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Nutrient digestibility, growth, and mucosal barrier status of fish skin, gills, and distal intestine were studied in Atlantic salmon fed feeds based on marine or plant-derived ingredients. The barrier status was assessed by considering the expression of four mucin genes, five genes that encode antimicrobial proteins, distal intestine micromorphology, and design-based stereology of the midgut epithelium. In addition, the head kidney leukocytes were examined using flow cytometry; to understand the differences in their counts and function. Five experimental feeds containing the main components i) fishmeal and fish oil (BG1), ii) soybean meal (BG2; to induce enteritis), iii) fishmeal as the main protein source and rapeseed oil as the main lipid source (BG3), iv) a mix of plant protein concentrates as the protein sources and fish oil as the lipid source (BG4), and v) plant and marine ingredients in the ratio 70:30 (BG5) were produced for the study. Atlantic salmon with initial weight 72.7 ± 1.2 g was offered the experimental feeds for 65 days. The results revealed that the weights of all fish groups doubled, except for fish fed BG2. Fish fed the BG2 diet had lower blood cholesterol concentration, developed enteritis, had lower expression of muc2 in the distal intestine, and had a compromised barrier status in the intestine. Expression of both the mucin genes and genes that encode antimicrobial peptides were tissue-specific and some were significantly affected by diet. The fish fed BG1 and BG3 had more head kidney lymphocyte-like cells compared to BG5-fed fish, and the phagocytic activity of macrophage-like cells from the head kidney was the highest in fish fed BG1. The intestinal micromorphology and the mucosal mapping suggest two different ways by which plant-based diets can alter the gut barrier status; by either reducing the mucous cell sizes, volumetric densities and barrier status (as noted for BG2) or increasing volumetric density of mucous cells (as observed for BG4 and BG5). The results of the compromised intestinal barrier in fish fed plant ingredients should be further confirmed through transcriptomic and immunohistochemical studies to refine ingredient composition for sustainable and acceptable healthy diets.
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Introduction

Mucosal surfaces of fishes, the skin, gills, and gastrointestinal tract, are important barriers that protect the host from pathogens and infections. The barriers include a mucosal epithelium which is covered by mucus and a wide range of components such as antimicrobial peptides that inhibit the entry of pathogens (1, 2). Mucus contains O-glycosylated proteins called mucins, and the expression of mucin genes in fish is altered by parasite infection (3) and fish density- and handling-related stress (4). The mucin glycosylation itself plays a key role in disease resistance in fish (5) and is affected both by the origin and size of Atlantic salmon (6). Antimicrobial peptides (AMPs) are also important components of the innate immune system in fish (2). The AMPs are classified into different families which show broad-spectrum antimicrobial activity to overcome the different resistance mechanisms activated by microbial organisms (2, 7, 8). The innate immune system plays a key role in keeping fish healthy in intensive aquaculture systems, especially the components at the semipermeable mucosal epithelia in the gut (9–11). Dietary interventions are known to strengthen the intestinal barrier in mice and humans, thereby allowing the organ to carry out its intended functions (12). However, little information is available as to how the intensive production systems and use of modern diets affect the gut barrier function of fishes.

Modern diets are formulated on the presumption that fish do not have a need for specific ingredients, but combinations of different ingredients can help meet the nutrient requirements of the farmed species. Fishmeal (FM) and fish oil (FO) are still considered to be the gold standard feed ingredients. However, their use in commercial fish feeds is reduced to a minimum because of static supply, increasing demand resulting in increasing prices and debates about sustainability when fish is used to feed fish. Commercial feeds used in Norwegian salmon farming are based on plant-derived products, which constitute 71% of the feed ingredients, while the marine feed ingredients is reduced to approximately ~25% (13). Soy protein concentrate has become the key protein source and rapeseed oil the primary oil source in present-day salmon feeds (13, 14). However, these ingredients have certain drawbacks. Feeding rapeseed oil is known to affect the n-3/n-6 ratio in the fillets of farmed salmon. Use of plant products with unfavourable n-6/n-3 ratio or diets without eicosapentaenoic acid (EPA) may bring about histomorphological changes in the intestine and can reduce fish growth (15, 16). Many studies have shown that the intestinal structure, microbiota and ion and water transport of Atlantic salmon are affected by the feed ingredients (17–19). However, further research is needed to understand the effect of feed ingredients on the immune defense of the fish, especially at the intestinal level.

Most studies have employed fishmeal-based diets to evaluate the impact of plant ingredients on salmon; the researchers have replaced either fishmeal with plant protein or fish oil with plant oil. Few studies have investigated the effect of different combinations of protein and oil derived from marine and plant origin on the growth and health of the fish. The aim of this study was to investigate the combined effect of replacing marine proteins and lipids with a mixture of plant-derived protein concentrates and oil on growth, nutrient digestibility, mucosal barrier status and systemic immune responses. The barrier status was assessed based on the expression of mucin genes in the skin, gills, and distal intestine, the expression of genes that encode antimicrobial proteins in the skin and distal intestine, histological changes in the distal intestine and information from design-based stereology of the midgut epithelium. Stereology was used to evaluate the mucosal barrier function because this type of mucosal mapping is more sensitive and independent of section orientation (11, 20). Furthermore, to understand the systemic effect, head kidney leukocytes were examined using flow cytometry.



