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Aquaculture has been challenged to find alternative ingredients to develop innovative feed formulations that foster a
sustainable future growth. Given the most recent trends in fish feed formulation on the use of alternative protein sources
to decrease the dependency of fishmeal, it is fundamental to evaluate the implications of this new paradigm for fish health
and welfare.
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1. Impacts of Alternative Protein Sources on Fish Intestinal and Hepatic
Health

In the past two decades, an intense research effort has been devoted to unlocking the potential of plant-derived
ingredients, as an alternative to gradually replace traditional ingredients of marine origin (fishmeal and fish oil), in
aquafeeds formulation @&, Earlier, soybean was considered a good alternative to fishmeal, due to its high protein
content, relatively balanced amino acid profile, and availability [31. However, the first reports showed that dietary inclusion
of soybean meal at levels above 10% induced enteritis in salmonids 4. The disturbance was associated with the
presence of antinutritional factors in crude soybean meals, especially soya saponins Bl High levels (+20%) of dietary
soybean meal inclusion are still reported to induce enteritis in Atlantic salmon (Salmo salar) and rainbow trout
(Oncorhynchus mykiss) EIE: further research has shown that salmonids were not the only fish affected. Signs of
soybean-induced enteritis were also recently reported in orange-spotted and hybrid groupers (Epinephelus
coioides and E. fuscoguttatus x E. lanceolatus) B9 yellowtail (Seriola dorsalis) 1, Japanese seabass (Lateolabrax
japonicus) 1218l and totoaba (Totoaba macdonaldi) 141,

The integrity of the intestinal epithelium is fundamental to secure nutrient absorption, and the negative effects of plant
protein-based diets in the intestinal health may lead to disturbances in the intestinal absorptive function. In meagre
(Argyrosomus regius) juveniles that were fed a diet containing more than 50% of plant ingredients for 10 weeks, the
intestinal epithelium showed a secretory function, instead of its normal absorptive function, indicating a pathological state
of diarrhoea 221, This intestinal disturbance has been previously reported in Atlantic salmon presenting soybean-induced
enteritis L8171, The alterations in the intestinal epithelium, due to enteritis, negatively affect nutrient digestibility, intestinal
enzyme activities, and the expression of amino acid and peptide transporter genes 12114l Therefore, the disturbances
found at intestinal epithelial level are translated in a lower nutrient availability for fish, which, in some circumstances, may
be reflected in a reduction in growth performance.

Besides the important role of the intestine in nutrient absorption, intestine integrity is essential in the defence against
pathogens. Japanese seabass, when fed soybean-based diets (>30% of inclusion) for eight weeks, showed increased
intestinal permeability and impaired intestinal mucosal barrier function 2. Soya saponins, per se, have been shown to
increase intestinal epithelial permeability in Atlantic salmon after feeding fishmeal-based diets with soya saponin inclusion
for 53 days, even if not inducing enteritis 28], It should be noted that not only soybean-based diets induce disturbances at
intestinal level. Diets with high levels of novel ingredients, such as insect meals, microalgae, macroalgae, and yeast
(Saccharomyces cerevisiae), have also shown to affect the fish intestinal barrier function. In Artic charr (Salvelinus
alpinus) and gilthead seabream (Sparus aurata) that were fed diets with these alternative ingredients for 80 or 100 days,
respectively, an increased paracellular permeability was observed 2819 The compromised intestine integrity enhances
the risk of the intrusion of pathogens or exposure to foreign antigens from the gut lumen, thus increasing disease
susceptibility and/or leading to an inflammatory reaction. Additionally, given the important role of the intestine in the
immune function, the inflammatory reactions observed at the intestinal level in fish fed alternative diets may result in an
impaired immunological response.

