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Abstract: The salmon industry’s challenges with skin health and sea lice emphasize the necessity for
fish-sensitive measures like functional nutrition to boost skin health and fish welfare. The present
study investigated the efficacy of krill meal (KM) for skin mucosal health and sea lice in Atlantic
salmon (170 g). Following an 8-week feeding period, in duplicate tanks, on test diets (8% KM,
12% KM, and the control group), fish underwent a 2-week sea lice challenge, reaching 350 g. The
8% KM diet group had thicker skin epithelium (72.3 µ) compared to the 12% KM (51.3 µ) and the
control groups (43.8 µ) after 8 weeks. Additionally, skin mucosal health parameters—cell size (208 µ2),
cell density (25.2%), and defense activity (1.19)—were significantly enhanced with 8% KM compared
to the 12% KM (cell size: 162.3 µ2, cell density: 17%, defense activity: 1.04) and the control group
(cell size: 173.5 µ2, cell density: 16.4%, defense activity: 0.93). Furthermore, fish fed with 8% KM
significantly showed the lowest sea lice, along with reduced cell size while maintaining a high
abundance of skin mucous cells, suggesting efficient turnover of the skin mucosal layer to remove
sea lice effectively. This study highlights the potential of KM as part of a functional nutrition strategy
to enhance skin mucosal health and mitigate sea lice challenges.
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1. Introduction

Advancements in the aquaculture industry and improved fish farming have enabled
salmon to thrive in captivity, allowing for increased production to meet global seafood
demand. However, welfare concerns persist, primarily related to diseases, delousing oper-
ations, and the aquatic environment in which they are raised. In 2022, the Directorate of
Fisheries in Norway reported that 58 million farmed salmon either died or were in poor
condition [1]. Though not a perfect indicator, high mortality suggests poor welfare. One of
the key reasons for this high mortality is the use of delousing treatments against salmon lice,
a natural ectoparasite of Atlantic salmon. The impact of salmon lice is a significant concern
for sustainably farmed Atlantic salmon production. Current non-medicinal lice treatment
methods often lead to increased mortality and reduced growth in the post-treatment period,
affecting the external immune barriers of the fish (skin and gills) and farmer profitability, as
well as compromising the welfare and sustainability of the industry [2]. Costly treatments,
leading to substantial economic losses within the salmon farming industry, are designed
to meet the strict regulations, permitting a maximum prevalence of 0.2 adult female lice
per farmed fish during spring [3]. The traditional reliance on medicinal measures for sea
lice control in salmon farming has given way to alternative methods due to rising chemical
resistance [4,5]. Farmers now implement a blend of preventive strategies, including contin-
uous delousing with cleaner fish, as well as non-medicinal and medicinal approaches [6,7].
This shift has led to a significant rise in production costs, particularly in open cage salmon
farming where up to 30% of production costs are attributed to “biological risk”, exclusive of
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sea lice treatments and the cost of feeds and fish [8]. Additionally, the heightened frequency
of treatment carries a welfare cost for the fish, increasing the risk of injury and mortality
with each intervention. The annual expenditure on delousing in Norway has surpassed
6 billion NOK [9]. This overwhelming figure does not even account for the additional losses
incurred due to reduced growth rates and heightened mortality, further emphasizing the
financial burden this issue poses to the aquaculture industry.

Optimal skin health is vital in salmon farming to ensure fish welfare and maximize
productivity. The skin of a salmon acts as its primary defense, but it can be compromised
by different factors like delousing treatments, handling, etc., causing lesions, infections,
reduced welfare, and lower product quality. The increasing sea lice resistance to different
chemical treatments, coupled with the challenges of treating large fish cages with bath
treatments, highlights the pressing need for alternative control measures like functional
nutrition, which are gentler towards fish and require less handling, hence, reducing skin
damage. Various immunostimulants, as a part of functional diets, have demonstrated
effectiveness in reducing sea lice infestations in salmon, specifically, diets enriched with
β-1,3-1,6-glucans or mannan oligosaccharides (MOS) have shown promise in reducing sea
lice burdens on the skin [10,11]. Furthermore, researchers have developed methods to boost
salmon’s immune response to lice. Adding substances like CpG-ODN or yeast extracts to
salmon feed reduced lice infections by around 40% and increased immune responses, but
how they work is not fully understood [12].

The mucosal epidermis of salmon skin acts as first line of defense against any physical
or parasitic challenge. It comprises goblet or mucous cells embedded in undifferentiated
cells and epithelial cells, and surrounding the scales is a dynamic and metabolically ac-
tive tissue that is influenced by external factors and forms part of the innate immune
system [13,14]. Salmon skin mucus serves as a multifunctional protective barrier containing
enzymes, antibacterial agents, and immune-related compounds [15]. This mucosal layer
and its cellular composition are an active living and learning intermediary between the
environment and the fish, with multiple possible responses to various stimuli. The cellular
composition of the skin’s mucosal barrier is dynamic and may also exude substances that
are in excess for somatic or physiological function [16]. The mucosal variables are unbiased
measures of (a) mucous cell size (mean cell size in µ2 or “S”), (b) mucous cell volumetric
density in the epithelium (“D” in %), and (c) the calculated mucosal cell defense activity in
the epithelium using the equation 1/((S/D) × 1000), indicating the abundance of mucous
cells in the epithelium [14,17]. The abundance of a given cell size helps determine how
robust the tissue is physically and how hard it is working to ward off dysregulation or
return to homeostasis. The mucosal variables measured correspond to mucous cell size,
mucous cell density, and defense activity that together form the basis of statistically robust
measures of mucosal homeostasis and cell pathology of the skin and gills of any fish species.

