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Simple Summary: The Atlantic salmon industry is expected to grow globally by 2-3% by the year
2030. The main protein source used in salmon feeds is fishmeal, which is produced from wild-caught
marine fish, whose natural stocks are at risk of depletion. It is of major importance, therefore, to select
alternative feed ingredients that present an adequate protein profile, guarantee a good health status
and growth performance of Atlantic salmon, and at the same time are environmentally sustainable.

Abstract: The availability and cost of fishmeal constitute a bottleneck in Atlantic salmon production
expansion. Fishmeal is produced from wild fish species and constitutes the major feed ingredient
in carnivorous species such as the Atlantic salmon. These natural stocks are at risk of depletion
and it is therefore of major importance to find alternative protein sources that meet the nutritional
requirements of the Atlantic salmon, without compromising the animals” health. Terrestrial animal
by-products have been used in aquaculture feed, but their use is limited by the lack of several essential
amino acids and consumer acceptance. In the case of plant ingredients, it is necessary to take into
account both their concentration and the extraction methodologies, since, if not dosed correctly,
they can cause macro- and microscopic alterations of the structure of the gastrointestinal tract and
can also negatively modulate the microbiota composition. These alterations may compromise the
digestive functions, growth of the animal, and, ultimately, its well-being. An updated revision of
alternative protein sources is provided, with the respective impact on the intestine health in terms of
both morphology and microbiota composition. Such information may constitute the premise for the
choice and development of Atlantic salmon feeds that guarantee fish health and growth performance
without having a significant impact on the surrounding environment, both in terms of depletion of
the fish’s natural stocks and in terms of pressure on the terrestrial agriculture. The sustainability of
aquaculture should be a priority when choosing next-generation ingredients.

Keywords: Atlantic salmon; fishmeal replacement; intestine health; intestine morphology microbiota

1. The Salmonid’s Gastrointestinal Tract (GIT)

Due to a large number of species, it is difficult to settle on a general nomenclature for
the digestive system anatomy in teleost fishes. It has been suggested that there is a broad
division of the anatomy into the head-intestine, fore-intestine, also named anterior intestine,
mid-intestine (MI), and distal-intestine (DI), even if the limits between these regions are
difficult to assess. This anatomical nomenclature has been used by Lokka et al. [1] in
a broad study on the intestinal morphology of the wild Atlantic salmon, and the same
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nomenclature will be used in this review. The following GIT description corresponds to a
healthy animal.

The teleost’s gastrointestinal tract (GIT) varies in terms of intestinal length, level of
looping, number of pyloric caeca, and the presence or absence of a proper stomach [2]. The
head-intestine is composed of two elements, the oral or buccal cavity and the gill cavity,
also named branchial or pharyngeal, which play a role in food transport and respiration.
The anterior intestine includes the esophagus and the stomach, the latter is well-developed
in carnivore fish, such as the Atlantic salmon. The Ml is further divided into a first (with
openings to the pyloric caeca, PC) and a second segment, in which the latter is often
addressed as the correspondent mammalian ileum. The DI is very short and it is proposed
as the equivalent mammalian colon and anus [3]. In this review, the head- and the anterior
intestine are not considered, as the available literature does not refer to effects on these
tracts that can be related to feed. For this reason, the description starts with the MI and
then with DL

1.1. Macroscopic Aspects of the Intestine
1.1.1. Mid Intestine (MI)

The MI is the longest portion of the intestine and the luminal surface is remarkably
folded, with prominent longitudinal major or primary mucosal folds, which are further
subdivided into a series of irregular and well-circumscribed folds called minor or secondary
folds. In Atlantic salmon, the first segment of the MI likely is the main site of nutrient
absorption of the GIT and the folds increase the absorptive area, similar to what happens
with the villi in the mammalian small intestine [4]. However, if in teleosts the folds
of the first segment of the MI are longitudinal or with a branching, net-like pattern, in
Atlantic salmon these appear longitudinally arranged, but the explanation for this has
not been stated [1]. Pyloric caeca are present in the first segment of the MI and consist of
blind extensions of the intestine that present small folds with a longitudinal orientation
to the length of the caeca. The functions of the pyloric caeca include the secretion of
digestive enzymes and the absorption of nutrients [5]. In Atlantic salmon, pyloric caeca
account for 87% of the total intestinal length and 64% of the total post-gastric intestinal
mass [6]. The second segment of the MI is characterized by macroscopically visible circular
folds and it shows a higher diameter when compared to the first segment of the ML
Although the function of the circular folds is not fully known, a defecatory function has
been hypothesized by Burnstock [7]. In Atlantic salmon, the second segment of the MI
seems to have an important role in the antigenic uptake and it is immunologically more
active than the other segments of the GIT, as reviewed by Bjergen et al. [3]. Many authors
showed that the wall of the second segment of the MI is thinner than in the first segment [1].
The thin wall and the broad folding of this region indicate that few mechanical processes
take place.

1.1.2. Distal Intestine (DI)

The DI is the shortest region of the intestine and its beginning is usually marked
by an increase in diameter. The luminal surface presents small folds without an evident
orientation, similar to the first segment of the MI [2,4]. Moreover, the wall of the DI in
teleosts presents a thicker muscular layer than the other intestinal regions. This fact was
confirmed in Atlantic salmon post-smolts, but not in spawning individuals, but the authors
did not present an explanation for this fact [1]. The distal intestine has an important role in
osmoregulation [8] and it is also a major site of absorption of intact proteins in all teleost
fishes [9].

1.2. Microscopic Aspects of the Intestine: Mid and Distal Intestine (MI and DI)

A description of the histology of all segments of the intestine of Atlantic salmon has
been explained extensively elsewhere [1]. Therefore, only a summary of the intestine micro-
anatomy is provided here. In vertebrates, the intestinal wall is composed of four layers: the
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Mast cell

innermost layer is the tunica mucosa, underneath there is the submucosa, followed by the
muscularis, and the outer layer is the serosa [10]. Even if in teleosts the same nomenclature
is used, there is some discussion on which tissues belong to the mucosal layer and which
ones belong to the submucosa. Figure 1 shows the heterogeneous cell populations that can
be found in the mucosa.