Material and Methods


Experimental Design and Feeds

The study used five experimental diets: a control diet (BG1) based on fishmeal and fish oil; a diet containing 20% soybean meal and 30% fishmeal and fish oil (BG2); a diet with fishmeal and rapeseed oil (BG3); a diet based on a mix of plant protein concentrates as the main protein source (soy protein concentrate, pea protein concentrate and corn gluten meal) and fish oil (BG4); and one diet resembling a commercial diet with the same protein ingredients as in BG4 and a mix of rapeseed oil and fish oil (BG5; Table 1). All diets were supplemented with crystalline amino acids (lysine, histidine, methionine and threonine) and inorganic phosphate (Table 1 and Supplementary Table 1). Diets also contained 0.01% yttrium oxide as an inert marker for digestibility measurements.


Table 1 | Ingredient composition (%) of the experimental feeds.



The five feed mixes were prepared and homogenized (30 min) using a horizontal ribbon mixer. The feed mixes were conditioned with steam and water in an atmospheric double differential preconditioner (DDC) prior to extrusion in a TX-52 co-rotating, fully intermeshing twin-screw extruder (Wenger Manufacturing Inc., Sabetha, KS, USA). The temperature of the feed mash entering the extruder was 86–88°C. Temperature at the extruder outlet were 120°C for BG1 and BG3, 128°C for BG2 and 137°C for BG4 and BG5. Three of the diets, BG2, BG4, and BG5 had lower wheat content in the recipe, and hence more moisture was added as heat into the DDC to ensure expansion. The extruder outlet had 24 circular 2.5 mm die holes. The wet extrudates were cut at the die surface with a rotating knife. To ensure the pellet quality, pellet samples were visually inspected after achievement of steady state conditions in the preconditioner and extruder. The extrudate was dried in a hot air dual layer carousel dryer (Paul Klockner, Nistertal, Germany) at a constant air temperature (77°C) to obtain final products of approximately 7–8% moisture. Then each of the diets were coated with oil in an experimental vacuum coater (Pegasus PG-10VC LAB, Dinnissen B.V., Netherlands). Immediately after coating, diets were packed in sealed plastic buckets and shipped to the research site.



Fish and Feeding

Atlantic salmon (Salmo salar) post-smolts were obtained from Cermaq, Hopen, Bodø, Norway (Aquagen strain, Aquagen AS, Trondheim, Norway) and maintained at the Research Station, Nord University, Bodø, Norway. At the start of the experiment, a total of 1100 fish (initial weight 72.7 ± 1.4 g) (mean ± SD) were randomly allocated to 20 experimental units (n = 4 tanks per treatment group).

The feeding experiment was carried out in a flow-through system. In total, 20 circular fiberglass tanks (1100 L) were used for the study. Each tank was supplied with water pumped from a depth of 250 m from Saltenfjorden. During the experiment, water flow rate was maintained at 1000 L per hour, and the average temperature and salinity of the rearing water were 7.6°C and 35‰, respectively. Oxygen saturation was always above 85% measured at the water outlet. A 24-h photoperiod was maintained throughout the experimental period. The fish were fed ad libitum using automatic feeders (Arvo Tech, Finland) for 12 h per day from 08:00–20:00 (divided into eight feedings: 08:00–10:00, 10:00–12:00, 12:00–14:00, 14:00–16:00, 16:00–18:00, 18:00–19:00, and 19:00–20:00) during the 65-day feeding trial.



Fish Sampling and Data Collection

At the beginning and end of the experiment, all fish (1100) were individually weighed, and their total lengths recorded. Before handling, fish were anesthetized using tricainemethanesulfonate (MS 222, 140 mg/L). Feces for digestibility determination was obtained by stripping individual fish. Feces from all individuals from a tank were pooled into one sample to obtain a value from a particular tank. The fecal samples that were immediately transferred to -20°C were used for further analyses.

For the histology and design-based stereology studies, distal intestine and mid intestine samples, respectively were collected as described in our previous publications (20–24). In addition, skin, gill and distal intestine samples were obtained for the gene expression analysis, and our standard protocols (21–23) were used in the present study also. For the cell study, the head kidney (HK) was collected at the end of experiment. These tissues were immediately transferred to 15 ml tubes to make a total volume of 4 ml in ice-cold Leibovitz’s L-15 Medium (L-15; Sigma-Aldrich, Oslo, Norway), supplemented with 100 µg/ml gentamicin sulphate (Sigma), 2 mM L-glutamine (Sigma), and 15mM HEPES (Sigma).



Biochemical and Cholesterol Analyses

Frozen fecal samples were freeze dried (VirTis benchtop, U.S.A.) for 72 h at -76°C and at a pressure of 20 bar. The moisture, protein, lipid, ash, energy and yttrium contents of the feed and freeze-dried feces were determined as described in Sørensen et al. (22). Blood was drawn from the caudal vein of 12 fish/feed, into lithium heparin vacutainers and immediately spun at 703.2 x g for 10 min at 4°C. Cholesterol level in the plasma was measured by application of 115 µl plasma to a T4/Cholesterol rotor cassette (Profile #500-0037, Abaxis, CA, US), and analyzed by a VETSCAN Chemistry Analyzer (VETSCAN VS2, Abaxis, CA, US). Cholesterol was only analyzed in fish from BG1-BG4 due to lack of cassettes to analyze fish from BG5.