Sea lice infections have been shown to reduce the size of epidermal mucous cells [18,19].
A functional diet can influence epidermal thickness and mucous cell density, thereby en-
hancing the robustness of the skin barrier to cope with sea lice infestation (QD unpublished
data) [19]. Feeding trials offer a promising avenue for enhancing sea lice control by modi-
fying the properties or content of mucosal epithelia using putatively functional diets [20].
A recent study demonstrated the benefits of high levels of eicosapentaenoic acid (EPA)
and docosahexaenoic acid (DHA) from low-trophic organisms (diatoms) for reducing the
number of sea lice [21]. The effects were suggested to be due to the oxylipins, the lipids
produced enzymatically from membrane-bound PUFAs, especially LC-PUFAs (EPA and
DHA). Antarctic krill is the largest single-species, low-trophic biomass that primarily feeds
on diatoms in the Antarctic Ocean [22,23]. Krill meal (KM) is derived from whole Antarctic
krill and offers a package of high-quality nutrients such as a well-balanced amino acids
profile, phospholipids, omega-3 polyunsaturated fatty acids (n-3 PUFAs) including EPA
and DHA, valuable micronutrients like astaxanthin, vitamins, minerals, choline, and nu-
cleotides, trimethylamine N-oxide (TMAO), chitin, etc. ([24], Supplementary Table S1).
Numerous studies have highlighted the positive impact of KM on the growth, organ health
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(liver, intestine, and heart), and fillet quality of Atlantic salmon [24–27]. However, so far
nothing has been published on the effect of KM on sea lice infestation and its effect on the
mucosal barriers in salmon. In the present study, our goal was to investigate the potential
benefits of incorporating KM for reducing sea lice infestation in Atlantic salmon smolts.
Additionally, we aimed to assess the impact of KM on the skin mucosal tissue to determine
its role in enhancing mucosal health.

2. Materials and Methods
2.1. Fish

Atlantic salmon hatched and reared at ILAB in Bergen were used in this study. The
eggs were brought in as eyed eggs from Stofnfiskur, Iceland, in 2021. The fish were specific-
pathogen-free, as they had been examined for several pathogens prior to the experiment
(infectious pancreatic necrosis virus IPNV; infectious salmon anemia virus ISAV; salmon
pancreas disease virus SPDV; salmonid alphavirus SAV; piscine myocarditis virus PMCV;
piscine reovirus PRV; and salmon gill poxvirus SGPV). At the start of this study, the average
weight of the salmon was 106.6 g. The salmon had smoltified when the experiment started
and were held in seawater.

2.2. Ethical Statement

The animal experiment was approved by the Norwegian Food Safety Authorities in
2022, under the identification code 29909.

2.3. Experimental Set-Up

The experiment was conducted in six 500 L tanks in a flow-through system (water
flow of 1000–1300 L/h per tank throughout the experiment). The water temperature
was set to 12 ◦C. Oxygen saturation was set to >77% and the salinity levels was set to
34‰ throughout the period. The light regime was 12 h light/12 h dark throughout this
study. Each tank contained 50 Atlantic salmon smolts. Rearing conditions such as water
temperature, oxygen, salinity, and water flow were registered daily. Fish were fed from
automatic feeders prior to the start of the experiment. The average weight of the fish was
106.6 g at the start of the experiment. Prior to the experiment, the fish had been reared
in fresh water under continuous light at slowly decreasing temperatures (12 ◦C to 8 ◦C
over 4 weeks), followed by the gradual introduction of saltwater over the next 4 weeks.
The fish were acclimated over 14 days in 12 ◦C seawater in their respective tanks and fed
3 mm Nutra Olympic pellets from Skretting until reaching 170 g before introducing the
experimental diets. Fish were given three test diets, in duplicate tanks, using automatic
feeders and 4 mm pellets (Figure 1). The experiment lasted 86 days.
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are mentioned in the figure. 
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(8 and 12%, KM was supplied by Aker BioMarine Antarctic AS, Oslo, Norway), with the 
aim to partially replace both fish meal (FM) and fish oil (FO). The feeds were produced by 
Nofima AS (Bergen, Norway). All dry ingredients were ground to less than 1 mm particle 
size before extrusion in a Wenger TX-52 double screw extruder, maximum temperature of 
110 °C. Pellet size was 4.2 mm before drying. After production, the proximate composition 
and fatty acid profiles for all the feeds were analyzed at Biolabs. 

Table 1. Formulation and chemical composition of the experimental feeds as produced by NOFIMA 
and as analyzed by Biolabs. 