Intraepithelial
Eplthellal lymphocyte Goblet cell
cell

Dendrmc like B cell

T cell

Macrophage
Lamina propria

Figure 1. Intestinal mucosa in Atlantic salmon: it is possible to observe goblet cells and intra-epithelial
lymphocytes in-between the epithelial cells. The lamina propria presents multiple groups of immune
cells, such as dendritic-like cells, mast cells, macrophages, and B and T cells.

The inner mucosal layer is made of one layer of cells, and an underlying lamina
propria of connective tissue. The epithelium is composed of a monolayer of four cell
types: enterocytes, goblet, endocrine, and immune cells [11-13]. The epithelium has an
important role in nutrient transport, osmoregulation, and protection from environmental
stressors [14,15]. Enterocytes are columnar cells that present a brush border, which is
a microvilli-covered surface, and are responsible for the absorption of nutrients. Tight
junctions are structures that form contact points between enterocytes and are responsible
for regulating the permeability of ions, (macro)molecules, and cells via the paracellular
pathway. Goblet cells are mucus-producing cells that constitute the inner mucus layer.
Endocrine cells respond to the presence or absence of food in the intestine by secreting
peptide hormones. The intraepithelial lymphocytes are the first immune cell line in the
intestine that is involved in defense actions (Figure 1). These lymphocytes, which are
located between epithelial cells, present mobility and control the space between epithelial
cells above the basement membrane [16]. Noteworthy, mammals present villi which are
small, finger-like projections made up of cells that line the small intestine. In fish, these
structures are completely absent throughout all the tracts. However, it is important to
stress that some authors define the folds as villi [17] regarding the presence of crypt-like
structures at the base, similar to those described in mammals.

As described by Bjergen et al. [3] for all the intestinal segments, the lamina propria
is located underneath the basal membrane below the epithelium and it is composed of
connective tissue containing leukocytes. Precisely, in Atlantic salmon in the lamina propria,
it is possible to find mast cells, macrophages, dendritic cells (antigen-presenting cells),
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B cells (IgM-positive cells), and T cells [18] (Figure 1). Mast cells play a crucial role in the
innate and adaptive immune responses, acting against allergens, bacteria, toxins, parasites,
neuropeptides, and stress by increasing epithelial secretion and peristalsis, and by releasing
pro-inflammatory mediators. Intestine macrophages regulate the inflammatory reaction to
bacteria and antigens that can pass the epithelium. Macrophages also have a role in the
protection of the mucosa against harmful pathogens and in dead cell scavenging. Dendritic
cells are responsible for the regulation of tolerance to food antigens and are also necessary
for the optimal response to intestinal pathogens. B and T lymphocytes intervene in the
specific responses of adaptive immunity, although in different modes: B cells express their
antigen receptor on the cell surface and secrete them as an immunoglobulin (Ig) or antibody,
while the T cell receptor is always bound to the cell surface [19].

The lamina propria lies on a thick layer of connective tissue, rich in collagen, called
the stratum compactum: it is a typical characteristic of carnivorous fishes, and acts as a
prevention of stomach distention during food ingestion. This layer is surrounded by the
stratum granulosum, which presents a large number of mast cells. On the other hand,
the submucosa presents a deeper, looser connective tissue than the lamina propria. The
muscular layer, internally, presents a circular orientation of the muscle fibers, whereas
externally the muscle fibers are disposed longitudinally.

As described by several authors [20,21], Paneth cells, which are highly specialized
secretory epithelial cells that contain antimicrobial peptides that regulate the composi-
tion of the intestinal flora, seem to be missing in Atlantic salmon. In addition, as al-
ready mentioned, the crypts of Lieberkiihn, which are intestinal glands, are absent [22].
Lokka et al. [1] found high proliferation rates of the columnar cells at the base of the
primary and secondary folds. This suggests that the folds in teleosts have corresponding
functions to the crypts in mammals, which are involved in cell proliferation, differentiation,
and migration.

1.3. Microbiota

The intestine microbiota has a crucial role in all vertebrates [23], as commensal bac-
teria can influence important factors such as growth, development, homeostasis, and
well-being [24]. In fish, as in the case of mammals, the intestine microbiota is composed
of autochthonous or allochthonous bacteria [25]. The autochthonous bacteria are derived
from the colonization of the host’s intestinal epithelial surface, while the allochthonous
bacteria are transient [26].

Although the microbiota in fish has been studied since the beginning of the last
century, information is still limited. Interactions between the host, diet, and environmental
conditions contribute to altering the intestine microbiota [27], causing an imbalance in
nutrient digestion and utilization [28,29], enzyme production [30], and also in immune
status, which can decrease disease resistance [31,32]. It is therefore of great importance to
evaluate the impact of food on the intestine microbiota.

2. Nutritional Needs of Salmon—"The Protein Problem”

Atlantic salmon requires the same nutrients (protein, amino acids, essential fatty
acids—EFA, vitamins, and minerals) as other carnivorous fish species for normal growth,
reproduction, and immune and metabolic functions, but the quantities and proportions are
species-specific [33]. Precisely, dietary protein and amino acids supply are major factors
influencing the productivity of farmed salmon [34]. Salmon fry shows better growth
performances with high protein diets (~50%), while grow-out diets contain normally
42-48% protein. More than a general protein requirement, fish need essential amino acids,
such as arginine, histidine, isoleucine, leucine, lysine, methionine, phenylalanine, threonine,
tryptophan, and valine for regular growth. An unbalanced level of specific amino acids in
the diet may result in mild or severe amino acid deficiency, mainly when fish are subjected
to some environmental and physiological stress, even if there are certain essential amino
acids such as leucine that, when present in high amounts in the diet, may be toxic [33].
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When the fishmeal (FM) inclusion level in the diet of salmon is reduced and replaced with
other protein sources, there may be an imbalance of essential amino acids. This is why we
have “the protein problem”.

