50 a 16.0 ± 3.55 b

∑ n-6/n-3 0.28 ± 0.06 a 0.29 ± 0.01 b 0.36 ± 0.10 ab 0.24 ± 0.01 a 0.31 ± 0.06 ab

Values are expressed as mean ± sem (n = 4 replicates). Values in the same row with different superscript letters (a, b, c) indicate significant
differences (p < 0.05). SFA—Saturated fatty acids; MUFA—monounsaturated fatty acids; PUFA—polyunsaturated fatty acids; n-6—omega-6
polyunsaturated fatty acids; n-3—omega-3 polyunsaturated fatty acids; EPA + DHA—Eicosapentaenoic acid and Docosahexaenoic acid;
n-6/n-3—ratio of n-6 PUFA/n-3 PUFA.
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We did not find an effect of pre-treatment on whole body composition (Supplementary
Table S1), but the factor had a significant effect on most of the fatty acids deposited in the
fillets of Atlantic salmon (Supplementary Table S2).

2.4. Histology

The morphology of the pyloric caeca, mid intestine, distal intestine and liver are
shown as supplementary material (Figures S1–S4), and the associated parameters are given
in Figures S5–S7. We did not observe any changes related to any diet in the pyloric caeca
of the different study groups. The mid and distal intestine of the fish fed the CO diet
had normal micromorphological features. On the other hand, fish fed the microalgae-
incorporated-feeds (NU, NE, TU, and TE) had some alterations, although not statistically
significant. The altered features included the thickening of the stratum granulosum and
compactum in the mid intestine of the NU, NE and TU groups, wider villi and increased
mucous cell area in the TE group, wider distal intestine villi in the TE group and increased
distal intestine mucous cell area in the NE group. In addition, enterocyte vacuolization in
the NU and TU groups was significantly lower compared to the CO group.

Liver morphology of the CO fed group was normal with centrally located nuclei and
homogenous structure of hepatocytes. Vacuolization in the NU and TU group was not
as visible as in the case of the other algae-fed groups. In the pre-extruded algae feeding
groups (NE, TE), noticeable vacuoles were present in the hepatocytes, with significant
differences detected for the CO vs. TE, NE vs. TU and TU vs. TE comparisons.

Pre-treatment was found to significantly influence mid intestine villi width and vac-
uolization in the distal intestine and liver (Supplementary Table S3).

2.5. Gene Expression Analysis

The relative expression of the mucin gene muc2 in Atlantic salmon distal intestine is
shown in Figure 1; there were no significant differences in the gene expression. Expression
of muc5ac1, muc5ac2 and muc5b were also examined, but the values were too low to be
quantified.

1 
 

 
Figure 1 
 

 
Figure 2 
 

 
Figure 3 

Figure 1. Relative expression of muc2 in the distal intestine of Atlantic salmon fed on different diets
(CO, NU, NE, TU, TE) (n = 4 per diet).

The relative expressions of antioxidant and immune-related genes in Atlantic salmon
distal intestine and liver are shown in Figures 2 and 3, respectively. Expression of the
antioxidant-related genes sod1 and gpx in the distal intestine of the study groups were
not significantly different (Figure 2). Nevertheless, the non-significant differences in the
expression of sod1 in the NU, NE and TU groups and the expression of gpx in the NU and
NE groups deserve attention. The expression of cr3 in the distal intestine of the study
groups did not vary significantly.
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Figure 1 
 

 
Figure 2 
 

 
Figure 3 

Figure 2. Relative expression of antioxidant and immune-related genes. Shown are the expression of
sod1, gpx and cr3 in the distal intestine of Atlantic salmon fed on different diets (CO, NU, NE, TU, TE)
(n = 4 per diet).

1 
 

 
Figure 1 
 

 
Figure 2 
 

 
Figure 3 Figure 3. Relative expression of antioxidant and immune-related genes. Shown are the expression of
sod1, gpx, cat, nrf2 and cr3 in the liver of Atlantic salmon fed on different diets (CO, NU, NE, TU, TE)
(n = 4 per diet). Different letters (a, b) above the bars indicate significant differences (p < 0.05).

The extruded Tetraselmis-fed fish had elevated the expression of selected antioxidant
and immune-related genes in the liver compared to the untreated Tetraselmis diet (TE vs.
TU; Figure 3). The antioxidant genes, namely sod1, gpx, cat, nrf2 and cr3, were higher in the
extruded Tetraselmis-fed fish (TE). The gene cr3 had significantly lower expression in the TU
diet group compared to the other algae-fed groups. The gene cat was significantly higher
in the TE group compared to the NU and TU groups. Furthermore, sod1 was significantly
higher in the TE group compared to the TU group.

The effect of pre-treatment was reflected in the expression of all the genes examined
in the liver of Atlantic salmon (Supplementary Table S4). On the contrary, such an effect
was not evident in the case of genes that were examined in the distal intestine of the fish
(Supplementary Table S5).