 Ingredient (% of Diet) CONTROL KM 8% KM 12% 
Formulation     

 Fish meal (67% CP) 15.0 8.6 5.3 
 Krill meal  8.0 12.0 
 Soy protein concentrate (62% CP) 20.0 20.0 20.0 
 Wheat gluten (80% CP) 18.0 18.0 18.0 
 Corn gluten (60% CP) 6.5 6.5 6.5 
 Wheat (13% CP) 12.4 12.2 12.1 
 Fish oil 11.7 10.0 9.1 
 Rapeseed oil 8.9 9.3 9.5 
 Choline chloride 0.5 0.5 0.5 
 lecithin from rapeseed 1.0 1.0 1.0 
 Micro ingredients 5.7 5.7 5.7 

Figure 1. Representation of the experimental design. Fish were kept in acclimation for 14 days on a
common commercial diet, reaching 170 g, followed by feeding trial for 8 weeks on respective test
diets. After 8 weeks, fish were exposed to a sea lice copepodite challenge for 2 weeks while being fed
their respective test diets. The feeding was conducted in seawater tanks. The average weights at the
time of acclimation, before feeding on test diets, before sea lice challenge, and at the end of trial are
mentioned in the figure.
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2.4. Challenge with Salmon Lice, Lepeophtheirus salmonis

After 8 weeks of feeding on test diets, the fish were challenged with sea lice infestation
for 2 weeks (Figure 1). On the day of the challenge, the water level in each tank was reduced
to approximately 200 L. Copepodites of Lepeophtheirus salmonis, reared at ILAB, were added
to each tank (30 copepodites per fish or 1800 lice/tank). The water level was reinstated
after approximately 15–20 min.

2.5. Feed Formulation and Characterization

Three test diets were formulated (Table 1) including a control diet, similar to today’s
conventional Norwegian salmon feed, and two diets with different inclusion levels of KM
(8 and 12%, KM was supplied by Aker BioMarine Antarctic AS, Oslo, Norway), with the
aim to partially replace both fish meal (FM) and fish oil (FO). The feeds were produced by
Nofima AS (Bergen, Norway). All dry ingredients were ground to less than 1 mm particle
size before extrusion in a Wenger TX-52 double screw extruder, maximum temperature of
110 ◦C. Pellet size was 4.2 mm before drying. After production, the proximate composition
and fatty acid profiles for all the feeds were analyzed at Biolabs.

Table 1. Formulation and chemical composition of the experimental feeds as produced by NOFIMA
and as analyzed by Biolabs.

Ingredient (% of Diet) CONTROL KM 8% KM 12%

Formulation
Fish meal (67% CP) 15.0 8.6 5.3

Krill meal 8.0 12.0
Soy protein concentrate (62% CP) 20.0 20.0 20.0

Wheat gluten (80% CP) 18.0 18.0 18.0
Corn gluten (60% CP) 6.5 6.5 6.5

Wheat (13% CP) 12.4 12.2 12.1
Fish oil 11.7 10.0 9.1

Rapeseed oil 8.9 9.3 9.5
Choline chloride 0.5 0.5 0.5

lecithin from rapeseed 1.0 1.0 1.0
Micro ingredients 5.7 5.7 5.7
Water adjustment 0.3 0.3 0.2

Sum 100.0 100.0 100.0

Analyzed composition
of functional diets

Analyzed chemical composition in
the feed (DM) CONTROL KM 8% KM 12%

Protein % 47.6 48.0 47.5
Lipid % 29.7 28.7 29.1

Ash 7.1 6.8 6.7
Energy (KJ/g) 24.5 24.6 24.6

Free astaxanthin 50.8 51.8 51.5
EPA + DHA (%fat) 7.4 7.2 7.2

n-6/n-3 0.84 0.88 0.9

Amino acids (g/100 g protein)

Alanine 2.00 1.90 1.90
Arginine 2.10 2.10 2.10

Asparagine 3.20 3.30 3.20
Phenylalanine 2.00 2.10 2.10
Glutamic acid 10.10 10.40 10.20

Glycine 2.00 2.00 1.90
Histidine 1.40 1.40 1.40



J. Mar. Sci. Eng. 2024, 12, 1486 5 of 17

Table 1. Cont.

Analyzed chemical composition in
the feed (DM) CONTROL KM 8% KM 12%

Isoleucine 1.70 1.80 1.80
Leucine 3.20 3.40 3.30
Lysine 2.60 2.60 2.60

Methionine 0.93 0.95 0.93
Proline 3.40 3.50 3.40
Serine 2.10 2.10 2.00

Threonine 1.70 1.70 1.70
Tyrosine 1.40 1.50 1.50

Valine 1.80 1.90 1.90

2.6. Sampling for Sea Lice Counting

A total of 40 fish/tank were sampled for sea lice counting. Briefly, fish in the respective
tanks were lightly sedated with AQUIS and 3–4 fish were gently netted into buckets
(anesthetized with MS-222 (100 mg/L)) and transported to the sampling facility. Each fish
was lice-counted by a trained operator who examined the fish visually for lice by holding
the fish and examining all sides.