3. Fishmeal (FM) Dietary Replacement—Looking for Potential Candidates

In Atlantic salmon, the main used protein source ingredients are FM (anchovies,
pilchards, mackerel, herring, and blue whiting), plant protein products (soybean meal, corn
gluten meal, canola meal, pea meal), animal by-products meal (poultry by-product meal,
meat meal, blood meal, hydrolyzed feather meal), and crustacean meal (krill, shrimp, crab).
Among these, FM has been the preferred one because of its high protein content, excellent
amino acid profile, high nutrient digestibility, and absence of antinutrients [35,36]. Atlantic
salmon feed is usually composed of about 40-60% of FM. Indeed, in 2013, the aquaculture
industry consumed about 56% of the world’s supplies of FM [37], and the demands are
expected to increase as the industry grows. Taking into account that 80% of the world’s fish
stocks are stated as fully or over-exploited [38], further growth in aquaculture production
will be limited by FM availability and by its increasing price. Alternative feed ingredients
will, therefore, be extremely necessary [39]. The possible options are vegetable proteins,
by-products from fish and terrestrial animal processing industries, organisms from lower
trophic levels, and industrially produced bio-protein, such as bacteria and algae [40].

However, it is important to bear in mind that the replacement of FM with terrestrial
plant ingredients may induce changes and cause negative effects on the GIT. The use
of plant ingredients is limited in carnivorous fish species due to the presence of starch
and structural carbohydrates, and a wide range of anti-nutritional factors (ANF). [41-44].
Despite this, plant ingredients remain the most attractive protein sources due to their high
protein content and availability. For instance, among plant protein sources, field peas are a
good candidate in species such as Atlantic salmon [45], rainbow trout [46], and European
sea bass [47], even if the protein content is lower than in other plant protein sources, such
as oil seeds. Like soya, peas also contain several ANF but, as observed by Francis et al. [35],
their content is lower when compared with other legumes.

The intestine’s health largely depends on the impact of the diet and can be assessed by
evaluating histological parameters based on structural changes in the intestine itself. The
most frequent alterations in the intestine include the reduction in the height of the folds, the
simultaneous widening of the lamina propria, an increase in the presence of intra-epithelial
lymphocytes, and a large amount of apical vacuolization of the columnar cells; all these
histological signs reflect the reaction to the exposure to pathogens or stressors [48]. The
impact of several protein sources on the structure of the DI and MI is summarized in Table 1
and will be further described in detail.

Diet can also influence the microbiota status, and many alternative plant-based pro-
teins were investigated for their negative impact on the intestine [49]. The state of intestine
health and the microbiota reflect the correct diet and the potential use that Atlantic salmon
can make of it. Table 1 summarizes the studies that have focused on how different fishmeal
substitutes have affected intestinal health, and Table 2 the effects on intestinal microbiota.
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Table 1. Impact of alternative protein sources on the morpho-functionality of the mid and distal intestine in Atlantic salmon. Negative effect, —; positive effect, +;
no effect, =; increase, 1; decrease, |; * addition of probiotics. A higher number of these symbols, give an indication of severity degree of the respective impact.

Protein Source Inclusion Level Mucosa Folds Mucosa Thickness Mucosa Cells Digestive/Absorption Capacity Inflammatory Process Overall Histology References
Soybean Meal 10% d [50]
10% — — — T [51]
15% —— —— W [50]
20% - - W [50]
20% —— —— —— 1 ™ [51]
20% — T [52]
20% - — [53]
20% * + + [54]
25% -———= -———= AARAS [50]
30% - 1 T - [55]
30% — — [49]

32% - - 1 ™ - [56,57]
35% — — — T [58]
35% - - AR [50]
40% —— —— — — [57]
50% — - — T [59]
HP48 17.8% — — — [60]
20% = = = = = [45]
Whole Field Pea N

Pea Protein ;g (;0 = i 4 = {ig
Concentrate 449 _ _ _ _ [62]
20% = = = = = [45]
Dehulled Faba 17% — — — 1 T [63]
Faba Bean 5-20% = = = 1 = [64]
Concentrate 35% —— n ™ [63]
45% = = - 0 - [64]
Plant Proteins 25% = = = T [65]
20% - = [66]
Poultry Meal 58% - = = = [67]
Feather Meal 20% — = [62]
Insect Meal 5-15% = = = [68]
5-15% = = [69]
6.25-25% = = = + [70]
15% — — T + [71]
25% = = = = [17]
I

85% = = = = [71
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Table 1. Cont.

Protein Source Inclusion Level Mucosa Folds Mucosa Thickness Mucosa Cells Digestive/Absorption Capacity Inflammatory Process Overall Histology References
Microalgae
Nannochlqropszs 20% _ _ 1 _ _ [72]
oceanica
Desmodesmuis sp. 20% = = = [73]
Yeasts
Candida utilis 20% + [74]
25% = = = [23]
Table 2. Effects of different protein sources on gut microbiota in Atlantic Salmon. +, presence.
. . . Effects on . . . o,
Protein Source Concentration Intestinal Tract . . Microbial Population Mostly Influenced Enteritis References
Microbiota (MB)
Presence of bacteria not normally associated with
_ 0,
5-10% Pland DI mucosa Yes marine fish (Escherichia and Propionibacteriuim) [75]
Tenericutes dominant Phylum Proteobacteria,
20% MI and DI mucosa No Firmicutes and Bacteroidetes. + [52]
Lactic acid bacteria increase
20% MI and DI digesta Yes Abundapce of Fzzfmzcutes and chterodes; + [76]
increase in Proteobacteria
Soybean meal 25% MI and DI mucosa and digesta Yes Increase in Enterococcus Spp- [41]
mostly Enterococcus faecalis
. Proteobacteria, Firmicutes, and Bacteroidetes
0, 7 ’ 10
30% DImucosa and digesta Yes Abundance of lactic acid bacteria * (4]
30% DI digesta No Dominated by lactic acid bacteria [77]
Shewanella dominant bacteria.
Lactococcus, Aeromonas, Pseudomonas.
0, 37 ’ ’
50% DI digesta Yes Lactic acid bacteria may modulate 591
intestinal inflammation
' ) Allochthonous bacteria: Fecal samples Corynebac.terzaceaem c'lommant in the gllochthqnous
Pea protein concentrate 20% - Yes bacterial population and Lactobacillaceaein in [62]
Autochthonous Bacteria: PI and DI mucosa
the autochthonous
. Corynebacteriaceaein dominant in the allochthonous
o Allochthonous bacteria: Fecal samples . . . i
Poultry by-product meal 20% . Yes bacterial population and Lactobacillaceaein in [62]
Autochthonous Bacteria: PI and DI mucosa
the autochthonous
Insect meal 60% DI digesta and mucosa yes Increasing of Actmomyces, Bacillus, Brevibacterium, (78]
Corynebacterium 1 and Enterococcus
10, . . .
Yeast Cyberlindnera jadinii 10 0/o MI and DI mucosa yes Weissella and Leucor}ostoc slightly increased. [79]
20% Lactobacillus decrease
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3.1. Soybean Meal (SBM) and Soy Protein Concentrate