Mucosal Mapping

Samples for mucosal mapping with design-based stereology were collected at the end of the feeding experiment (day 65). Approximately 2 cm of the anterior part of the mid intestine from four fish (three tanks per diet group) were collected for this study—in total 12 samples per diet group. Luminal contents were first rinsed out with 10% neutral buffered formalin, and then the tissues were fixed in 10% formalin for 48 h. The fixed samples were dehydrated in an alcohol gradient, equilibrated in xylene and embedded in paraffin blocks. Approximately, 5 μm thick longitudinal sections were cut using a microtome and mounted onto a glass slide. The sections were stained with Alcian Blue pH 2.5—Periodic Acid Schiff’s reagent (25) and mounted with Pertex medium.

All slides were scanned in batches using a Hamamatsu NanoZoomer S60 with a source lens; at 40x magnification and saved as high-resolution digital images in NDPI-format. The digital files were examined using NDP.view 2.6.8 (Free edition, Hamamatsu Photonics K.K. 2016). Mucosal mapping of the digitized slides was performed using the MucoMaster2 (Quantidoc AS, 2019) software according to Pittman et al. (26, 27). Blinded stereological analysis was done, maintaining the anonymity of the diet groups until the completion of the analysis. Regions of interest were manually drawn over the mucosal folds and lamina propria of each fish midgut. An unbiased selection of about 100 mucosal cells was performed to carry out the measurements for each slide as described in Pittman et al. (26) Epithelial area and mucous cell area were measured using stereological probes, followed by counting of mucous cells. Mean area of the mucous cells and percentage of epithelial with mucous cells were exported to Microsoft Excel for Office 20 365 MSO version 1908 (Microsoft Corporation, 2019). The barrier status as described in Dang et al. (20) was calculated using the mean mucous area, mucous number and epithelial area.



Distal Intestinal Micromorphology

Sections of the distal intestine were prepared as described under Mucosal Mapping. Slides were examined using microscope Olympus BX51 at 100x total magnification and photomicrographs were captured employing Camera SC180 (Olympus Europa GmbH, Hamburg, Germany) and processed using the imaging software CellEntry (Soft Imaging System GmbH, Munster, Germany).



Gene Expression Analysis

Tissues for gene expression analysis were sampled from the second gill arch (left side of the fish), skin (below dorsal fin), and distal intestine of 16 fish per diet group (four fish per tank). These tissues were immediately placed in tubes filled with RNA later® (Ambion Inc., Austin, Texas, United States), and stored at -20°C until further analysis.

The relative mRNA levels of mucin genes (muc2, muc5ac1, muc5ac2, and muc5b) in the distal intestine, skin and gills and antimicrobial protein genes (defensin 1 - def1; defensin 2 - def2, defensin 3 - def3, defensin 4 - def4;cathelicidin 1 - cathl1) in the distal intestine and skin were examined in this study. The primer sequences for all target and reference genes are presented in Supplementary Table 2. Primers were purchased from Eurofins Genomics (Luxembourg, Luxembourg).

RNA was extracted from the samples using E-Z 96 Total RNA Kit (Omega Bio-Tek, USA). Roughly 100 mg of the tissue sample was removed from RNA later® and homogenized using Zirconium oxide beads (1.4 mm; Percellys, Tarnos, France) and TRK lysis buffer in a capped free standing tube (VWR International, Oslo, Norway) at 6000 rpm. The resulting mixture was centrifuged (18,000 × g, 20°C) to obtain a clear supernatant. Briefly, 300 µl supernatant was added to 300 µl of 70% ethanol and mixed, before this mixture was added to the E-Z 96 RNA plate which contains an RNA 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 purified RNA was obtained by adding 65–75 μl of RNase-free water (5 Prime GmbH, Hilden, Germany) to each well and a final centrifugation.

Extracted RNA was quantified by Qubit™ RNA broad-range assay kit (Life Technologies, Carlsbad, USA) on a Qubit 3.0 Fluorometer (Life Technologies, Carlsbad, USA) and diluted with RNase-free water if necessary. cDNA synthesis was done with QuantiTect™ Reverse Transcription Kit (Quiagen GmbH, Hilden, Germany) employing 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.

The qPCR was performed on a LightCycler® 96 (Roche Life Science) using Fast SYBR® Green Real-Time PCR Master Mix (Applied Biosystems, Carlsbad, 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 = 16 per diet) 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).

A standard curve with known concentrations was prepared for each primer in order to calculate the gene expression. This was done 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. The equation E = (10^(−1/m)− 1)*100 was used to calculate the efficiency of the primers; E, efficiency and m, slope of the standard curve (Supplementary Table 2). Using geNorm (28) a 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, namely elongation factor 1AB (ef1ab), ribosomal protein L13 (rpl13), ribosomal protein S29 (rps29), and ubiquitin (ubi). The expression levels of all the target genes were calculated relative to the normalization factor.