2.7. Skin Mucosal Mapping

The left dorsolateral skin (DOR) is a standardized sampling site for mucosal mapping.
At 2 weeks post-lice challenge, the random lice landing site (LLS) on the right flank was
sampled, regardless of distance to a standard sampling site. Samples for mucosal mapping
were collected from stock fish (n = 30) before giving the test diets, thereafter at 8 weeks of
feeding (pre-challenge) on the respective test diets. Both DOR and LLS were sampled at
2 weeks post-sea lice challenge. Tissues from the pre-challenge stage were collected from
10 fish per tank (duplicate tanks/diet), and five fish from each tank 2 weeks post-challenge.
All fish were euthanized by an overdose (200 mg/L) of metacain (Finquel Vet.) and the
length and weight of each fish was measured. Biopsies of the skin tissue for mucous cell
analyses were collected from freshly over-sedated fish from the dorsolateral left side of the
fish at all dates (DOR, standard protocol) and from lice attachment sites on the right flank
regardless of site (LLS) at 2 weeks post-challenge sampling.

2.7.1. Dorsolateral Skin (DOR) for Mucosal Mapping

The standard sampling site is the dorsolateral skin adjacent to the anterior of the
dorsal fin, where a scalpel is used to incise a shallow but broad biopsy with very little
muscle to anchor the section. The Day 0 sampling of 30 fish was taken from a pooled
stock before the start of test feeding, while the second sampling after 8 weeks of test diet
feeding comprised 10 salmon from each of the two tanks in each diet treatment (n = 10,
N = 60). The third sampling followed 2 weeks post-sea lice infestation and samples were
taken from 5 fish per tank per diet (n = 5, N = 30). Histological processing was achieved by
following the standard protocol of QuantiDoc (fixation in buffered formalin, dehydration,
embedding in paraffin, tangential sectioning, staining with PAS-AB, and scanning of one
section per tissue per individual followed by analysis of high-resolution digital images for
mucosal parameters) [13,14,17]. All samples were analyzed with calibrated semi-automated
proprietary software VERIBARR™ Master version 2, the trademarked name of mucosal
mapping technology. Universally applicable units of reporting measure standardized
mucosal parameters: (a) the mean area of the mucous cells in the tissue (“S” for size) was
measured in square microns, (b) the mucous cell volumetric density in the epithelium
(“D”) was measured in %, which gives the percentage of the epithelium filled by mucous
cells, and (c) the defense activity of the mucous cells in the epithelium, calculated using
the equation (1/(S/D)) × 1000, which indicates the abundance of mucous cells in the
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epithelium. The results for each tissue were visualized using the Dicer App v2 using the
stereological VERIBARR™ method developed by QuantiDoc.

2.7.2. Lice Landing Site (LLS) for Mucosal Mapping

Lice Landing Site (LLS) was sampled only after 2 weeks post-sea lice exposure, where
the site for biopsy was on the right flank wherever lice were found. One site per fish was
chosen regardless of proximity to any standard skin sampling site. These LLS samples were
then fixed and processed in the same manner as DOR samples.

2.7.3. Epidermal Thickness

Thickness of the skin, on stock fish (n = 2) and post-8 weeks of feeding on test diets
(n = 16 per tank prior to lice exposure), was assessed on biopsies recut for transverse
sectioning (see Supplemental Figure S4 for examples of transverse and tangential skin
sections used in this study). Measurements of the epidermis were made on 9 to 77 random
spots, depending on the section length, and averaged for each section.

2.7.4. Comparison to Wild Salmon Database

Comparison to the wild salmon database is a baseline QuantiDoc uses to compare
the results of projects with the wild values. Data from the skin of salmon have been
systematically collected in a standardized way, with metadata for over 12 years from
several thousand fish and 7 general systems including the wild. As such, the past collection
of wild salmon samples stands as an anchor in the overall database, illustrating how the
farmed fish have changed their barrier activation due to conditions in commercial farming.

2.8. Statistics

All data produced were analyzed using R Core Team, Version 4.3.2 (2023-10-31
ucrt) [28]. Due to the random effect of individual tanks within the groups, a linear mixed
effect model (lme) from the nlme package (R package version 3.1-164) [29] was used for
the analysis of VERIBARRTM data (mean mucous cell size and mean mucous cell density).
However, the lice count data were analyzed using a generalized linear mixed effect model
using Penalized Quasi-Likelihood (glmmPQL) with a poisson distribution. Significant
difference was set to p < 0.05, while a trend to significant differences was considered
when p value was between 0.05 and 0.1. The model structures used are described in the
Supplementary Figures S1–S3.

3. Results
3.1. Fish Growth

A statistically non-significant (p > 0.05) but numerically higher growth was observed
in the 8% KM group in comparison to the 12% KM group and the control group. Specifically,
after 8 weeks of test feeding, the 8% KM group had numerically the highest average weight
of 319.8 + 48.7 g in comparison to the 12% KM group, with an average of 311.8 + 39.6 g,
and the control group, with an average of 308.2 + 48.5 g. A similar trend was observed
2 weeks post-sea lice challenge, with the 8% KM group exhibiting numerically the highest
average weight of 362.1 + 52.5 g in comparison to the 12% KM group, with an average of
349.8 + 41.6 g, and the control group, with an average of 351.8 + 52.1 g, respectively.