Soybean-induced enteritis has been the subject of many studies on fishmeal replacement strategies, but the other
antinutritional factors that are present in plant ingredients may also affect fish health. For instance, carob seed germ meal



contains antinutritional factors, primarily tannins. Based on the morphological alterations found in the liver and distal
intestine of gilthead seabream juveniles, a possible negative effect of long-term feeding with diets containing more than
34% of carob seed germ meal was suggested 2. Lupin meal is another plant protein source that also contains
antinutritional factors (phytic acid, tannins, saponins, and lectins). Barramundi (Lates calcarifer), when fed diets with 75%
replacement of fishmeal by lupin meal (51% of dietary inclusion) for 60 days, developed liver steatosis and necrosis in the
kidney, resulting in lower growth performance than in fish that were fed fishmeal-based diets 24, Even when using plant
proteins that have relatively low levels of antinutritional factors, the impacts on fish health may be found. For example, a
high dietary level of wheat gluten (30% of inclusion) can have a negative impact on the intestinal and liver health of
Atlantic salmon after feeding for nine weeks, with symptoms similar to gluten sensitivity in humans 221,

The technical processing steps in ingredient and diet production, such as alcohol extraction, fermentation, or heat, may
inactivate or reduce the content of the antinutritional factors in plant ingredients 23], For instance, soybean-induced
enteropathy was not observed in Atlantic salmon that were fed diets with up to 25% of soy protein concentrate for 56 days
(8. Additionally, inclusion of up to 30% of bioprocessed soybean meal affected neither growth performance nor intestinal
health in rainbow trout after feeding for 125 days 24. However, highly processed plant proteins are expensive and high
inclusion levels are not economically feasible in production scenarios.

Another successful strategy to counteract intestinal inflammation is the use of dietary supplements. Functional additives,
comprising of a mixture of antioxidant, immunopotentiator, and trace elements, were able to partially eliminate soybean-
induced enteritis in Japanese seabass 13 The addition of probiotics (Lactobacillus fermentum and Lactobacillus
plantarum) to soybean meal-based (20% of inclusion) diets did not completely prevent the development of enteritis in
Atlantic salmon, but enhanced intestinal health &l Supplementation with butyrate (0.2% of inclusion) improved gut
morphology and mitigated the symptoms of inflammation in European seabass (Dicentrarchus labrax), black seabream
(Acanthopagrus schlegelii), and largemouth bass (Micropterus salmoides) that were fed high soybean meal (x30%
inclusion) diets 2511281 Bytyrate seems to be used as a major energy source by epithelial cells of the intestine, thus
stimulating cell proliferation and differentiation upon injury 28!, Dietary taurine supplementation (0.2%) also normalised the
intestinal abnormalities and reduced the intestinal inflammation observed in European seabass that were fed soy protein
(16.7% soybean meal and 12.8% full-fat soy) diets 251,