3. Discussion

To obtain a well-balanced, cost-optimal feed, the aquafeed industry employs ingredi-
ents from agricultural crops, products from wild aquatic animals and land animals, insect
meal and algal meal as well as oils. However, we have to reduce the dependence on
finite resources from the wild and human food to make aquaculture more sustainable [42].
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Among the new aquafeed ingredients, insect (black soldier fly larvae; Hermetia illucens, L.)
meal incorporation levels of 60% in feeds is reported to lower the apparent digestibility
coefficients of protein, lipids and amino acids, and increase both hepatosomatic and vis-
cerosomatic indices in Atlantic salmon maintained in freshwater [43]. On the other hand,
20% of insect meal in feeds was found to increase the dry matter, gross energy and mineral
digestibility coefficients in Atlantic salmon [44]. Another study also indicated the positive
effects of 60% insect meal in the diets of Atlantic salmon in freshwater [45]. Nevertheless, it
is essential to gather information regarding the suitability of algae, which lies at the bottom
of the aquatic food web, for farmed fishes. In the present study, we employed meals from
two microalgae, Nannochloropsis oceanica and Tetraselmis sp. to understand their ability
to alter growth, accumulate fatty acids in the fillets and alter selected genes of Atlantic
salmon. Furthermore, we have described the histological changes in the intestine and liver
and potential impact of algae and feed VOCs on the antioxidant genes of the fish.

3.1. Growth and Chemical Composition

Earlier studies on feeding microalgae-incorporated feeds to Atlantic salmon tested
inclusion levels up to 20% [2–7,46–48]. The current experiment was designed to examine
the effects of 30% incorporation of two microalgae strains on growth and health parameters.
The 30% inclusion level had a negative effect on growth. However, the growth data must
be interpreted carefully as the feeding period was short, and the protein and lipid levels
varied among the experimental feeds (Table 5). All the microalgae-incorporated diets
contained less protein and lipid, and consequently less energy, compared to the CO diet,
and this may explain the lower weight gain observed in algae-fed fish [49].

Table 5. Ingredient composition, analyzed chemical composition and energy of the experimental diets.

CO NU NE TU TEIngredients (%)
Diet Groups

Fishmeal LT70 1 52.0 36.4 36.4 36.4 36.4
Nannochloropsis 2 30.0

Nannochloropsis (pre-extruded) 2 30.0
Tetraselmis 2 30.0

Tetraselmis (pre-extruded) 2 30.0
Wheat gluten 3 15.0 10.5 10.5 10.5 10.5
Wheat meal 4 8.480 5.936 5.936 5.936 5.936

Pea starch 6.0 4.2 4.2 4.2 4.2
Fish oil 5 17.50 12.25 12.25 12.25 12.25

Vitamin Mineral Premix PV01 6 1.0 0.7 0.7 0.7 0.7
Proximate composition (g/100 g)

Dry matter (DM) 92.6 92.5 91.9 93.4 90.4
Per 100 g DM

Protein 52.4 47.0 47.0 44.8 45.3
Lipid 20.9 18.4 18.8 16.0 17.5
Ash 8.7 17.2 16.9 16.6 16.1

Carbohydrates 18.0 17.4 17.3 22.6 21.1
Energy (MJ/1000 g) 23.4 21.5 21.7 20.7 21.2

1 NORVIK 70, Sopropeche, France, 2 Allmicroalgae—Natural Products, Portugal, Values are expressed as mean ± SD (n = 4 replicates),
3 ROQUETTE Frères, France, 4 Casa Lanchinha, Portugal, 5 SAVINOR UTS, Portugal, 6 PREMIX Lda, Portugal.

Biochemical composition of fish varies with their life stages and is influenced by envi-
ronmental and dietary factors [50]. Significant differences were observed in the proximate
composition of whole fish from the different feeding groups of the present experiment;
this result is in line with other studies that examined the effect of feeding microalgae on
fish performance [51,52]. In the present study, the highest protein content was noted in
fish fed the CO diet compared to the extruded microalgae-incorporated diets, and the
unextruded Tetraselmis-fed fish had higher whole body protein content compared with
extruded Tetraselmis-fed fish. These observations indicate that the pre-treatment of the
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microalgae biomass can reduce the utilization of nutrients from the microalgae. Damage
to proteins during heat processing is a function of temperature, time, moisture and the
presence of reducing substances [53]. The amino acids that are most susceptible to heat
treatment-induced degradation are arginine, cysteine, lysine, serine and threonine [54].
Amino acids with reactive side chains may link to reducing agents present in feeds [55].
Cysteine and methionine are sulfur amino acids, but the sulfur atom of cysteine that is
present in the side chain is involved in the formation of reactive sulfhydryl group, and
cysteine can be easily oxidized to form cystine dimer containing disulfide bridge [55].
Maillard reaction readily takes place between lysine and reducing sugars, and it is known
to reduce fish growth [56]. Overheating of fish meal during drying increased the cross-
linking between proteins [57] and reduced digestibility of nearly all amino acids, especially
cysteine [58–61]. Heat-induced changes in cysteine and the ensuing effect on protein and
amino acid digestibility in rainbow trout (Salmo gairdneri) has been reported previously [57].
The whole body lipid content of the experimental fish was in the same range [4], or higher
than earlier studies with Atlantic salmon fed microalgae [3] and lower than lipid content
reported when salmon were fed 10% pre-extruded N. oceanica in plant-based feeds [48]. In
the present study, the highest lipid content and lowest protein content was noted for fish
fed TE and this result could suggest that the protein quality was too inferior to support
efficient growth. The ash content of the experimental fish was in agreement with other
reported values on fish fed with microalgae [4] and higher than the whole body ash values
reported by us previously [48].