The inclusion of soybean in feeds for animals, both land and aquatic, has been exten-
sively studied [52,55-60,75,80-84]. Its low price and wide availability have made soybean
a perfect candidate for the replacement of FM, and, as a whole, the literature has shown
that the MI does not show significant alterations, regardless of the diet. On the other hand,
the DI morphology was affected in fish fed the full-fat SBM, with an increased number of
goblet cells in the epithelium, enterocytes with low or no absorptive vacuoles and shorter
microvilli, and a thicker lamina propria. The condition of the inflammatory response of
the mucosa of the DI after the inclusion of SBM is known as SBM-induced enteritis. The
actual causative components and SBM mechanisms of action need further research. It is
known that the etiology and development of SBM-induced enteritis are related to SBM
inclusion levels and the commercial source used for the diet formulation. This can have
a great impact on the severity of the disorder, mainly affecting the endocytosis process.
Uran et al. [80] evidenced that the cytological endocytosis block is directly related to the
disappearance of the supranuclear vacuoles, which can be considered as the most striking
feature in the onset of enteritis.

The negative effects of SBM-induced enteritis do not appear to affect all fish species
investigated [84]. In particular, carnivorous fish species such as Atlantic salmon suffer
from intestinal inflammation after being fed high levels of plant components that contain
anti-nutritional factors such as protease inhibitors, oligosaccharides, lectins, phytic acids,
and saponins, contained in SMB [41-44,85].

Below is an overview of the literature from the last few years on intestine health
and microbiota.

Intestine health—no effects: The effect of feeding conventional and genetically modi-
fied (GM) soya plant products could be an economic alternative and it was evaluated by
Sanden et al. [86] in farmed Atlantic salmon parr by investigating intestinal indices (relative
weight of each intestine portion), histology, and cell proliferation level. No changes were
observed in the intestine of Atlantic salmon parr that could be associated with the inclusion
of genetically-modified plant material in the feed.

Intestine health—negative effects: Baeverfjord and Krogdahl [57] performed one of
the first studies on the changes in the intestine morphology in Atlantic salmon fed diets
with FM or SBM. Fish were fed with an SBM diet (40% protein replacement) for 3 weeks
and the DI presented the following negative features, typical of SBM-induced enteritis:
(1) shorter primary and secondary mucosal folds; (2) loss of the supranuclear vacuolization
of the absorptive cells of the intestinal epithelium; (3) increased amount of the connective
tissue, resulting in an increase in the width of the central stroma in the mucosal foldings;
(4) widening of the lamina propria; (5) great infiltration of inflammatory cells in the lamina
propria. The authors observed, as well, that the inflammatory cells were composed of
different cell populations: lymphocytes, macrophages and polymorphonuclear leucocytes,
and diffuse immunoglobulin M (IgM). Moreover, the vasculature of the lamina propria
appeared frequently dilated. This study constituted the first of a series of other studies
where various inclusion levels and forms of SBM were investigated. In addition, Bakke-
McKellep et al. [58] studied the impact of replacing FM with 35% SBM in the diet (both
genetically modified and not genetically modified) and found that the DI was the only
tissue that showed a significant negative variation in terms of lamina propria thickness, fold
length, and in the number of the supranuclear vacuoles, regardless of the SBM type. With
the same inclusion level of SBM, another study with Atlantic salmon showed an average
reduction of 23% of the mucosal wet weight of the DI, as well as SBM-induced changes [55].
In the same study, the authors observed that SBM leads to a decrease in carrier-mediated
transport and an increase in the permeability of the DI epithelium, with a diminished
capacity of the DI to absorb nutrients. A recent study studied the effects of a soybean
compound named HP48 which is made from solvent-extracted peeled soybeans [60]. The
authors found that the HP48 diet causes negative morphological changes in the DI, such as
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the widening of the lamina propria and stratum granulosum, disrupted mucosal folds, and
the loss of absorptive vacuoles.

Krogdahl [50] observed that in fish fed a diet containing FM as the only protein source,
no relevant pathological changes were observed in the intestine; on the contrary, the authors
observed that the inclusion of SBM from 10 to 35% of total protein resulted in a graded
morphological response: an increase in the vacuolization of absorptive cells, height and
width of mucosal folds, and cell infiltration of the submucosa and lamina propria.

The effect of the various inclusion levels of SBM in Atlantic salmon was assessed
by Uran et al. [51], where fish were fed diets with 0%, 10%, and 20% SBM for 57 days.
Already from day 5 in fish fed the 20% diet and from day 7 in fish fed the 10% diet, there
were morphological changes. These consisted of a decrease in the supranuclear vacuoles,
damaged and smaller mucosa folds, an increase in cell infiltration in the submucosa, an
increase in the goblet cells, and a widening of the lamina propria and submucosa. These
changes were greater in fish fed the 20% diet, and, for both diets, changes were more
evident over time. Urdn et al. [51] also found an evident reduction in microvilli after only
7 days of 20% SBM feeding, indicating a negative impact on the uptake capacity of the
enterocytes of the DI. The already mentioned changes are in agreement with a more recent
study by Booman et al. [52] where Atlantic salmon fed 20% SBM showed an increase in
submucosa thickness and infiltrating cells.

Serious enteritis was described in the DI of the Atlantic salmon fed a diet with an
SBM inclusion level of 32% by evaluating the following criteria: presence and size of
supranuclear vacuoles, degree of widening of the lamina propria of simple folds, amount of
connective tissue between the base folds and stratum compactum, and degree of thickening
of the mucosal folds [56].