The search for novel ingredients to fishmeal is still in its infancy. Alternative protein sources, other than plant ingredients,
may exert obvious impacts on fish health, inducing modifications at the intestinal and hepatic levels. The inclusion of more
than 7.5% of whey protein concentrate in Nile tilapia (Oreochromis niloticus) diets resulted in swollen hepatocytes and
congested hepatic blood vessels after 10 weeks of feeding 4. This translated to disturbances in the liver function, leading
to increased plasma levels of the metabolic enzymes—alanine aminotransferase (ALT) and aspartate aminotransferase
(AST)—which is an indicator of liver disease. In European seabass, the inclusion of more than 16% of whey protein in
diets increased the activity of liver function enzymes and disrupted kidney function after 10 weeks of feeding; although,
only at 27% of dietary inclusion, histopathological signs in intestine and liver tissues were observed (28 Insect meals are
also being increasingly used as novel protein sources for fish diets. In rainbow trout, fishmeal replacement by black
soldier fly prepupae meal resulted in a reduction in the absorptive epithelial surface, as well as the potential occurrence of
gut inflammation 29, In studies with juvenile barramundi, histological alterations at the intestinal epithelial level were
reported after feeding totally replaced fishmeal diets (69.5% of poultry by-product meal inclusion or 63% of poultry by-
product meal and 12% of insect meal) for six weeks, thus lowering the digestion and absorption surface area and
impairing growth performance BYBl  Furthermore, in these fish, increased serum levels of AST and glutamate
dehydrogenase were found, associated with hepatic multifocal necrosis. Other studies also reported hepatic disturbances
in fish that were fed diets containing rendered animal proteins. The inclusion of more than 24% of an animal protein blend
(poultry by-product, meat and bone, spray-dried blood, and hydrolysed feather meals) induced hepatic steatosis in
Japanese seabass after eight weeks of feeding 2. In hybrid grouper, the inclusion of a blend of rendered animal proteins
(poultry by-product, shrimp, and spray-dried blood meals), at levels replacing 80% of dietary fishmeal (57% inclusion
level), induced hepatic steatosis by modulating the lipid metabolism-related genes and inducing hepatocyte apoptosis via
the up-regulation of apoptosis-related genes B3l Additionally, in hybrid grouper, high levels of dietary poultry meal
inclusion (>31% of the diet) induced steatosis in fish hepatocytes after eight weeks of feeding 9. The authors related this
result with the high lipid level and almost no EPA (eicosapentaenoic acid) or DHA (docosahexaenoic acid) found in poultry
meal. These results serve as a reminder that the ingredients used as alternative protein sources to fishmeal are more
than just protein. Hence, the processing of alternative ingredients to improve its nutritional value may be paramount, and
further research is clearly necessary.

The search for sustainable alternative ingredients that promote fish health and welfare is clearly well-established as one of
the priorities for aquaculture. An interesting strategy on the use of novel ingredients is its utilization for counteracting the



negative effects of some plant proteins. For instance, no hepatic damage was observed in barramundi that were fed high
lupin meal diets (51% of inclusion), when 4.6% of tuna fish protein hydrolysates were included, contrary to what was
observed in fish that were fed non-supplemented diets 21, Additionally, dietary inclusion of protein hydrolysates (from krill,
shrimp, or tilapia; circa 3% of inclusion) in low fishmeal (plant protein-based) diets improved gut macromorphological
aspects and enhanced the apparent digestibility of dry matter and crude protein in olive flounder (Paralichthys olivaceus)
after 11 weeks of feeding 4. The inclusion of single cell proteins in plant protein-based diets has also provided
interesting results. The inclusion of bacterial meal, of the microalgae Chlorella vulgaris or of the yeast Candida utilis, in
diets with 20% of soybean meal, was highly effective in counteracting soybean-induced enteropathy in Atlantic salmon [
(361 Oppositely, the yeast S. cerevisiae had no functional effects in Atlantic salmon diets 2. However, in rainbow trout, the
inclusion of a protein-rich yeast fraction (from S. cerevisiae) in plant protein diets, totally devoid of fishmeal, resulted in a
larger fish internal intestinal surface area, which contributed to an enhanced nutrient absorption capacity 2. Furthermore,
while rainbow trout that were fed the 100% plant protein diet showed signs of moderate enteritis in the distal intestine, this
inflammation was gradually alleviated with increasing incorporation of the yeast fraction in the diet (up to 15% of
inclusion). As for the microalgae, the dietary inclusion of a blend of dried marine Tisochrysis lutea and Tetraselmis
suecica biomass improved the gut digestive and absorptive functions of European seabass, relative to fish given a
soybean meal-rich diet (35% of inclusion) for 105 days 8. Other novel protein sources, such as insect meals, have also
shown potential to ameliorate intestinal inflammation. Total replacement of fishmeal in plant protein-based diets by black
soldier fly larvae meal was associated with lower enterocyte steatosis in the proximal intestine of Atlantic salmon B9, The
inclusion of defatted black soldier fly or poultry by-product meals, in diets totally devoid of fishmeal, as a replacement or a
complement of plant protein-rich ingredients, resulted in improved growth and gut health in gilthead seabream and
rainbow trout 4241l |nterestingly, the combination of novel protein sources has also been shown to translate to positive
impacts for fish metabolism and health. An increase in the inclusion level of full-fat black soldier fly larvae meal (35% of
inclusion) in poultry by-product meal diets (totally devoid of fishmeal) resulted in no obvious hepatic lesions in barramundi
(421 contrary to what has been previously observed with poultry by-product meal diets, without B2 or with 12% of full-fat
black soldier fly larvae meal inclusion B, Thus, the dietary inclusion of alternative ingredients, such as poultry and insect
meals, seems a promising strategy for counteracting the negative side effects that might be observed in non-fishmeal
diets.