3.2. Sea Lice Numbers

A total of 80 fish from two tanks per diet group (40 fish/tank) were counted for sea
lice at the preadult stage. The 8% KM group showed a statistically significant lower lice
count, with an average of 7.34 ± 4.08 lice per fish (p = 0.0374). In contrast, the control and
12% KM groups had higher lice counts, averaging 9.75 ± 5.13 and 9.1 ± 4.71 lice per fish,
respectively, as shown in Figure 2.
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Figure 2. Box plot representation of mean ± standard deviation number of preadult sea lice per
fish in the three diet groups. The box represents the interquartile range (IQR), which is the range of
values that cover the 25th percentile (Q1) to 75th percentile (Q3). The whiskers show the minimum
(Q1 − 1.5 × IQR) and maximum (Q3 + 1.5 × IQR). The value in the boxplot is the mean ± standard
deviation values of preadult sea lice per fish in the different diet groups. The 8% KM group provided
a significant reduction of mean values (p = 0.0374, glmmPQL) of sea lice numbers/fish (n = 80 fish/per
diet group).

3.3. Skin Mucosal Response

General skin mucosal response after 8 weeks of test feeding and pre-sea lice challenge:
VERIBARRTM values of skin mucous cell size (S), volumetric density (D), and the defense
activity increased over the 8 weeks compared to the start values measured in stock fish.
The 8% KM group resulted in higher mucosal protection and thicker skin compared to
the 12% KM and control groups after 8 weeks of feeding on test diets (Figures 3 and 4,
Supplementary Table S2).
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Figure 3. The average dorsolateral skin thickness. The epithelial skin thickness (in microns) in stock
fish prior to feeding with the test diets and in test groups 8 weeks after feeding. The box represents
the interquartile range (IQR), which is the range of values that cover the 25th percentile (Q1) to 75th
percentile (Q3). The whiskers show the minimum (Q1 − 1.5 × IQR) and maximum (Q3 + 1.5 × IQR).
The value in the boxplot is the mean ± standard deviation values of epithelial thickness per group.
n = 2 for the stock fish and n = 16/diet after 8 weeks of feeding. N = 50.
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Figure 4. The changes in dorsolateral skin mucosa (DOR) in stock fish and after 8 weeks of feeding on
the test diets. Mean mucous cell size in square microns (a), the mucous cell volumetric density in the
epithelium (b), and the calculated defense activity of the mucosa (see Section 2) (c). The box represents
the interquartile range (IQR), which is the range of values that cover the 25th percentile (Q1) to 75th
percentile (Q3). The whiskers show the minimum (Q1 − 1.5 × IQR) and maximum (Q3 + 1.5 × IQR).
The value in the boxplot is the mean ± standard deviation values per group. N = 30 for stock fish,
n = 20/diet for the trial groups.
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3.3.1. Skin Thickness Pre-Sea Lice Challenge

Fish fed on 8% KM had thicker skin (72.3 µ) than the 12% KM (51.3 µ) and the
control groups (43.7 µ) after 8 weeks of feeding, though this was statistically not significant.
Interestingly, only the 8% KM group resulted in thicker skin in comparison to stock fish
(71.2 µ), whereas skin thickness reduced in both the 12% KM and the control groups, having
only 61% of the original thickness (Figure 3).

3.3.2. Skin Mucosal Response Pre-Sea Lice Challenge

The mean mucous cell size increased after 8 weeks of test feeding from the initial
126 µ2 in stock fish to over 208 µ2 in the 8% KM group, which was significantly larger
than the mean mucous cell size in the control (173 µ2; p = 0.0461, lme) and the 12% KM
(162 µ2; p = 0.0048, lme) groups. There was no significant difference in mean mucous cell
size between the 12% KM group and the control group (Figure 3). The mean mucous cell
volumetric density increased from the initial 12% in stock fish to 25% in the 8% KM group,
which was significantly denser than both the 12% KM (17% density; p = 0.00125, lme)
and the control groups (16% density; p = 0.000494, lme). Again, there was no significant
difference between the 12% KM and control fish for mucous cell density (Figure 4). The
calculated mean defense activity in the skin showed a similar diet-induced trend, increasing
from an initial 0.93 to 1.19 in the 8% KM group, significantly more than the control group
(0.93, p = 0.00135, lme) but not significantly different from the 12% KM group (1.04)
(Figure 4).

3.3.3. General Skin Response to Sea Lice Challenge

The three parameters (cell size, cell density, and the defense activity of mucosal layer)
at the standard left dorsolateral skin samples (DOR, without sea lice) was similar (not
significantly different) in all the three diet groups, as shown in Figure 5.
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Figure 5. The standard dorsolateral skin (DOR) on the left flank after 2 weeks of exposure to sea lice.
The mean mucous cell size (A), the volumetric density of mucous cells in the epithelium (B), and
the defense activity of the mucosal layer (C) for the salmon given either the control diet, a diet of
8% KM, or a diet of 12% KM. The box represents the interquartile range (IQR), which is the range of
values that cover the 25th percentile (Q1) to 75th percentile (Q3). The whiskers show the minimum
(Q1 − 1.5 × IQR) and maximum (Q3 + 1.5 × IQR). The value in the boxplot is the mean ± standard
deviation values per group. N = 30 and 5 fish per tank and n = 10 fish/diet.