To investigate the role of the intestinal microbiota in SBM enteropathy, the effect of
supplementing a high inclusion level of SBM (50%) with lactic acid bacteria (LAB) was
assessed in Atlantic salmon [59]. As expected, in fish fed with non-supplemented SBM, the
height of the mucosal folds, the presence of supranuclear vacuoles, the number of goblet
cells, and the thickness of the lamina propria were all negatively affected. The supple-
mentation of LAB to the SBM diet decreased the inflammation status, and all histological
parameters of inflammation were reduced as well. The results of this study suggest that
LAB may modulate intestinal inflammation in fish. Moreover, there is evidence that enteri-
tis caused by the inclusion of SBM in the diet may increase fish susceptibility to bacterial
disease [87]. A recent study on Atlantic salmon, aiming to compare several protein sources,
found that fish that developed SBM-induced enteritis presented a lower expression of the
muc2 mucin, the major protein component of mucus that lines the epithelia of the intestine,
compromising the intestinal barrier status [88].

Thereby, it was clear that SBM at inclusion levels from 10 up to 50% led to an inflam-
mation process in the DI of Atlantic salmon. The attention started to be focused on the
causes of this SBM-induced enteritis and how to overcome these.

Some authors hypothesize that the causative agent of enteritis may presumably be one
or more of the alcohol-soluble components of SBM [50]. In a study by Knudsen et al. [89],
soybean molasses were separated into three subfractions, and all possible combinations
of these subfractions were fed to Atlantic salmon. Fish fed the water phase subfraction
displayed a normal morphology, but fish fed a combination of the butanol phase and
the precipitate displayed the same morphological changes as fish that were fed soybean
molasses. The authors concluded that the presence of soya saponins, or other components
that show the same solubility pattern, is associated with the inflammatory reaction. The
extrusion process, a technology that uses a high temperature and short time regime, together
with intense mechanical shear [90] seems to inactivate the anti-nutritional factors present
in SBM, but, still, research is ongoing to find other soya forms that do not produce negative
effects such as enteritis.
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Intestine health—positive effects: Catalan et al. [91] studied the effect of an alternative
form of soybean on Atlantic salmon intestine health: the fermented SBM-based diet. The
authors observed a boost in health and growth physiology in fish, promoted by intestinal
lactic acid bacteria and an increase in the PI trans-cellular uptake of water. A similar
diet could be tested on the DI, which seems to be the tract of the intestine most affected
by SBM [41,50,55,56].

Krogdahl et al. [92] tested a new form of a non-genetically modified soybean, named
Triple Null (TN), which is devoid of the Kunitz trypsin inhibitor, lectin, and allergens.
The authors found that animals fed TN showed DI enteritis and a higher expression of
pro-inflammatory genes, as well as two stress-related genes, when compared with the soy
protein concentrate diet. The authors concluded that, most likely, the extrusion process
used for producing feed seems sufficient to inactivate proteinaceous antinutrients, the
removal of which does not affect the nutritional value of the feed for Atlantic salmon.
The addition of probiotics to a 20% SBM diet has been evaluated on post-smolt Atlantic
salmon [54]. The authors observed an increase in intestine supranuclear vacuoles, and
reduction in the lamina propria width in animals fed the probiotics. It was concluded that,
most probably, this addition may prevent enteritis.

Microbiota: Research on the effects of SBM on microbiota is still recent compared
to that on the intestine morphology, and, for this reason, it is difficult to conclude the
effective relationship between soybean and microbiota; however, Bakke-McKellep et al. [93]
found that 25% SBM can alter the microbiota with an increase in the number and diversity
of bacteria, especially Enterococcus spp., and mostly Enterococcus faecalis. The same
authors found no relationship between microbiota alteration and SBM-induced enteritis.
On the contrary, Reveco et al., [76] suggest that the modulation of the bacterial community
with 20% of SBM could lead to SBM-induced enteritis; in this study, the authors report an
abundance of Bacteridoites and Firmicutes, and also an increase in Proteobacteria. Similarly,
Gajardo et al. [49] studied the inclusion of 15% soy protein concentrate, mixed with wheat
gluten, and found an abundance of lactic acid bacteria in the mucosa-associated microbiota
and alterations in the histomorphology, typical of SBM-induced enteritis; the phyla mainly
represented in microbiota were Proteobacteria, Firmicutes, and Bacteroidetes. Although
the phyla found were similar, Booman et al., 2018 [52] did not observe any relationship
between 20% SBM and microbiota alteration in Atlantic salmon. In this study, the analysis
showed that Tenericutes was the dominant phylum, followed by Proteobacteria, Firmicutes,
and Bacteroidetes. Navarrete et al., 2013 [59] found that some bacterial groups, such as
Shewanella, Lactococcus, Aeromonas, and Pseudomonas were specific to certain diets;
however, there was no correlation between SBM-induced inflammation (50% inclusion) and
different bacterial groups. The authors also found that the inclusion of lactic acid bacteria
may modulate intestinal inflammation. Finally, the inclusion of 5-10% of soybean protein
concentrate in the diet did not show better results; Green et al. [75] confirmed the hypothesis
that soybean protein concentrate can cause intestinal disorders as a consequence of the
intestinal microbiota alteration, even if the authors did not observe any sign of inflammation.
The authors also described that soybean protein concentrate could have an effect on raising
the bacterial diversity of the intestinal tract, leading to the presence of unusual bacteria,
like Escherichia and Propionibacterium, that are not usually associated with marine fish.
The impact of yeast inclusion on the modulation of the intestinal microbiota of fish fed SBM
was studied by Agboola et al. [77], and it was concluded that the addition of inactivated
yeasts did not lead to an alteration in the modulation caused by the SBM diet.

3.2. Peas and Pea Protein Concentrate (PPC)

Despite a lower content of protein when compared to other plant protein sources, field
peas seem to be a good candidate as a protein source for fish [45—47]. Peas also contain
several anti-nutritional factors, but their level is low compared with other legumes [35].
Supplementation with peas has been tested in Atlantic salmon and its effect was assessed
in terms of intestine integrity.
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Intestine health—no effects: No histological changes were observed in the DI of
Atlantic salmon fed extruded whole field peas at an inclusion level of 20% [45]. A study
showed that PPC could replace 20% of the FM protein in the feed for Atlantic salmon
without adverse effects on intestine health; no changes in the size of the intestine and no
significant differences in the histology of the DI among dietary groups were detected [61].
These results were recently confirmed by [62], where in fish fed a PPC diet at an inclusion
level of 4%, there were no signs of DI enteritis.