| 2. Impacts of Alternative Protein Sources on Fish Microbiota

Fish gut microbiota is considered a regulator of fish health 4244 participating in key processes such as digestion,
defence and immune responses, and tissue stability, among others 42I46]. One of the most relevant processes intervened
by microbiota is the digestion of feed components that are indigestible for the host, leading to the synthesis of short chain
fatty acids 4. These represent a major energy source for intestinal epithelial cells and are essential for gut health.
Microbial composition has been widely studied for different species and is known to vary with species, season, and life
cycle events, among other factors (see the recent reviews on the subject 43148149y ' Fish gut microbiota is also quite
sensitive to dietary manipulations 221 and dietary modulation of its composition will change the microbiome function, so
the fish will accommodate a response with physiological consequences. Most studies focusing on fish gut microbiome
modulation through diet assessed the impact of functional ingredients, such as pre- or probiotics 252 |ndeed,
alternatives to fish- and plant meals as protein sources, such as algae biomass or hydrolysates, often have functional
properties when included at lower dosages B3I54] and are associated with shifts in microbial community structure.

Protein is the most important bulk nutrient, and it modulates fish gut microbiota 431551561 pepending on the source, within
the alternative proteins, the hydrolysates, algae, and yeasts are expected to produce alterations in the microbiota
community composition. The first have short peptides that are used as substrate by several intestinal microorganisms and
modulate the interactions between the microbiota and host's enterocytes E58 The latter have been used as probiotics,
and they are rich in compounds that can act as prebiotics, such as mannan oligosaccharides 2. Micro- and macroalgae,
however, have been highlighted as prebiotic ingredients 261 as well as a source of micronutrients and minerals,
essential for the gut well-functioning and stability. As alternative protein sources, studies have shown controversial results,
where efficiency depends greatly on inclusion rate, algae species, and biomass pre-treatments that will potentiate
digestibility and nutrient utilization. Regarding algae’s ability to modulate gut communities’ diversity and richness (Table
1), results were varied and seemed to depend on fish and algae species. Feeding European seabass a diet with 15%
inclusion of the cyanobacteria Arthrospira (formerly Spirulina) platensis biomass for 93 days reduced the feed conversion
ratio (FCR) and resulted in an unfavourable growth performance 2. No differences in gut community richness and
diversity were observed; however, it was evident that there was a reduction of the abundance of several members of
Proteobacteria phylum, as well as an increase of the abundance of the
genera Persicirhabdus, Methylobacterium, Acinetobacter, and Sediminibacterium. In a study with Atlantic cod (Gadus