3.3.4. Specific Skin Site Response to Sea Lice Attachment

The site of sea lice landings on the right flank (LLS) showed that the control diet gave
mean cell sizes that were intermediate to the other diet groups (168 µ2), the lowest mucous
cell density (15.6%), and the lowest defense activity (0.92). The skin of salmon fed 12% KM
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had the largest mean cell size (183 µ2) and density (18%), but a low defense activity (0.92),
equal to that of the control group (0.92). On the contrary, the skin of salmon fed the 8%
KM diet responded to the sea lice with smaller mucous cells (153 µ2) at the middle density
(16%) but the highest defense activity (1.03) in comparison to the control and 12% KM
groups. The LLS results were not significantly different between diet groups (Figure 6,
Supplementary Table S2).
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Figure 6. The lice landing site on the right flank (LLS) after 2 weeks of exposure to sea lice. Within
these two weeks, the lice had grown to preadults. (A) the mean mucous cell size, (B) the volumetric
density of mucous cells in the epithelium, and (C) the calculated defense activity of the mucosa for
the salmon given either the control diet, a diet of 8% KM, or a diet of 12% KM. The box represents
the interquartile range (IQR), which is the range of values that cover the 25th percentile (Q1) to 75th
percentile (Q3). The whiskers show the minimum (Q1 − 1.5 × IQR) and maximum (Q3 + 1.5 × IQR).
The value in the boxplot is the mean ± standard deviation values per group. N = 30 and 5 fish per
tank and n = 10 fish/diet.

3.3.5. Comparison to Wild Salmon in the Database

The stock fish DOR skin values were between those of the wild smolt and wild adults,
and lie in the “intermediate zone”, corresponding to measures between 0.5 and 1.0 standard
deviations of the grand mean and representing 38–68% of all measures, suggesting an
elevated defense because of farming conditions (Figure 7a). After 8 weeks of feeding on
test diets, all diets had moved skin mucosal parameters to the “central zone” (common
in healthy farmed fish), where the data were within 0.5 standard deviations of the grand
mean, or about 38% of all measures, suggestive of functional homeostasis (Dussault et al.
2015), with the 8% KM group having the largest and most dense mucosal skin protection
(Figure 7b). At two weeks post-sea lice challenge, there was a reduction in the mucosal
cell size in only the 8% KM group (Figure 7c), while non-significant increases in defense
activity were observed in both the 12% KM and the control groups (Figure 7c).

The LLS values showed that the lice challenge gave the control group a mean cell
size close to that of the wild adult salmon and which lay in the “central zone” (functional
homeostasis), whereas the 12% KM group had larger mean cell size yet remained within
the central zone. The 8% KM diet group displayed a mean mucous cell size that was
smaller than those of the wild adult salmon but larger than that of wild smolt and lay at the
transition between the central and intermediate zones. The defense activities of the 12% KM
and the control groups were equal (0.92) and lay in the central zone, higher than that of
wild adults and smolts, whereas the defense activity of the 8% KM group was highest of all
at 1.03 (Figure 7d).
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Figure 7. Grayscale traffic light model for salmon skin from three sampling dates and two sites
(DOR and LLS) in relation to QuantiDoc’s database of salmon (N = 2630). (a) Initial values of mean
cell size and calculated defense activity in dorsolateral skin, DOR, of stock fish in comparison to
the database, wild adult, and wild smolts; (b) dorsolateral skin, DOR, after 8 weeks of feeding
on the control diet, 8% KM, and 12% KM; (c) dorsolateral skin, DOR, two weeks after the sea
lice challenge of 30 copepodites per fish and continued feeding on the control diet, 8% KM and
12% KM; (d) the lice landing sites on the right flank, LLS, two weeks after the sea lice challenge.
The charts include means for wild smolt (cross) and wild adults (asterisk). Symbols = group means.
Black dots = individual salmon measures. Central zone = common in farmed salmon (0.5 standard
deviations from grand mean or 38% of measures); intermediate zone = potentially vulnerable or
active reaction and recovering (0.5 to 1.0 standard deviations from the mean or between 38 and 68%
of the data); and peripheral zone = transition to vulnerable (more than 2.0 standard deviations from
the mean or 68–95% of the measures).