Head Kidney Leucocytes

Head kidney (HK) cells (six fish/group) were harvested employing the protocols described for Atlantic salmon HK cells (29). The leucocyte fraction was employed for analysis of the lymphocyte counts. The monocyte/macrophage fraction was allowed to adhere on a petri dish for 3 days at 12°C. The adherent cells were detached by washing three times with 1.5 ml ice-cold phosphate-buffered saline (PBS) supplemented with 5mM EDTA (Sigma), and centrifuged at 500 × g for 5 min at 4°C. The cells were counted using a portable cell counter (Scepter™ 2.0 cell counter, EMD Millipore, Darmstadt, Germany). The flow cytometric analyses were performed as described by Park et al. (29), employing ImageStream®X Mk II Imaging Flow Cytometer (Luminex Corporation, Austin, TX, USA). Cell analyses were performed on 20,000 cells; lymphocyte-like cell population was determined based on the positivity of cells to salmon IgM while other cell populations (monocyte/macrophages) were identified based on morphological characteristics (29). Phagocytosis was studied using fluorescent bio-particles designed for flow cytometry, as detailed in our previous publication (29). Phagocytic ability and phagocytic capacity are presented to indicate phagocytosis; the former parameter is the percent of phagocytic cells, and the latter one is calculated as the mean number of particles per phagocytic cell.



Calculations and Statistical Analysis

Fish growth performance was analyzed using the following equations.

	

Where Wf = final body weight of fish (g/fish) and Wi = initial body weight of fish (g/fish)

	


where T is the temperature in °C and d is time in days.

Apparent Digestibility Coefficient (ADC) of nutrients and dry matter were calculated according to following equations:

	

where Markerfeed and Markerfeces represent the marker content (% dry matter) of the feed and feces, respectively, and Nutrientfeed and Nutrientfeces represent the nutrient contents (% dry matter) in the feed and feces, respectively. Tank was used as the experimental unit.

The mucous cell-based barrier status was calculated using the following formula:

	

Statistical analyses were performed using SPSS 22.0 software and R packages for Windows. The data were tested for normality (Shapiro–Wilk normality test) and equality of variance (Levene’s test). For parametric data, one way analysis of variance (ANOVA) was performed after checking for equal variance. Tukey’s multiple comparison test was used to identify the significant differences among the means of the dietary groups. For non-parametric data, Kruskal-Wallis test, followed by Dunn’s multiple comparison test, was performed to decipher the significant differences between the groups. A significance level of p < 0.05 was chosen to indicate the differences.




Results


Apparent Digestibility Coefficients

The dry matter content in feces was significantly higher in BG1- and BG3-fed fish (14%–15%) compared with BG2-, BG4-, and BG5-fed fish (10%–11%). We observed significant differences for the digestibility values of dry matter (DM), protein, lipid, ash and energy of the five feeds (Table 2). The DM digestibility was significantly lower in BG4-fed (59%) fish compared to BG2 (66%) and BG3 (68%), while no differences were noted among fish fed BG1, BG2, BG3, and BG5. Protein digestibility was lowest (significantly) in fish fed the BG1 (81%) compared to the other groups (85%–88%). Lipid digestibility was the highest in fish fed BG3 (96%) and BG5 (95%), and the lowest in fish fed BG2 (87%). Digestibility value of ash in BG2-fed fish was positive (1%), while those of fish fed other diets were negative (9%–33%). Energy digestibility was significantly higher in fish fed the BG3 (84%) compared to the other groups (73%–78%).


Table 2 | Dry matter content in feces and apparent digestibility coefficients (ADC %) of dry matter (DM), lipid, protein, ash, and energy in Atlantic salmon fed the experimental diets.





Growth Performance

The weight gain and growth rate are given in Table 3. The fish grew from an initial average weight of 70 g to a final average body weight of 150 g during the experimental period of 65 days. Significantly lower final body weight (138 g), weight gain (94%), thermal growth coefficient (2.1) was noted in fish fed the BG2 compared to the fish fed BG3 (158 g, 117%, 2.5, respectively). No differences in final body weight, weight gain, specific growth rate and thermal growth coefficient were noted for fish belonging to the different dietary treatments. Five fish died during the experiment, but mortality was not related to feed groups.


Table 3 | Growth performance of Atlantic salmon for the experimental period.





Cholesterol

Cholesterol concentration in blood ranged from 7 to 10 Mmol/L, and certain values were significantly differences (Figure 1). Cholesterol level was the highest in fish fed fishmeal-based diets, BG1 and BG3, and the lowest in those fed BG2. Fish fed the BG4 had lower cholesterol than those fed BG1, but not significantly different from BG3-fed fish.




Figure 1 | Cholesterol level in the blood of Atlantic salmon fed different experimental diets. BG1: Fishmeal + Fish oil diet; BG2: Soybean meal diet; BG3: Fishmeal + Plant oil diet; BG4: Plant ingredients + Fish oil diet. Values are expressed as mean ± SD (n=12 fish per diet group). Different letters above the bars indicate significant differences (p < .05).





Histology of the Distal Intestine

Micromorphology of the distal intestine samples is shown in Figure 2. Inflammatory response in BG2-fed group was evident from the aberrant lamina propria, widened villi, villi fusion and infiltration of inflammatory cells into lamina propria from base of intestinal mucosa. In addition, nuclei of intestinal absorptive cells were displaced and supranuclear vacuoles were also absent in the distal intestine of BG2-fed fish.