As for the fatty acid composition in the fillet of Atlantic salmon, SFAs were higher
in the NE fed fish and MUFAs were higher in the NU fed fish. On the other hand, the
PUFAs, n-3 PUFAs and EPA + DHA were higher in fish fed the TU diet. It is known
that the fatty acid composition of Atlantic salmon fillet reflects the levels present in the
diet [62–64]. Feeding defatted N. oculata biomass and whole cell Schizochytrium sp. to Nile
tilapia (Oreochromis niloticus) did not alter the total SFAs, MUFAs or PUFAs but significantly
increased DHA and decreased the EPA in the fillets of the fish fed algae [36]. Another
study that employed Schizochytrium spp. to replace fish oil in the diets of Atlantic salmon,
also reported lower concentration of EPA and higher amounts of DHA in the alga fed
fish [65]. Muscle EPA and DHA contents were not altered by feeding a combination of
dried Nannochloropsis sp. and Isochrysis sp., but it elevated the concentration of arachidonic
acid [66].

3.2. Intestinal Health

Nannochloropsis or Tetraselmis, at high (30%) levels, in the marine-based diets did not
induce strong signs of inflammation in the intestine of the fish. The noted alteration can be
characterized as minor to moderate, as the typical intestinal inflammation features such
as shortening of mucosal folds and absence of absorptive vacuoles were not observed in
the algae-fed groups [67,68]. Microalgae might not induce enteritis because they may not
contain antinutritional factors. It has been shown that DHA deficiency in diets can affect
the intestinal morphology of Atlantic salmon, causing swollen enterocytes and unusual
vacuoles [69]. As discussed above, the high inclusion of microalgae in the diets used
in our study may have caused an alteration of fatty acid composition in the fish, which
could have contributed to the observed changes in the intestinal and liver morphology.
A recent study from our research group found minor changes in the distal intestinal
morphology of Atlantic salmon fed diets with a mix of plant proteins [68]. Nevertheless,
we noted higher palmitic acid (C16:0) in the fillets from fish that consumed the NE diet. It
is reported that dietary palmitic acid can increase the number of goblet cells, expression of
Muc2 and transmucosal electrical resistance in the colon of rats [70]. Certain long-chain
polyunsaturated fatty acids reduce goblet cell number [70] and, in our study, Σn-6/n-3 was
lower and EPA+DHA was higher in the fillets of the TU group.

Even though the inclusion level of algae in the present experiment was higher than
those employed in other studies performed with Atlantic salmon, the observed micromor-
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phological features are somewhat comparable with those of other studies where N. oceanica
was incorporated either at 10 or 20% [5]. N. oceanica included at 10% in a plant-based
diet with or without feed additives did not change the intestinal structure of Atlantic
salmon [48]. On the other hand, a blend of Tisochrysis lutea and Tetraselmis suecica, which
replaced 15 and 45% fish meal protein, increased the height and thickness of the proximal
intestine villi of European sea bass [71]. Studies with gilthead seabream (Sparus aurata) fed
10% T. chuii or 10% Phaeodactylum tricornutum reported morphological changes in the in-
testinal mucosa of the fish [72]; fish fed T. chuii showed signs of oedema and inflammation,
while such changes were not evident in those fed P. tricornutum. In a long-term study on
Atlantic salmon, covering most of the aquaculture production cycle (18 g to 3 kg), around
2.5–6% Schizochytrium limacinum in modern low-fishmeal diets caused a downregulation of
some genes related to intestinal inflammatory response, but intestinal histology study did
not indicate any diet-related changes [73]. However, all the samples, including those from
the control group, had aberrant distal intestine morphology [73]. Another study reported
morphological changes in the intestinal villi and swollen goblet cells in Atlantic salmon
fed 15% Schizochytrium sp. and yeast extract, but there were no signs of toxicity, stress or
inflammation [7].