Intestine health—negative effects: Penn et al. [43] tested several diets with different
inclusion levels of plant proteins. In fish-fed diets containing 35% of PPC, there were
evident histological changes in the DI: shorter simple mucosal folds, wider lamina pro-
pria with concomitant leukocyte infiltration, reduced to absent vacuolization, and apical
displacement of nuclei. It was also evident that there was a reduction in the brush border
enzyme activities.

Microbiota: Only one work analyzing the relationship between PPC and microbiota
was found in the literature. Hartviksen [66] observed an increase in the population level of
autochthonous bacteria associated with the ID mucosa, although the reason for this was
not clear. In all diets, the dominant phyla were Corynebacteriaceae in the allochthonous
population and Lactobacillaceae in the autochthonous bacterial population. The same
authors found no serious signs of enteritis.

3.3. Faba Bean and Faba Bean Protein Concentrate (BPC)

Whole crushed faba beans have a lower protein content (~25%) when compared with
soybean (~35%) [94]. As for peas, further faba bean processing may lead to ingredients
with a higher protein concentration, more interesting for FM replacement: crushed faba
beans (28% protein) and air-classified, de-hulled, crushed faba bean protein concentrate
(BPC, 61% protein).

Intestine health—no effects: No histological changes were observed in the DI of
Atlantic salmon fed either whole or dehulled faba beans at an inclusion level of 20% [45].

Intestine health—negative effects: The same author tested the effect of two levels
(17 and 35%) of a wet-processed faba bean isolate with a high protein content (~80% crude
protein), and low levels of anti-nutritional factors [63]. The DI of fish fed the diet with the
highest content of faba bean showed a clear deterioration of the absorptive vacuoles with an
increasing level of supplementation of the wet processed faba. The lamina propria appeared
significantly wider, which was probably due to the increased infiltration of eosinophilic
granulocytes. These signs of progressing enteritis were similar to those observed in SBM-
induced enteritis. The authors concluded that protein derived from faba beans may replace
FM at a certain level in feeds for Atlantic salmon.

Intestine health—positive effects: Inclusion levels ranging from 50 to 200 g/kg of feed,
which partially replaced either SPC or FM, showed the greatest potential in terms of fish
growth and no negative effects in terms of intestine inflammation. This was evaluated
through a histological scoring of the following parameters: sub-epithelial mucosa, mucosal
folds, lamina propria, eosinophilic granulocytes, goblet cells, and supranuclear vacuoles.
High inclusion levels of BPC (450 g/kg) caused mild intestinal inflammation, although
this was not as severe as the inflammation seen in fish fed higher SBM diets. The authors
concluded that BPC at these inclusion levels represents a valuable alternative for FM in
Atlantic salmon.

Microbiota: As for the effects of the use of faba beans in diets on intestinal microbiota,
no information was found in the literature.
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3.4. Other Plant Protein Sources (PPS)

Other plant ingredients were evaluated as protein sources: wheat, maize meal, sun-
flower meal, rapeseed meal, and wheat gluten.

Intestine health—mno effects: The addition of a seaweed meal derived from brown
seaweeds (Laminaria sp., kelp) was tested in Atlantic salmon at inclusion levels from 3 to
100% [95]. Fish fed the 3 or 10% inclusion levels diets showed higher whole intestine and
intestinal weights and lengths, suggesting an increased holding time and a larger surface
area for digestion and nutrient absorption. Two commercially available algae-derived
products (dry algae meal), Verdemin (derived from Ulva ohnoi) and Rosamin (derived from
diatom Entomoneis spp.), were tested in the diet of Atlantic Salmon [96]. No positive or
negative effects were found on fish growth, but the authors did not investigate the effects
of this algae inclusion on intestine morphology and health.

Intestine health—negative effects: In Atlantic salmon fed 25% of a high plant protein
replacement diet, there was inflammatory infiltration in the submucosa and lamina propria
of the DI, but at a low level [65]. Wheat gluten was investigated in two inclusion levels in
the diet of Atlantic salmon, 15 or 30% [97]. The authors found shifts in the expression of a
large number of genes responsible for immunity and tissue structure and the integrity of
the intestine transcriptome in fish fed wheat gluten, indicating the nutritional stress of fish.
A high wheat gluten inclusion in the diet produced a negative impact on intestinal health,
and symptoms were found to be similar to those of gluten sensitivity in humans.

Microbiota: No information was found in the available literature on the impact of
these plant protein sources on the intestinal microbiota.

3.5. Animal Protein: Poultry by-Product Meal (PBM)

In this review, until now, only plant protein sources have been addressed as replace-
ment ingredients for FM, but there are animal protein sources that may constitute valid
alternatives as well. A good example is the poultry by-product meal (PBM), which is a
result of the poultry processing industry. It presents a high protein content with a favorable
profile of essential amino acids for fish production [98]. These characteristics, together
with its low price and wide availability, make PBM an ideal candidate for replacing FM
in aquaculture feeds. However, there are not many studies regarding the impact of the
replacement of FM with PBM in the intestines of Atlantic salmon.

Intestine health—negative effects: PBM and feather meal were given to Atlantic salmon
at an inclusion level of 20% [62]. None of the fish fed these diets showed severe signs
of inflammation. It has to be pointed out that PBM resulted in a significantly decreased
submucosa width, and feather meal resulted in a decrease in goblet cells.

Intestine health—positive effects: A diet containing 58% of PBM was given to fish in a
40-day trial [67]. There were no changes in the DI histology, but there was a decrease in
the chyme water content and an increase in the expression of the tight junction protein
occluding. This is a contradictory result and the authors hypothesize that the decrease in
the chyme water content was probably related to the low lipid digestibility.

Microbiota: Hartviksen et al. [62] observed that Atlantic salmon fed with PBM and
feather meal influenced the microbiota composition of the intestine; it seems that PBM
modulates the allochthonous bacteria composition, by increasing its population in the
DI. In addition, in this diet, the main represented phyla were Corynebacteriaceaein for the
allochthonous and Lactobacillaceaein for the autochthonous bacteria population.

3.6. Animal Protein: Insect Meal (IM)
3.6.1. Black Soldier Fly (BSF-Hermetia Illucens)

There is an animal protein source for which interest as a feed ingredient for terrestrial
and aquatic animals continues to grow every year: insect meal (IM). Among these, the black
soldier fly (BSF-Hermetia illucens) larvae are considered an important potential species to be
used for animal feed [99,100]. This species has been used as a protein source in animal feed
since the 1970s, mainly because of its capacity to convert food waste, such as vegetables,
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fruit, factory waste, and animal tissues, into high-quality protein. BSF larvae contain about
40% protein and present a balanced profile of essential amino acids [101].