Figure 2 | Histomorphology of the distal intestine of Atlantic salmon fed diets BG1-5. BG1: Fishmeal + Fish oil diet; BG2: Soybean meal diet; BG3: Fishmeal + Plant oil diet; BG4: Plant ingredients + Fish oil diet; BG5: Plant ingredients + Plant oil diet.



Fish fed the BG1 and BG3 had distal intestine with normal features. Enterocytes had a columnar shape, with nuclei situated near the lamina propria. Supranuclear vacuoles were present and the tissue had a normal distribution of goblet cells. Lamina propria had a slender and delicate core, and normal intraepithelial leucocyte infiltration was observed in BG1- and BG3-fed fish. Fish fed BG4 and BG5 also had normally positioned cell nuclei, and the typical distribution of goblet cells. However, the supranuclear vacuoles were smaller in size compared to BG1.



Mucosal Mapping

The mean area of intestinal mucous cells for the 60 fish sampled was around 155.3 ± 3,6 μm2, for the five diet groups. The mucous cells’ mean area per diet group was not significantly different (Figure 3A).




Figure 3 | Mucus cell-based analysis to assess the barrier status in the mid intestine of Atlantic salmon. (A) Mean area of mucus cells present in the mid intestinal epithelium of Atlantic salmon. (B) Mean volumetric density of mucous cells present in the mid intestine of Atlantic salmon. (C) Barrier status of the mid intestine of Atlantic salmon. BG1: Fishmeal + Fish oil diet BG1: Fishmeal + Fish oil diet; BG2: Soybean meal diet; BG3: Fishmeal + Plant oil diet; BG4: Plant ingredients + Fish oil diet; BG5: Plant ingredients + Plant oil diet. Values are expressed as mean ± SD (n=12 fish per diet group). Different letters above the bars indicate significant differences among diet groups.



Average intestinal mucous cell density ranged from about 6% to about 11% and density of the mucous cells differed among diet groups (p < 0.05; Figure 3B). Fish fed BG2 and BG3 had mucous cell volumetric densities that was significantly lower than fish fed diets BG4 and BG5 (p < 0.001). Interestingly the marine diet BG1 also had a volumetric density of mucous cells in the epithelium that was significantly lower than BG4 (p < 0.05), and the values indicated a strong tendency towards a lower volumetric density than fish fed BG5 (p = 0.057).

The mucous cell-based barrier status values of the different fish groups also indicated a strong tendency to differ (p = 0.062). Fish fed BG2 had the lowest average barrier status (0.440 ± 0.055) and those fed BG1, BG2 and BG3 had a significantly lower barrier status than fish fed diets BG4 and BG5 (Figure 3C, p < 0.01).



Expression of Mucin Genes and Antimicrobial Protein-Encoding Genes

The relative expression of mucin genes in Atlantic salmon skin, gills, and distal intestine is shown in Figure 4, respectively. Expression of all four mucin genes were analyzed for all three tissues, and the expressional pattern was found to be tissue-specific.




Figure 4 | Relative expression of mucin-related genes in Atlantic salmon. (A) Skin: muc5ac1, muc5ac2, and muc5b. (B) Gills: muc5ac2 and muc5b. (C) Distal intestine: muc2. BG1: Fishmeal + Fish oil diet; BG2: Soybean meal diet; BG3: Fishmeal + Plant oil diet; BG4: Plant ingredients + Fish oil diet; BG5: Plant ingredients + Plant oil diet. Values are expressed as mean ± SD (n=12 fish per diet group). Different letters above the bars indicate significant differences (p < .05). Expression of muc2 was too low to be quantified in the skin. Expression of muc5ac1 and muc2 was too low to be quantified in the gills. Expression of muc5ac1, muc5ac2, and muc5b was too low to be quantified in the distal intestine.



The skin expressed muc5ac1, muc5ac2, and muc5b (Figure 4A). The expression of muc5ac1 was relatively higher than those of the other two genes, and significant differences were observed only for the muc5ac1 gene. The fish fed BG5 diet had the highest relative expression of the muc5ac1 gene; approximately 3-fold higher compared to other groups. On the other hand, fish fed BG4 tended to have higher expression (2-fold) than those fed BG1-BG3 but lower (-1.5-fold) than BG5-fed fish.

The gills expressed the two genes muc5ac2 and muc5b, and these genes showed an overall higher relative expression (Figure 4B). A similar relative expression pattern was noted for both the genes; the highest value (2.1-fold) for fish fed BG2 and lowest in fish fed BG4.

The distal intestine expressed muc2 (Figure 4C). Fish fed BG2 had a significantly reduced (-3.2-fold compared to BG1) expression compared to all the other fish groups. The BG1 group had the highest relative expression (1.3-fold) and was significantly different compared to BG2, BG3 and BG4.

As for the relative expression of AMPs in Atlantic salmon skin (Figure 5A) and distal intestine (Figure 5B), the relative expression of cathl1 and def1 in the skin of Atlantic salmon was relatively high and the expression of cathl1 was significantly higher in fish fed BG2 (2.5-fold compared to BG1 and BG3-4) and BG5 (2-fold, Figure 5A). We did not observe any differences in the expression of def1 in the different fish groups. In the distal intestine, def3 had higher relative expression than cathl1 (Figure 5B). Expression of both genes in the diet groups differed significantly. The expression of cathl1 was significantly higher in fish fed BG3 compared to those fed BG1 and BG4. The def3 had the highest expression (3.7-fold) in fish fed BG1 and lowest for those fed BG2 and BG4.