The changes in hepatocyte morphology that were visible in fish fed single and double
extruded microalgae in the feeds were not evident in the CO group. Vacuoles were visible
in the hepatocytes of the pre-extruded groups (NE, TE). These vacuoles may indicate
accumulation of glycogen or fat in the hepatocytes prompted by the algae incorporation
in the feeds, as noted in previous studies [74,75]. A study revealed that the vacuoles
in the liver of juvenile Senegalese sole (Solea senegalensis) disappeared after 90 days of
feeding of the macroalga, Ulva ohnoi [76]. On the other hand, the microalga Scenedesmus
sp., when included in feeds, did not cause any adverse effects in both the intestine and
liver of rainbow trout [77]; here, the alga inclusion was only 5%. Our findings suggest that
incorporation of microalgae at 30%, and in particular the double extrusion of microalgae,
may have affected the nutrient availability or metabolism of nutrients. Feed processing
temperature was also found to have an effect on the metabolism of fish, as indicated by
Jasour et al.; extrusion at a higher temperature may produce undesirable protein oxidation
products in the feeds [78]. Furthermore, fatty acid content can affect the liver morphology
of Atlantic salmon, as observed in a feeding trial with EPA or DHA deficient diets [69]. On
the contrary, large amounts of lipid droplets were noted in the liver and intestinal cells of
another salmonid, rainbow trout, fed diets containing a mix of plant oils [79]. Even though
we did not set out to replace fish oil in this experiment, the algae meal does contain some
lipids, which may have affected the lipid metabolism and caused the observed changes in
hepatocyte morphology. It is likely that the observation in the present study is lipid-based
vacuolization rather than glycogen-based because glycogen should have been dyed pink
by the PAS staining. However, we are unable to ascertain this, and, thus, it warrants
further investigation. High levels of dietary n-6 fatty acids, especially 18:2n-6, leads to
more accumulation of n-6 fatty acids in all tissues, and neutral lipids in the liver of Atlantic
salmon had more linoleic acid. Linoleic acid and EPA were found to increase and C22:5n-3
and DHA were decreased in the liver of Genetically Improved Farmed Tilapia (O. niloticus)
fed a high-fat diet (soybean oil) [80]. The TU group, which was found to have a similar
liver morphology as that of the CO group, had a profile of the abovementioned fatty acids
that plausibly would not have favored the accumulation of linoleic acid.

As for the mucin genes, high expression of muc2 and low expression of muc5ac and
muc5b in the distal intestine of Atlantic salmon corroborated the result of others [26]
who reported the predominance of muc2 in the intestine. Both muc2 and muc5b were
differentially expressed in the skin, gills and intestine of common carp [25]. The MUC2
mucin is the primary intestinal mucin across many species, including mammals and
birds [81], and muc2 is constitutively expressed in the intestine of fishes. It is reported
that other intestinal mucin genes are altered by diet or intestinal parasite infection [24].
The expression of muc2 in the intestine of carp was altered by dietary glucan [25]. Our
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recent study has revealed the reduction in the expression of muc2 in the intestine of Atlantic
salmon fed a diet containing 20% soybean meal and 30% fishmeal and fish oil [68]. However,
in the present study, muc2 was not significantly altered in the distal intestine of Atlantic
salmon fed algae diets.

The higher gene expression of antioxidant-related genes in the liver of Tetraselmis-fed
fish could be pointing to an improved response to oxidative stress. Superoxide dismutase,
serum catalase and glutathione-S-transferase activities and total antioxidant capacity of
catfish (Clarias gariepinus) exposed to sodium dodecyl sulfate were restored through an
additional exposure to Spirulina platensis [82]. The protective role of dietary Chlorella
vulgaris against arsenic toxicity was revealed through increased antioxidant activities
(catalase, glutathione and glutathione peroxidase) in the liver of Nile tilapia fed 10% of
the alga [83]. We did not perform a challenge study, instead we investigated the effect
of double extrusion on increased utilization of the algae biomass. Expression of cat and
sod1 was significantly higher in the liver of TE, which was the group with higher liver
vacuolization. Oxidative stress is observed during steatosis, and cells respond to the
condition by increasing the molecules of the antioxidant system. Antioxidant enzymes such
as Cu/Zn-SOD, GPx and catalase activities in the liver of non-alcoholic fatty liver disease
patients were significantly higher [84]. In addition, there exists a correlation between lipid
accumulation and expression of C3d and C3 in the liver of mice fed a high-fat diet [85].
CR3 on macrophages recognizes the C3d fragment of C3 [86], and we observed a higher
expression of cr3 in the liver of the TE group. In our previous study with Atlantic salmon
fed diets with up to 20% defatted Desmodesmus sp., we did not observe any change in
the antioxidant capacity or the expression of intestinal immune and inflammatory marker
genes [4]. An alternate interpretation of the present results is that the double extrusion
of the microalgae may have caused quality changes in the feeds, which in turn may have
triggered oxidative stress in the fish. However, the patterns of change in VOCs in feeds
and alteration of the liver antioxidant genes are not similar. In addition, the pattern of
expression of the antioxidant genes in the distal intestine and liver were different. This may
be explained by the role of the liver in the metabolism of nutrients and handling of ROS.