Intestine health—no effects: Intestine health seemed to be maintained in fish fed a test
diet where all the FM was replaced with BSF larvae meal [71]. Fish fed insect meal presented
a higher weight of the DI and less severe enterocytes steatosis (abnormal retention of fat in
the cells). There were, however, inflammatory morphological changes in all the examined
intestinal segments, which are similar to those to those caused by SBM, but, overall, the
authors concluded that intestinal health was not compromised by the IM.

Recently, a research group assessed the partial replacement of FM with BSF larvae in
Atlantic salmon fry [69] and in pre-smolts [68]. According to the authors, it is safe to replace
FM with BSF up to 10% in fry, as no negative effects on growth, feed utilization, and intestine
structure were observed; the mucosa folds and thickness, as well as the overall histology,
were not influenced by the BSF larvae meal inclusion. According to the authors, for pre-
smolts, it is possible to increase the replacement level up to 15% without compromising
growth performance, feed utilization, somatic indices, and the histomorphology of the
intestine. Indeed, villus height and area, and the muscular thickness of the DI appeared
unaltered when using a BSF larvae meal up to 15% inclusion level. The villus width was
higher in fish fed the insect meal diet, but the authors claim that it is not necessarily a
negative result, as it may imply an increase in the number and measure of the enterocytes,
which provide a greater absorption surface area.

Intestine health—positive effects: Belghit et al. [102] studied the effect of the increasing
supplementation of IM, produced from BSF larvae, in the diet of Atlantic salmon. The
partial or complete replacement of the FM protein with insect meal in the diet did not show
negative effects on the feed intake or on the growth performance of fish. Unfortunately,
in this study, the histomorphology of the intestine was not evaluated, but the fact that
the inclusion of insect meal did not affect the digestibility of proteins, lipids, amino acids,
and fatty acids indicates that most probably the intestine architecture was not significantly
altered. This is confirmed by other studies where several levels of insect meal produced
from BSF larvae were tested on Atlantic salmon. For instance, Weththasinghe et al. [70]
showed that replacing conventional protein sources with low to moderate levels of insect
meal (6.25% and 12.5%) leads to an evident reduction in enterocyte steatosis in the pyloric
caeca. Even with high replacement levels, such as 25%, an improvement in the DI structure
was observed; in all of the experimental groups, an increase in the width and infiltration
of the submucosa and lamina propria by inflammatory cells was observed. There were
no signs of enteritis in the DI in fish fed the IM diet. Likewise, Li et al. [103] confirmed
that the pyloric caeca mucosa clearly showed less hyper-vacuolization (indicative of lipid
accumulation in enterocytes) in the IM-fed fish. As for the DI, the authors assessed the
shortening and fusion of mucosal folds, cellular infiltration within the lamina propria
and submucosa, enterocyte vacuolization, and nucleus position disparity. None of these
parameters were affected by the inclusion of IM in the diet. Lock et al. [17] noticed that
there were no differences in the DI structure between the several inclusion levels of BSF
larvae (from 25 to 100%); the DI epithelium showed a normal morphology with no loss of
villi architecture, vacuole formation, or necrosis in the tips of the villi.

Microbiota: Another indication of positive use of the BSF was found in a study
by Li et al. [78], where Atlantic salmon were fed a commercial reference diet and an IM-
based test diet to compare the intestinal microbiota between the two diets. The authors
concluded that fish fed the IM diet showed deep changes in the intestinal microbiota,
confirming the results of a previous study of the same authors, where an IM diet altered
the DI microbiota in terms of higher microbial richness and diversity. It was found that
bacterial communities such as Actinomyces, Bacillus, Brevibacterium, Corynebacterium 1, and
Enterococcus were increased in the IM diet [104] The authors state, though, that further
studies would be necessary to evaluate if and how much these alterations can be account-
able to differences in microbiota feed and dietary nutrients. This could be useful also to
understand the impact of these changes on fish physiology and health.
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3.6.2. Yellow Mealworm (Tenebrio Molitor)

Another candidate as IM for aquaculture feeds is the yellow mealworm (Tenebrio molitor).
Like the BSF larvae, the T. molitor also has a substantial content of proteins and lipids, and a
good amino acid and essential fatty acid profile. Shafique et al. [105] made an interesting
review on the use of this insect species in aquafeed; unfortunately, there is no information on
Atlantic salmon, but the results obtained up to now in other salmonids seem promising in
terms of growth, biometric indices, and body composition. As the authors mention, further
studies are necessary in order to conduct a thorough evaluation of the impact of the use of
this ingredient in terms of intestine health in fish. The impact on the intestine microbiota from
the addition of the yellow mealworm in the diets of Atlantic salmon has not been studied
to date.

3.7. Single-Cell Protein (SCP)

Single-cell protein (SCP) also appears to be an excellent alternative to FM and to plant
ingredients due to its adequate nutritional profile and the fact that it can be cultivated in
any location and climate. Moreover, it presents the advantage of not stressing the existing
agricultural systems. SCP products can be produced from several microbial sources, such
as microalgae, yeast and other fungi, and bacteria [106].

3.7.1. Microalgae

Microalgae are rich in high-quality proteins, essential amino acids, polyunsaturated
fatty acids, polysaccharides, vitamins, minerals, and pigments [107].