4. Discussion

This study reports first documentation on the effect of feeds with KM inclusion for
the enhancement of mucosal barriers in skin tissue and for reducing sea lice infestation in
Atlantic salmon smolts. The research involved the evaluation of two doses of KM (8% and
12%) in comparison to a control diet formulated to mimic a conventional commercial diet for
Atlantic salmon. Fish fed with 8% KM resulted in significantly better skin mucosal health,
measured on three parameters—cell size, cell density, and defense activity of mucosal cells
after 8 weeks of feeding and pre-sea lice challenge (Figure 4) and a thicker skin epithelium
(Figure 3). Notably, both KM diets exhibited a positive effect in reducing sea lice numbers
per fish compared to the control diet, as illustrated in Figure 2. However, the reduction in
sea lice numbers was statistically significant only in the 8% KM group, demonstrating a
beneficial effect of 8% KM against sea lice infestation. This study acknowledges a limitation
in using duplicate tanks instead of triplicates, where the average number of fish per tank
are 26 (can range from 14 to over 150 fish/tank) [30]. While triplicates typically have 26 fish
per tank, the present study used 50 fish in duplicate tanks for each of the three treatments,
to examine the response to diet and the presence or absence of sea lice on external barrier
tissues. As such, the response variable is the interaction between fish and the environment,
rather than expected differences in growth, emphasizing individual biological variability,
which is context dependent [31]. Nevertheless, we recommend future research, particularly
field trials, to validate and further explore the current findings.
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4.1. Impact of Dietary Elements

The present results align with a previous study indicating the positive impact of a diet
incorporating diatoms biomass, which significantly reduced sea lice numbers compared to
diets with FO and oil extracted from Calanus finmarchicus. The authors proposed that active
sea lice-deterring ingredients, such as polyunsaturated aldehydes (PUAs), e.g., 2-trans, 4-
trans decadienal in diatom biomass, may contribute to these effects [21]. Notably, a positive
correlation was observed between trophic levels of ingredients and sea lice numbers, with
the lowest infestation in salmon fed diatom mass, followed by Calanus, FO, and the highest
numbers in salmon fed control feed with terrestrial ingredients. Based on this observation,
the authors concluded that some bioactive compound(s) in the diatom mass contributes to
the reduction in sea lice infestation, and this effect weakens as the trophic level of ingredient
increases [21]. According to this hypothesis, since Antarctic krill naturally feed on diatoms,
they might acquire these potential sea lice-deterring agents from diatoms and that could
have led to the reduced sea lice numbers with KM diets in the present study. The positive
effects of diets with 8% and 12% KM inclusion on sea lice reduction may be attributed
to the unique nutritional composition of KM compared to the control diet. KM provides
essential nutrients, including phospholipids (PLs), a crucial factor for mucosal health.
Research indicates that the skin mucus of Atlantic salmon comprises of approximately 63%
neutral lipids and 30% polar lipids, as a percentage of total lipids. Within the polar fraction,
phosphatidylcholine (PC) is a dominant component, making up 16% and consisting largely
of polyunsaturated fatty acids (PUFA) at 36.11% [32]. KM is a rich source of PLs with PC
constituting 80% of the PL fraction [33]. Therefore, it is plausible to suggest that PC derived
from KM may play a significant role in contributing to the formation of polar lipids in
the skin mucus of Atlantic salmon. This insight highlights the potential link between the
nutrient content of KM, particularly PL and PC, and the improvement of mucosal health in
farmed Atlantic salmon. Similarly, in other marine fish species, such as Gilthead seabream,
the PL fraction, accounting for 40% of the total lipid fraction in fish, has been documented
to be an important part of the skin lipid mucus composition [34]. Further, a study identified
a correlation between fish mucus PL and glycoprotein fractions, revealing that mucus
viscosity increases with higher levels of mucus PL [35]. Specifically, in Labroides dimidiatus,
it is proposed that the skin mucus PL content influences the protective role and rigidity
of the mucus layer, impacting the fish’s ability to thrive in a parasitic environment [33].
However, further studies would be warranted to explore the mechanisms involved and
how mucus PL could provide a protective effect against sea lice infestation. In addition to
PL, other nutrients from KM, such as chitin, could have positively influenced skin mucosal
health. It is a known fact that commensal microbiota play a vital role in maintaining
mucosal barrier functions and preventing colonization by potential pathogens, which can
be influenced by feed ingredients and additives like probiotics and prebiotics [36,37]. Chitin
is an important component of the krill exoskeleton, with 2–4% of chitin in KM that may
function as a prebiotic and an immunostimulant. Ringø et al. documented the positive
effects of chitin from KM on the composition of mucosa-associated bacteria in the distal
intestine of Atlantic salmon [38].

4.2. Impact on Skin’s Epithelial Thickness

In addition to mucous cell dynamics on barrier tissues, the skin’s epithelial thickness
characterizes health status, as a robust epidermis is the first line of defense against injury by
mechanical or parasitic agents [39]. Skin thickness increased only in the 8% KM group after
8 weeks of test feeding, indicating a positive effect of 8% KM for enhancing the robustness
of the skin barrier (Figure 3). This could possibly suggest that the 8% KM diet contained
necessary elements to support the generation of new cells destined for the epidermis.
Reports on salmon skin thickness vary from 60–80 microns [19] to 40–100 microns [40],
47–65 microns, 24–58 microns [41], and about 50–80 microns [39], depending on factors such
as age, stage, body site, maturity, temperature, and water flow rates. Thinner epidermis
and thicker dermis in post-smolt arose under high water velocities in a recirculating
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aquaculture system (RAS) system, opening for higher susceptibility to bacterial infections
and potentially more sensitive fish in regard to non-optimal water conditions [39]. The
thicker skin epithelial layer of salmon fed 8% KM in the current trial may have exerted
deterrence to the sea lice from wounding or attaching. Our measures of skin thickness fall
within the established range but the speed at which thickness was lost in the control and in
the 12% KM group leads to questions and warrants further research about the constructive
ingredients in 8% KM that helped the fish to maintain skin epithelial thickness.