The experimental feeds were high in polyunsaturated fatty acids and because the feeds
had high content of marine ingredients, the lipid profile was dominated by long-chain n-3
fatty acids that are prone to oxidation during processing and storage. Double extrusion of
the two microalgae may have challenged the stability of the products [87,88]. The aldehyde,
hexanal which is formed from linoleic, gamma-linolenic and arachidonic acids was found
in higher concentrations compared to propanal, the aldehyde formed from ALA, EPA
and DHA [89]. GC-MS analysis indicated that the amount and type of volatile oxidation
products in the experimental feeds were similar to those associated with Norwegian fish
meal. Although extrusion can eliminate enzymatic rancidity, oxidative rancidity can occur
during the feed manufacturing process [90]. Hence, the higher concentration of certain
volatile compounds that are linked to extrusion could be indicative of the fact that double
extruded microalgae may need stabilization with antioxidants. To overcome this issue,
super critical fluid extrusion can be considered because this method aided vitamin retention
in addition to restraining lipid oxidation in puffed rice [91].

To embrace sustainability, the aquafeed industry could employ microalgae that have
high-value lipids, high-quality proteins and antioxidants. Such a strategy will reduce the
dependency on human food-based meals and oils and our finite resources. Through the
current study we assessed the potential of microalgae, their ability to impart growth and
affect health in fishes.

4. Materials and Methods

The study was approved by the Norwegian Animal Research Authority (FDU: Forsøks-
dyrutvalget ID-5887). Atlantic salmon smolt of average weight 154.2 g (AquaGen strain)
were purchased from a local commercial producer (Cermaq Norway AS, Hopen, Norway),
and randomly sorted into the rearing tanks (800 L, A-plast, Skodje, Norway) at the Research
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Station of Nord University. Each tank contained 39 fish, and there were four replicate tanks
per diet group. All tanks were supplied with filtered and aerated seawater (8.6 ◦C ± 0.2)
in a flow-through system, and the average oxygen saturation was 86.7% measured at the
outlet of each tank. Tanks were kept under 24 h photoperiod with artificial light.

The following five diets were fed for 60 days to the respective fish group: (1) CO: a
fish meal-based control (basal) diet, (2) NU: a Nannochloropsis diet, (3) NE: a pre-extruded
Nannochloropsis diet, (4) TU: a Tetraselmis diet, and (5) TE: a pre-extruded Tetraselmis diet.
All diets, except the CO diet, contained 30% of the respective microalga (Table 5). These
feeds were produced by Sparos LDA, Olhão, Portugal. For NE and TE, the dried algal meal
was subjected to a pre-extrusion before they were blended with the other ingredients, as
earlier described by Gong, Sørensen, Dahle, Nadanasabesan, Dias, Valente, Sørensen and
Kiron [48]. In brief, this was carried out by passing the algal meal through a twin-screw
extruder (model BC45, Clextral, Firminy, France). All diets were then produced by mixing
the ingredients with a double-helix mixer (model 500 l, TGC Extrusion, Roullet-Saint-
Estèphe, France), milled in a hammer mill (model SH1, Hosokawa-Alpine, Augsburg,
Germany), extruded through a twin-screw extruder (model BC45, Clextral), and vacuum
coated (model PG-10VCLAB, Dinnissen, The Netherlands) according to common fish feed
production practices. The ingredient and proximate composition of the feeds are listed
in Table 5. Fish in each tank were fed twice a day (08.00–9.00 and 15.00–16.00) using a
programmed automatic feeding system (Arvo-Tec, Huutokoski, Finland). The feeding rate
was initially 1% of biomass and the rate was gradually increased to 1.4% taking the appetite
of the fish into consideration.

Chemical analysis of whole body (dry matter, protein, lipid, ash and energy; 6 fish per
tank were pooled to obtain a sample for analysis) and fatty acid composition of fillet was
performed on freeze-dried samples. Dry matter content was determined by differences; by
oven drying (2.0 g) samples to a constant weight at 104 ◦C for 20 h (ISO 6496-1999). The
oven dried samples were combusted in a muffle furnace to a constant weight at 540 ◦C
for 16 h to determine the ash content (ISO 5984-2002). Crude protein in 0.5 g of samples
were determined by Kjeldahl titration method (N × 6.25, KjeltecTM 2300, Foss Tecator
AB, Höganäs, Sweden; ISO 5983-1987). Crude fat in 2.0 g of samples were determined
gravimetrically using the diethyl ester extraction method, according to the Norwegian
Standard Association [92]. Energy was analyzed by bomb calorimeter (IKA C200, Staufen,
Germany: ISO 9831: 1998). Carbohydrates were calculated as follows: 100 − (water +
protein + lipid + ash).