Figure 5 | Relative expression of antimicrobial protein genes in the skin and distal intestine of Atlantic salmon. (A) Skin cathl1 and def1. (B) Distal intestine cathl1 and def3. BG1: Fishmeal + Fish oil diet; BG2: Soybean meal diet; BG3: Fishmeal + Plant oil diet; BG4: Plant ingredients + Fish oil diet; BG5: Plant ingredients + Plant oil diet. Values are expressed as mean ± SD (n=12 fish per diet group). Different letters indicate significant differences (p < .05). Expression of def2, def3, and def4 was too low to be quantified in the skin. Likewise, the expression of def1, def2, and def4 was too low to be quantified in the distal intestine.





Salmon Head Kidney Lymphocyte-Like Cell Population and Phagocytic Activity of Macrophage-Like Cells

The percentages of lymphocyte-like cells in the head kidney from fish fed BG1 (39%) and BG3 (41%) were significantly higher than that of fish fed BG5 (24%; Figure 6; p < 0.05). However, there was no significant difference between the counts of fish fed BG1 and BG3 (41%; p > 0.05) or those fed BG2 (30%) and BG4 (32%).




Figure 6 | Percentage of head kidney lymphocyte-like cells from Atlantic salmon fed different experimental diets. BG1: Fishmeal + Fish oil diet; BG2: Soybean meal diet; BG3: Fishmeal + Plant oil diet; BG4: Plant ingredients + Fish oil diet; BG5: Plant ingredients + Plant oil diet. (A) Live cells (orange) were separated by excluding the dead cells (yellow); by staining with propidium iodide (PI). (B) Brightfield (BF) area (cell size) vs. side scatter (SSC) intensity (cell internal complexity) plot showing the HK leucocyte population. (C) Percentage of HK lymphocyte-like cells from fish (n=6) fed different experimental diets. Statistically significant differences (p < 0.05) between dietary groups are indicated by different letters. All cell images were captured with 40× objective. Scale bar = 10 µm. BF, brightfield; PI, propidium iodide.



Phagocytic ability (Figure 7A) and capacity (Figures 7B, C) of HK macrophage-like cells from fish fed BG1 were significantly higher than those fed the other diets (p < 0.001). There were no significant differences among the fish fed BG2-5 (p > 0.05).




Figure 7 | Phagocytosis of head kidney macrophage-like cells from Atlantic salmon fed different experimental diets. BG1: Fishmeal + Fish oil diet; BG2: Soybean meal diet; BG3: Fishmeal + Plant oil diet; BG4: Plant ingredients + Fish oil diet; BG5: Plant ingredients + Plant oil diet. (A) Percent of phagocytic cells. (B) mean number of particles ingested per phagocytic cell. (C) Representative cell images indicate cells with no BP, SB, and 1BP, 2BP, and >3BP. Statistically significant differences (p < 0.05) between dietary groups are indicated by different letters. Bar plots show mean ± SD, n = 6. All cell images were captured with 40× objective. Scale bar = 10 µm. SB, surface-binding particles; 1 BP, 2 BP, and > 3 BP, one to three internalized bio-particles; BF, brightfield.






Discussion

The experimental diets were formulated to investigate nutrient digestibility, growth, mucosal barrier status, and activity of leucocytes from head kidney of the fish fed marine- or plant-derived protein and lipid sources. Plant protein concentrates were chosen to evade the negative effect of carbohydrate and antinutritional factors in plant ingredients on fish health, as noted by other researchers (30–33). Furthermore, feeding studies with Atlantic salmon have shown good growth performance with fishmeal incorporation at 3% or even without the finite ingredient; in such cases amino acids in the feed should be well balanced (32) and the feed should contain attractants derived from marine ingredients (31, 32). Hence, we included the essential amino acids in all the feeds. Rapeseed oil was chosen as the plant oil because it is commonly used to replace fish oil in modern aqua diets (14). The soybean meal diet (SBM; BG2) was deliberately designed to study enteritis; based on earlier reports (34–37). Soybean meal-induced inflammation model is often used to study effects of the ingredient on gut health as well as bile acid levels and hypocholesterolaemia (36–38).

This experiment was not designed as a typical growth performance trial with feed intake measurements. Nevertheless, the results showed that except for the fish fed soybean meal (BG2), all diet groups doubled their weights during the 65 days feeding trial; this result indicates that the diets generally performed well. The lower weight gain of fish fed BG2 is not an unexpected finding because previous studies have already reported such a consequence of soybean meal feeding. Fish fed BG3 diet that contains 50% fishmeal and 21% rapeseed oil had the best growth; the good growth is likely to be due to the high protein and lipid digestibility of this diet.