Intestine health—no effects: The effect of the replacement of FM with the microalga
Nannochloropsis oceania was assessed in terms of growth performance, feed utilization, and
intestine health [108]. The histomorphology of the DI was not altered by the supplemen-
tation with this microalga in the feed, and there were no signs of inflammation of the
intestine, even if the expression of the pro-inflammatory gene il17d was higher in fish fed
10% alga. The results of this study, altogether, indicate that the inclusion of this microalgae
at low levels (c.a. 10%) does not produce negative effects on weight gain, specific growth
rate, and health parameters, making it a good candidate for FM partial replacement. The
same author examined the effect of pre-extruding two microalgae, Nannochloropsis oceanica,
and Tetraselmis sp., on the growth, the fatty acid content in the flesh, and the health of
Atlantic salmon [72]. First of all, neither Nannochloropsis nor Tetraselmis, at high inclusion
levels (30%) show signs of intestine inflammation other than enterocyte vacuolization. For
both algae, the expression of muc2, a gene that encodes the mucine protein which covers
the whole intestine, in the DI was not significantly altered. Microalgae present rigid cell
walls that may lower the digestibility and nutrient bioavailability in carnivorous fish, but
the extrusion process may contribute to its breakdown and therefore to better nutrient
utilization. It has been hypothesized that certain food additives may contribute to a better
nutrient utilization of microalgae by fish. Gong et al. [109] tested the influence of two
commercial food additives in food containing 10% of N. oceanica. The addition of the feed
additives produced no significant effects on growth, feed utilization, or the histomorphol-
ogy of the DI. Even if there was an increase in the cell proliferation of the mucosa folds in
fish fed the microalga alone, as well as the microalga-commercial additive combination,
the authors concluded that the tested feed additives did not show a distinct advantage for
Atlantic salmon.

Intestine health—positive effects: Kiron et al. [73] investigated the inclusion of a
defatted marine alga, the Desmodesmus sp., in Atlantic salmon diets. The expression of
immune and inflammatory marker genes and the morphological observations did not
reveal any abnormalities in the intestinal health of the fish fed microalga. Histological
analyses revealed a normal lamina propria and goblet cells. The authors concluded that
it is possible to include defatted Desmodesmus sp. at 20% in the feeds of Atlantic salmon.
Grammes et al. [110] investigated the possibility that the addition of certain microbial
ingredients such as yeasts or microalgae may relieve SBM-induced enteritis in Atlantic
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salmon. The results showed that the supplementation of a 20% SBM feed with the yeast
Candida utilis or the microalgae Chlorella vulgaris resulted in a healthy fish intestine, indicat-
ing it was highly effective to counteract enteritis.

3.7.2. Yeasts

Yeasts are becoming popular as ingredients in fish feeds because of their protein
content but also because they potentially support better growth and good fish health, as
reviewed by Agboola et al. [111].

Intestine health—no effects: The inclusion of 25% Candida utilis yeast in the feed
during the delicate stage of smoltification did not produce any alterations in the morphol-
ogy of the DI, in terms of the length of the simple folds, mucosa thickness, or intestinal
epithelial cells [23]. The replacement of 40% of the crude protein from FM with the yeasts
Candida utilis, Kluyveromyces marxianus, or Saccharomyces cerevisine was evaluated [112]. Fish
fed the S. cerevisine and K. marxianus diets presented a heavier DI than fish fed the FM diet,
but no other assessments were performed on the intestine. Overall, the authors concluded
that C. utilis and K. marxianus can be used as suitable protein sources for Atlantic salmon,
while S. cerevisine seems to be less promising.

Reveco-Urzua et al. [53] aimed to evaluate the intestinal tissue responses of fish fed
inactive dry Candida utilis yeast biomass, SBM, or a combination of an SBM-based diet with
several inclusion levels of Candida utilis. The authors found that the inclusion of C. utilis in
an FM-based diet did not produce any changes in terms of DI morphology, immune cell
population, or gene expression. When combined with SBM, low inclusion levels of C. utilis
modulated immune cell populations in the DI and reduced the severity of SBM-induced
enteritis. However, this effect on enteritis was not confirmed by a study on parr, where
the severity of the reduced height of the intestine folds and the decreased presence of
supranuclear vacuoles was not counteracted by the addition of C. utilis in the feed [74].

Microbiota: It has been observed that an inclusion level of up to 20% of torula yeast in
Atlantic salmon feed produced no alterations in growth performance, and showed benefits
in the intestine microbial community [79].

However, at inclusion levels higher than 20%, not only were there no growth benefits,
but there were adverse changes in the intestine microbiome, for example, an increase in the
bacterial community, such as Weissella and Leuconostoc, and also a decrease in lactic acid
bacteria (Lactococcus).

4. Conclusions

The development of more sustainable aquaculture from the economic and environ-
mental point of view should be focused on the development of diets with new, sustainable
sources of proteins to fully or partially replace fishmeal. The future elected protein sources
must meet the nutritional requirements of carnivorous fish species such as the Atlantic
salmon without compromising the growth and intestine health of fish, which are usually
endorsed by the anti-nutritional factors present in many plant ingredients. It appears quite
evident from this review that even at low inclusion levels, soybean meal causes negative
effects on the distal intestine of Atlantic salmon. Nevertheless, soybean meal remains an
attractive alternative to fishmeal, taking into account its protein content, market availability,
and cost, although other protein sources should be seriously taken into account when
formulating feeds. Ingredients with an adequate content of protein, which cause mild or
no effects on the distal intestine even at high inclusion levels, such as microalgae, insects,
and single-cell proteins, could be also interesting choices for feed formulations.

The negative effects on morphology caused by alternative protein sources seem to be
greater than the positive ones. However, concerning carnivorous fish such as the Atlantic
salmon, if an alternative protein source produces no negative effects on fish health, then this
is an overall positive effect from a sustainability point of view. This review shows that this
is a “hot topic” nowadays. There is a lot of research on new sustainable protein sources, but
this research is not always easy to confront as there are a great variety of inclusion levels,
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trial lengths, and stages of fish development. In the current scenario, more research still
needs to be performed in order to reach a balanced alternative to fishmeal, with the right
inclusion level used in the right fish stage of development. Indeed, regarding microbiota, it
is now starting to be studied, and from this review it can be seen that there are not many
works yet and therefore it is not yet possible to draw clear conclusions.

Finally, using alternative protein sources could have a positive impact, as well, on the
preservation of the stocks of marine species used for the production of fishmeal. It may not
be ethically correct to harvest fish that is used to produce aquaculture feed, to produce fish
that will be used as food for humans [39,113]. Thus, it is of major importance to increase
efforts to replace fishmeal in feeds for fish in general, and for Atlantic salmon in particular,
and to pursue strategies that minimize the impacts of fishmeal reduction in the diet and on
fish fillet quality. The alternative protein sources in aquafeeds must guarantee fish health
but also a final product that is suitable from a nutritional point of view, and at the same
time well accepted by the consumers.
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