Total lipid extractions of freeze-dried whole bodies or fillets (100 mg/sample) were
carried out according to the chloroform/methanol (2:1, v/v) gravimetric determination
described by Bligh and Dyer [93]. Briefly, freeze-dried samples were homogenized by
mixing 1.8 mL of distilled water, 2 mL of methanol and 1 mL of chloroform followed by
adding 1 mL of chloroform and 1 ml of distilled water. Samples were then centrifuged
(4000 rpm) to separate the phases. The lower chloroform phase containing lipids was
transferred into a glass tube and dried under a gentle nitrogen flow to prevent fatty acid
oxidation. Fatty acid methyl esters (FAMEs) of samples were obtained by transesterification
and methylation according to the method described previously [94]. FAMEs analyses were
performed in duplicate in a gas chromatograph (SCION 436-GC, Scion Instruments, Goes,
The Netherlands) fitted with a flame ionization detector at 250 ◦C. The separation was
achieved using a wax embedded column of 25 m length, 0.25 mm internal diameter and
0.2 µm film thickness (Agilent Technologies, Middelburg, The Netherlands). Individual
FAME was identified and quantified by comparison to known standard mixtures of com-
mon fatty acids (FAME MIX 2/GLC-473, Nu-Chek Prep, Elysian, MN, USA) and results
were expressed as relative area percentage of the total fatty acid using a software Compass
CDS, Bruker Co-operation.

Oxidation stability of the experimental diets were analyzed by dynamic headspace
gas chromatography–mass spectrometry (GC-MS) of volatile oxidation products. Samples
(2 g) were weighed into Erlenmeyer flask and methanol spiked with ethyl heptanoate
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(internal standard). The samples were then placed in a water bath at 70 ◦C and purged
for 20 min with a stream of nitrogen, (100 mL/min). Volatile compounds were trapped
on an adsorber (Tenax GR), desorbed at 280 ◦C for 5 min in a Markes Thermal Desorber
and transferred to an Agilent 6890 GC with an Agilent 5973 Mass Selective Detector (EI,
70 eV). The volatiles were separated in a DB-WAXetr column (30 m, 0.25 mm i.d., 0.5 µm
film) with a temperature program starting at 30 ◦C, held for 10 min, increasing 1◦/min
to 40 ◦C, 3◦/min to 70 ◦C, and 6.5◦/min to 230 ◦C, with a hold time of 5 min. The peaks
were integrated and compounds tentatively identified with HP Chemstation software, and
NIST11 Mass Spectral Library. System performance was checked with blanks and standard
samples before and after analysis. The feed samples were analyzed in duplicate.

The specific growth rate (SGR) of the fish, expressed in %/day, was calculated as follows

SGR =
ln
(

w f

)
− ln(wi)

t
× 100

where wf and wi are the mean final and initial weight of the fish, respectively, measured in
grams, and t is time measured in days.

Three fish per tank for liver gene expression analysis, and five fish per tank for
intestinal gene expression analysis were collected at the end of the feeding trial. These fish
were randomly selected for sampling from each tank, anaesthetized with tricaine mesylate
(MS-222, Argent Chemical Laboratories, Redmond, WA, USA), and killed with a sharp
blow to the head.

For histology, 3 fish/tank or 12 fish per diet group were processed and employed
for the study. A small part of the liver, pyloric caeca, mid intestine and distal intestine
were dissected out and placed in neutral buffered formalin (NBF, 4%). The samples were
processed using standard histology procedures and embedded in paraffin. The paraffin
blocks were sectioned using a microtome (Microm HM3555, MICROM International GmbH,
Walldorf, Germany), stained using a staining machine (Microm HMS 760×, MICROM
International GmbH) with Alcian Blue-Periodic Acid Schiff’s reagent (AB-PAS, pH 1). The
stained slides were mounted with Pertex® mounting medium and later viewed with light
microscope Olympus BX61/Camera Color View IIIu (Olympus Europa GmbH, Hamburg,
Germany). The captured images were analyzed using the software Cell P (Soft Imaging
System GmbH, Munster, Germany). ImageJ 1.53e was employed to quantify the features
of interest. In all cases, we employed images from four fish per group. Measurements
such as villi width (at the villi base), combined height of stratum granulosum and stratum
compactum (measured by drawing a straight line parallel to lamina propria) were taken
after setting the scale. Goblet cell counts and their area in each villus were recorded
using freehand selection tool. The selection was first converted to an 8-bit image, after
clearing and subtracting the background. Next, after converting to binary, particles were
analyzed; thus, we obtained the cell counts and area. A semi-quantitative approach was
also employed to score the vacuoles in both distal intestine enterocytes and liver tissue; 5
indicated high vacuolization and 1 was assigned for images with no or hardly any vacuoles.