The lowest protein digestibility was observed for the fish fed the fishmeal and fish oil diet (BG1). Protein digestibility of fishmeal-based diet can vary between 82% to almost 90% (39, 40). However, the difference in protein digestibility between BG1 and BG3 was unexpected because both diets contained the same amount and source of fishmeal. Lipid digestibility was lower in the diets containing fish oil (BG1, BG2 and BG4). The result may be explained by the higher content of saturated fatty acids in fish oil compared to rapeseed oil (41). The lowest lipid digestibility was noted for the fish fed the SBM diet, and the finding corroborates with those of earlier studies (36–38). The highest energy digestibility was observed in fish fed fishmeal and plant oil (BG3), reflecting the high protein and lipid digestibility. Reduced DM content in feces from Atlantic salmon fed SBM or SPC is in line with other studies on salmonids (17, 36, 42, 43), and could likely to be an effect of altered expression of genes encoding aquaporins, ion transporters, tight junction and adherence junction proteins (17), leading to a loss of junction barrier integrity.

The morphological changes observed in the distal intestine of the fish fed the SBM diet were consistent with soybean meal-induced enteritis and in line with several other studies that employed 20% SBM in diets for salmonids. For the other diet groups, there were no severe signs of enteritis. Saponin is the antinutritional factor responsible for inducing enteritis in soybean meal fed Atlantic salmon (44), but severity is potentiated by other bioactive components of the plant ingredients (34). Soy protein concentrate is devoid of saponins (45) and incorporation up to 45% into marine based diets do not cause severe gut inflammatory and immune responses in Atlantic salmon (46, 47). Fish fed the fishmeal-based diets (BG1 and BG3) had normal distal intestine features and the only dietary difference between these two groups was the inclusion of rapeseed oil (BG3). The reduction of supranuclear vacuoles noted for fish fed BG4 and BG5 compared to BG1 indicated subtle plant-based diet-induced aberrations as reported in other studies. Loss of absorptive vacuoles was also reported by Katerina et al. (48); they evaluated the effect of replacement of fish oil with the alga Schizochytrium limacinum throughout the entire life cycle of Atlantic salmon by feeding the fish with diets low in marine ingredients. The final grow-out diets in the latter experiment contained either 10% fishmeal and 4.3% fish, or 10% fishmeal and 6.25% alga. Irrespective of the diet, the authors observed abnormal histomorphology in the distal intestine of the fish, characterized by enterocytes lacking vacuoles, abnormally tall folds with extensively developed branches and infiltration of inflammatory cells into the connective tissue. Taken together these two studies suggest that salmon compensate the lack of absorptive vacuoles by hypertrophy of the primary and secondary folds in the distal intestine. Based on the histology results from the present study we state that plant protein concentrates (not rapeseed oil) can also induce mild enteritis similar to the micromorphological changes that were noted in BG4 and BG5 that contained a mix of plant protein concentrates. It should be noted that all the diets in the present study were optimized to contain at least 1.7% EPA and docosahexaenoic acid (DHA) in the diets. The EPA+DHA content was also higher than the levels used by Katerina et al. (48). Other studies have pointed out the importance of fish oil to maintain a healthy barrier status and to maintain a good host disease resistance status. European seabass fed low levels of fish oil was not able to resist the invasive pathogens; an infection with Vibrio anguillarum resulted in increased translocation of the bacteria and increased fish mortality (49).

The lower cholesterol level in the fish fed the SBM diet is in line with other experiments that noticed hypocholesterolaemia as well as changes in the expression of genes involved in cholesterol biosynthetic pathways in fish fed soybean meal and lupin meal (36, 38, 50–52). The reduction in cholesterol level in the plasma of SBM fed fish is associated with saponins in SBM (34, 44, 51, 53). Fish fed the fishmeal and rapeseed oil diet (BG3) also had a numerically lower cholesterol level than BG1 but slightly higher than in fish fed plant protein mix and rapeseed oil (BG4). Sissener et al. (54) found a correlation between cholesterol level in the feed and its concentration in plasma, bile and whole fish. Therefore, the lower cholesterol in fish fed BG3 and BG4 can be partly explained by the lower content of cholesterol in these diets.

The mucosal mapping of the five diet groups revealed a consistent relationship with the growth data; the soybean meal diet group (BG2) had the smallest mean area, lowest volumetric density and an ensuing poor mucous cell-based barrier status compared to the other groups. Mucosal mapping results agree with more traditional analyses of gut health and with the overall growth performance. In contrast, both feeds containing a mix of plant protein concentrates (BG4 and BG5) had the largest mean mucous cell area, highest volumetric density and aberrant barrier status. These results suggest that the plant proteins cause enteritis in two ways; either by reducing (BG2) or increasing (BG4 and BG5) the mucous cell sizes and volumetric densities.