4.3. Impact of Diet on Skin Resilience to Sea Lice

The skin mucosal layer in all groups responded to both the diet composition and to the
sea lice challenge by a general increase in the abundance of mucous cells. However, only
the 8% KM group showed a significant increase in cell size, cell density, and skin mucus de-
fense after 8 weeks of feeding. This suggests that 8% KM is beneficial for strengthening the
skin mucus barrier by providing essential nutrients (Figure 4). Further, the 8% KM group
displayed smaller mucous cells while maintaining a high cell density and defense activity
2 weeks post-sea lice challenge (Figure 5). This could suggest an adaptive skin behavior
of fish fed 8% KM to “wash off” sea lice by a rapid production of smaller cells. A higher
turnover of skin mucosal barrier components enhances cellular connectivity, increasing the
biotensegrity of the mucosal layer [18]. Additionally, studies show a correlation between
pre-challenge skin mucous cell density and vulnerability to sea lice infestation, emphasiz-
ing the role of mucous cell characteristics and tissue biotensegrity in protecting the skin
barrier [15]. Similar findings have been observed by [18], where the authors exposed three
groups of salmon (200 g) (one control and two with sea lice challenge) to varying levels of
sea lice exposure. After allowing copepodites to mature into adult lice, one group had adult
lice removed while another did not. A second challenge with sea lice showed significantly
higher lice numbers in groups where adult lice were present compared to those without
adult lice and to the control group. Additionally, reduced mucous cell production at the
attachment sites of adult lice suggested stage-specific immunosuppression, indicating
potential immune advantages for salmon with removed adult lice. The authors suggested
an immune advantage of increased mobility and turnover of mucous cells in the skin of
small salmon or a “washing off” of a challenge [18].

In our trial, the 8% KM group maintained higher defense activity than the other diet
groups at the landing sites of sea lice (LLS) (Figure 5). These findings agree with other
reports on the immunosuppressive effect of lice on skin and the positive effects of functional
ingredients [42,43]. Combining these results and the present study could indicate that 8%
KM provides resilience against the immunosuppression of preadult sea lice by maintaining
a high abundance of small mucous cells, enhancing an ability to “wash off” a common
threat, thus acting as a preventative health tool.

4.4. Impact of Developmental Stage of Fish

The significantly lower sea lice infestation and enhanced skin mucosal health with
8% KM in comparison to 12% KM may be attributed to differences in chitin and fluoride
levels between the two diets. While the chitin levels in KM are within the tolerable limits
for salmonids, it is noted that small fish might be more sensitive to these chitin levels. The
current study draws parallels with a mink growth study, where different doses of KM
(8%, 17%, and 33%) were evaluated, revealing that an 8% KM dose was optimal for the
growth of small mink. Higher inclusion levels (33%) resulted in negative effects, including
reduced growth, liver inflammatory lesions, decreased plasma bile acid levels, and higher
weights of the stomach and rectum [44]. The authors of the mink study attributed these
adverse effects to potentially elevated chitin or fluoride levels from high KM inclusions
in small mink. Likewise, in some Atlantic salmon studies, very high KM levels (40% and
above) were found to reduce lipid digestibility. This reduction in lipid digestibility led
to slower growth, primarily due to the high chitin content [45,46]. Studies on Atlantic
salmon smolts, with two KM inclusion levels (7.5% and 15%), showed similar growth
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after seawater transfer, indicating that small fish are more sensitive to higher inclusion
levels [47]. Similarly, a recent study on pre-smolts also indicated better weight gain with
8% KM compared to 12% KM [27]. However, high inclusion levels (10% and 12%) are
well tolerated by bigger Atlantic salmon in the grower and pre-slaughter phases, offering
benefits such as enhanced growth [47], improved health, better fillet quality [25], and
reduced mortality in the field [48]. Considering these findings and the results of the present
trial, this study suggests that an 8–10% KM inclusion could be considered the optimal
dose to achieve the best growth performance in younger developmental stages, smolts,
while providing preventive health care around the vulnerable seawater transfer period,
whereas the higher inclusion levels (10–12%) may be suitable for the grower phase and the
pre-slaughter phase.

5. Conclusions

The trial indicates that 8% KM could offer increased skin mucosal protection for
salmon relative to 12% KM and the control diet in Atlantic salmon smolts. Fish fed on 8%
KM were more resilient against sea lice infestation, as demonstrated by significantly lower
sea lice numbers, and improved physical characteristics such as skin epithelial thickness,
mucous cell size, mucous cell density and defense activity. These changes also suggest the
potential for resilience to sea lice-induced immunosuppression in fish. Further studies are
warranted to unravel the underlying mechanisms involved.
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