For gene expression analysis, a small piece of the liver and distal intestine was dis-
sected out and gently rinsed with PBS. The samples were immediately placed in cryotubes
and frozen in liquid nitrogen, and later stored at -80 ◦C.

The relative mRNA levels of mucin genes (muc2, muc5ac1, muc5ac2 and muc5b) in
the distal intestine, and antioxidant genes (catalase—cat; glutathione peroxidase—gpx;
nuclear factor erythroid 2—related factor 2—nrf2; superoxide dismutase 1—sod1) plus
complement receptor 3—cr3 in the distal intestine and liver were examined in this study.
Detailed information for all target and reference genes are presented in Table 6. Primers
were purchased from Eurofins Genomics (Luxembourg, Luxembourg).
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Table 6. Primer sequences, amplicon size, PCR efficiency and accession numbers for the target genes and reference genes
involved in this study.

Gene Name Primer Sequence Amplicon Size
(bp) PCR Efficiency (%) Accession #

(UniProt/GenBank)

Target genes

muc2(.1/2)
GAGTGGGCTCTCAGATCCAG-F

99 96.8 XM_014184683.1/XM_014170386.1GATGATGCGGACGGTAGTTT-R

muc5ac1
GACCTGCTCTGTGGAAGGAG-F

120 96.7 XM_014127075.1AGCACGGTGAATTCAGTTCC-R

muc5ac2 (/4)
TTTTCTCAGTTGCCGCTTTT-F

92 98.9-99.8 XM_014182329.1AGTCGGAGCCCATAAGAGGT-R

muc5b
ATTAAGAGCGATGTCTTCACAGC-F

85 97.4-102.4 XM_014175874.1/XM_014126057.1AAGCACATGAGTCTCTCACACAA-R

cat
CCGACCGTCCGTAAATGCTA-F

140 96.1 BT045615.1GCTTTTCAGATAGGCTCTTCATGTAA-R

gpx GCAATCAGTTCGGACATCAGG-F
131 91.1 XM_014133872GTCCTTCCCATTCACATCCAC-R

nrf2 TCAACAGGACATCGACCTAAT-F
83 81.9 BT059007.1GGCAGTAGTCAAACACCTCT-R

sod1
CCACGTCCATGCCTTTGG-F

141 94.1 AY736282.1TCAGCTGCTGCAGTCACGTT-R

cr3 (itgb2) ATGACATGGACTACCCATCTGTT-F
151 110.5 BT058776.1TCTGACAATACTCCCACCTCA-R

Reference genes

ef1ab TGCCCCTCCAGGATGTCTAC-F
59 100.8 BG933853CACGGCCCACAGGTACTG-R

rpl13 CGCTCCAAGCTCATCCTCTTCCC-F
79 94.0 BT048949.1CCATCTTGAGTTCCTCCTCAGTGC-R

rps29 GGGTCATCAGCAGCTCTATTGG-F
167 91.1 BT043522.1AGTCCAGCTTAACAAAGCCGATG-R

ubi
AGCTGGCCCAGAAGTACAACTGTG-F

162 91.1 AB036060.1CCACAAAAAGCACCAAGCCAAC-R

hprt1 CCGCCTCAAGAGCTACTGTAAT-F
255 82.5 BT043501GTCTGGAACCTCAAACCCTATG-R

RNA was extracted from the samples using E-Z 96 Total RNA Kit (Omega Bio-Tek,
Norcross, USA). Roughly 100 mg of the tissue sample was cut from the frozen sample and
homogenized using Zirconium oxide beads (1.4 mm; Percellys, Tarnos, France) and TRK
lysis buffer in a pre-cooled capped freestanding tube (VWR International, Oslo, Norway)
at 6000 rpm. The resulting mixture was centrifuged (18,000× g, 20 ◦C) to obtain clear
supernatant. Briefly, 300 µL supernatant was added to 300 µL 70% ethanol and mixed,
before this mixture was added to the E-Z 96 RNA plate, which contained HiBind® matrix
in each well. Centrifugation (3000 rpm, 15 min) was used to draw the sample through the
well, followed by several steps of buffer washes according to the kit instructions. Finally,
the RNA was obtained by adding 65–75 µL of RNase-free water (5 Prime GmbH, Hilden,
Germany) to each well and a final centrifugation.