The present study focused on the secreted mucin genes that are expressed on certain mucosal tissues of salmon (4). Earlier studies have mainly investigated the expression of mucin genes in relation to stress (4), or as markers of parasite infestation (3, 55). Mucin genes are diagnostic markers of severe human diseases; e.g. airway disorders, inflammatory diseases, cancers (56–58). Tissue-specific expression of mucin genes−muc2-like genes in the distal intestine and muc5-like genes in the skin and gills−is consistent with previous research on Atlantic salmon (4). Sveen et al. (4) reported high expression of muc5ac1 and muc5b in the skin and muc5ac2 in the gills. In the present experiment only the expression of muc5ac1 in the skin of fish fed the experimental diets differed significantly. Fish fed diets with high levels of plant protein concentrates had the highest expression of muc5ac1, but only the group fed diet with the highest incorporation of plant ingredients (BG5) had significantly higher muc5ac1. In the gills, the relative expression of muc5ac2 was slightly higher than muc5b and the expression of both genes was significantly higher in fish fed soybean meal in the diet (BG2) and lowest in those fed the combination of plant protein ingredients and fish oil (BG4). Higher expression of muc2 in the distal intestine of fish fed the marine ingredient-based diet (BG1) and down regulation in fish fed soybean meal (BG2) clearly indicate that this gene is correlated to intestinal health. The muc2 has an anti-inflammatory and tumor suppressive role, and experiments with muc2 knockout mice have shown abnormal goblet cells followed by development of colitis and colorectal cancer (59, 60). Mucus layer and microbiota structure are interdependent on each other, and the major and minor forms of O-glycosylated entities of Muc2 in mice colon are known to have key roles in host-microbiota symbiosis (61). Diet is an important determinant of gut microbiota, and it is known that these microorganisms enhance the expression of e.g. Muc2 and Fut2 (galactoside 2-alpha-L-fucosyltransferase 2) to strengthen the mucus barrier and mucin glycan structure, thereby preventing the entry of microbes into the intestinal epithelium (62). The lower expression of muc2 in fish fed BG3 compared to BG1 can only be explained by the different oil sources since both contained fishmeal. The difference between BG1 and BG4 could be due to the replacement of fishmeal with plant protein concentrates. The lower expression of muc2 for fish fed the soybean meal diet (BG2) suggests that this gene may be used as a marker for severe intestinal inflammation.

Antimicrobial peptides are defense molecules that have key roles in disease prevention in fishes (63). The expression of both cathelicidins and defensins has been induced in salmonids subjected to bacterial challenge (64, 65). In the present study, cathl1 was expressed in both the skin and distal intestine, but the expression was the highest in the skin of Atlantic salmon. The observation corroborates with that of Chang et al. (65); they also observed differential expression of the two cathelicidin genes in different tissues. After a bacterial challenge the expression of cathl1 increased in some tissues but not in all (65). In the present experiment, the relative expression in the skin and distal intestine was affected by the feeds. As for the defensin genes, the gene def1 was only expressed in the skin and it was unaffected by the feeds. On the other hand, def3 was expressed in the distal intestine and was affected by the feeds. Similar to the muc2 expression in the distal intestine, the expression of def3 was the highest for fish fed BG1 and the lowest for fish fed BG2. Increased production of AMPs can be considered as a strategy of the fish to stimulate its immune system, and could serve as an alternate approach to reduce disease outbreaks in fish farms (2, 8).

In the present study, percentages of lymphocyte-like cells from the major hematopoietic organ (HK) of fish fed more plant ingredients (BG5) was significantly lower compared to those fed fishmeal-based diets (BG1 and BG3). The low content of fishmeal and fish oil in the BG5 diet may have influenced the counts of HK lymphocyte-like cells. In a study on European sea bass (66), the total number of circulating leucocytes in fish fed 100% fish oil diet was significantly higher than in fish fed plant oil diets. A study on mice has reported that a diet rich in fish oil promotes hematopoiesis (67); mice fed fish oil diet had significantly higher hematopoietic stem cells and hematopoietic progenitors in the spleen compared to mice fed low or high-fat diets. Increased phagocytic activity by macrophages is indicative of increased disease resistance competence (68). The significantly increased phagocytic ability and capacity of HK macrophage-like cells observed in the fish fed BG1 compared to those of other diets could be linked to increased dietary n-3 fatty acid, as reported previously (69–72).

Plant protein concentrates was used in the present experiment to reduce the effect of antinutritional factors. However, fish fed the plant protein concentrates (BG4 and BG5) in the present experiment also had altered histology and mucosal barrier status−loss of absorptive vacuoles, increased mucous cell volumetric densities and barrier status− compared to those fed the fishmeal as protein source (BG1 and BG3). There seems to be a close connection between nutritional status, modulations of the immune cell populations and their functions (73). We assume that higher muc2 expression in the distal intestine of fish fed BG1 could contribute to the enhanced intestinal barrier protection as well as increase in immune cell counts and their function in head kidney indicating the importance of fishmeal and fish oil for the health of the fish.

In conclusion, the ADC values were within the normal ranges and the fish grew well on all diets, except the fish fed SBM. Fish fed the plant protein ingredients (BG4 and BG5) had lower DM content in the feces and had mild enteritis. Decreased mucous cell size and low barrier status were hallmarks of fish fed soybean meal, but increased cell size and abnormal barrier status were the features of fish fed plant protein mixes irrespective of lipid source. These results suggest two types of impact on gut health over the long term; either reduce mucosal protection or over-activate it. The four mucin genes in Atlantic salmon skin, gills, and distal intestine were affected by the ingredient composition. The expression of the antimicrobial peptide genes, cathl1 and def3 were also affected by the ingredients in the diets. Furthermore, higher numbers of lymphocyte-like cells, increased phagocytic ability and capacity of macrophage-like cells in head kidney as well as higher muc2 expression in the distal intestine of fish fed the marine based diet (BG1) points to the compromised intestinal barrier in fish fed plant ingredients. These data can be combined with marker gene information to further refine dietary compositions for sustainable and acceptable healthy diets.
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