The purity and quality of RNA was checked in NanodropTM 1000 (ThermoFisher Sci-
entific, Waltham MA, USA). Extracted RNA was quantified by Qubit™ RNA broad-range
assay kit (Life Technologies, Carlsbad, USA) on a Qubit 3.0 Fluorometer (Life Technologies)
and diluted with RNase-free water if necessary. cDNA synthesis was performed with
QuantiTect™ Reverse Transcription Kit (Quiagen GmbH, Hilden, Germany) with 1000 ng
of RNA and a reaction volume of 20 µL per sample, according to the manufacturer’s
instructions. The cDNA samples were diluted with nuclease free water by a factor of 10
before continuing with qPCR.

qPCR was performed on a LightCycler® 96 (Roche Life Science) using Fast SYBR®

Green Real-Time PCR Master Mix (Applied Biosystems, Carlsbad, CA, USA). Each reaction
contained 5 µL of Fast SYBR® Green PCR Master Mix, 1 µL primer mix (200 nM), and
4 µL cDNA (0.5 ng/µL). Reactions (n = 20 and n = 12 per diet for distal intestine and liver,
respectively) were performed in duplicate. Thermal cycling conditions were initial holding at
95 ◦C for 20 s, 40 cycles of denaturation at 95 ◦C (3 s), and annealing/extension at 60 ◦C (30 s).
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A standard curve with known concentrations was prepared for each primer in order
to calculate the gene expression. This was performed by pooling RNA from every sample,
reverse transcribing the pooled RNA as described above, and using the resulting cDNA to
create a 6-point threefold dilution series that was used for qPCR. The equation

E =
(

10−
1
m − 1

)
× 100 (1)

was used to calculate the efficiency of the primers (E) based on the slope (m) of the standard
curve. The normalization factor was computed for each sample based on the relative
quantities of the two most stable genes from among the set of four reference genes using
geNorm [95]. The reference genes chosen were elongation factor 1AB (ef1ab), ribosomal protein
L13 (rpl13), ribosomal protein S29 (rps29) and ubiquitin (ubi). The expression levels of all the
target genes were then calculated relative to the normalization factor.

Statistical analysis was carried out using SigmaPlot. The data were tested for normal-
ity (Shapiro–Wilk normality test) and equality of variance (Levene’s test). For parametric
data, one-way analysis of variance (ANOVA) was performed, followed by Tukey’s multiple
comparison test to identify the significant differences among the means of the dietary
groups. For non-parametric data, Kruskal–Wallis test, followed by Dunn’s multiple com-
parison test, was performed to decipher the significant differences between the groups.
The data from the algae-fed groups were subjected to 2-way ANOVA to understand the
effect of the extrusion process. A significance level of p < 0.05 was chosen to indicate the
differences.

5. Conclusions

Atlantic salmon fed Nannochloropsis oceanica and Tetraselmis sp. did not exhibit any
signs of intestine inflammation other than enterocyte vacuolization. A significant effect of
processing was noted on the fillets’ fatty acids, liver histology and expression of genes in
the liver. The correlation between vacuolization in the mid and distal intestine, and the
changes in the fillets’ fatty acids and hepatocytes vacuolization, should be studied further.
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measured from the mid and distal intestine and liver of Atlantic salmon. Supplementary Table S4.
Results of 2-way ANOVA of gene data from the liver of the algae-fed fish. Supplementary Table S5.
Results of 2-way ANOVA of gene data from the distal intestine of the algae-fed fish. Figure S1:
Comparison of the photomicrographs of the pyloric caeca from Atlantic salmon fed control feed
(CO) or algae-containing diets (NU, NE, TU, TE). Scale bar: 200 µm, Figure S2: Comparison of the
photomicrographs of the mid intestine from Atlantic salmon fed control feed (CO) or algae-containing
diets (NU, NE, TU, TE). Black arrow: Lamina propria. Asterisk: Stratum granulosum. Scale bar:
100 µm. Figure S3: Comparison of the photomicrographs of the distal intestine from Atlantic salmon
fed control feed (CO) or algae-containing diets (NU, NE, TU, TE). Black arrow: Lamina propria.
Asterisk: Stratum granulosum. Red arrow: Supranuclear vacuolization. Scale bar: 100 µm. Figure S4:
Comparison of the photomicrographs of the liver from Atlantic salmon fed control feed (CO) or
algae-containing diets (NU, NE, TU, TE). A. Original images. B. Green channel of the original images.
Red arrow: Small vacuoles. Black arrow: Large vacuoles. Scale bar: 50 µm., Figure S5: Comparison
of the histological parameters that were assessed in the mid intestine of Atlantic salmon fed control
feed (CO) or algae-containing diets (NU, NE, TU, TE), Figure S6: Comparison of the histological
parameters that were assessed in the distal intestine of Atlantic salmon fed control feed (CO) or
algae-containing diets (NU, NE, TU, TE), Figure S7: Comparison of vacuolization in the liver of
Atlantic salmon fed control feed (CO) or algae-containing diets (NU, NE, TU, TE).
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