morhua) juveniles, no significant differences were found in gut microbiota or growth performance when fish were fed a diet
with 10% Ulva rigida biomass in a 12-week trial 631 On the other hand, in the same study, a 10% inclusion of the
microalgae Ascophyllum nodosum reduced growth concomitantly with a reduced gut microbiota diversity and higher
abundance of the genera Psychromonas, Propionigenium, and Clostridium. Since the first has been linked to nutritional
compensation for unbalanced diets and the second is known to degrade cellulose and complex carbohydrates, as well as
to produce anti-inflammatory products from its metabolism [4, the authors suggested a possible microbial modulation to
compensate for any deleterious effects of the algae inclusion in the diet. When gilthead seabream juveniles were fed
10% Tetraselmis chuii or Phaeodactylum tricornutum biomass for 30 days, intestinal microbial diversity and richness were
reduced, although no differences were observed in growth performance €3, Despite those studies, others have reported
positive alterations of the gut microbiota diversity when algae are used as a protein source. Feeding rainbow trout
juveniles diets with 5% Schizochytrium limacinum biomass increased gut microbial diversity and induced a higher
abundance of lactic acid bacteria (LAB) after 15 weeks 88 An increase in microbial diversity was also found in juvenile
hybrid grouper fed diets with 5 or 30% Arthrospira platensis biomass, associated with higher growth at the lowest
inclusion level 7. However, the most promising results have been shown when using macroalgae as alternative protein
source. Feeding Senegalese sole (Solea senegalensis) a diet with 5% inclusion of Ulva ohnoi for 45 days resulted in
higher microbial diversity in the anterior intestine €8], Members of the genus Vibrio increased their abundance in the
macroalgae-fed group; however, Tenacibaculum, one of the most relevant pathogens in aquaculture, had a lower
abundance. A 15% dietary inclusion of Ulva rigida biomass increased richness in the gilthead seabream gut, but a higher
inclusion (25%) had an opposite effect after 70 days 9. Interestingly, when gilthead seabream juveniles were fed the
same 25% of Ulva rigida, but for less time (30 days), gut bacterial communities were richer, and an increase in abundance
of the genus Lactobacillus was observed, as well as a reduction of Photobacterium 9. Indeed, the ability of macroalgae
to modulate gut microorganisms has been acknowledged (see review /) and it assumes a special relevance in
aquaculture, since fish share the environment with opportunistic microorganisms that easily become pathogenic. As in the
above-mentioned study, the dietary inclusion of Gracilaria cornea biomass, as a protein source for 70 days, reduced the
abundance of Vibrio and diminished Photobacterium genus members to a residual abundance in the gilthead seabream’s
intestine 9. A reduction in the abundance of pathogenic organisms might result in the observed increased disease
resistance that fish have when fed macroalgae. This was observed by some authors 92 who encountered lower
mortalities in gilthead seabream infected with Photobacterium damselae subs. piscicida, when fed a diet with
5% Gracilaria gracilis biomass. Interestingly, the in vitro studies did not reveal a direct inhibitory effect against the
pathogen, and this highlights that the result is probably due to the prebiotic capacities of the macroalgae; the pathogen
abundance reduction is an indirect effect of the microbial network modulation. More studies are needed to address this
potential disease resistance with microbiota modulation by macroalgae, linking microbiota abundance with physiological
outputs.

The effects of hydrolysates as protein sources in the gut microbiota have been assessed, but not yet markedly (Table 1).
Most studies have focused on the effects of fishmeal or plant protein replacement by hydrolysates together with other
alternatives, hardening the isolation of the ingredient contributing for the observed changes. Nonetheless, the available
dedicated studies could uncover some microbial modulation patterns, namely the reduction in Vibrio genus members
abundance or dominance in gut communities. When sardine silage hydrolysate was included at 10 or 19% in European
seabass larvae diets, despite the similar Vibrio spp. counts when compared with a commercial fish protein hydrolysate,
there was a reduction of the genus members’ dominant occurrences (73], However, in some cases, the Vibrio sp. TYH3
strain was still found dominant in fish fed diets with sardine hydrolysate inclusion, and the authors concluded that this
ingredient might promote a favourable environment for this Vibrio strain, which has opportunistic characteristics. Further,
the authors linked this dominance occurrences with the observed higher larval resistance to Vibrio anguillarum challenge.
Feeding juvenile turbot (Scophthalmus maximus) for eight weeks with diets containing up to 34% of enzymatic
hydrolysates from poultry by-products resulted in a higher abundance of Phyllobacterium, Sphingomonas,
and Delftia genera members 4. However, this alternative protein was not well-received by fish, resulting in lower
digestibility and higher FCR. A possible explanation relies on the fact that the modulated genera are frequently linked to
the degradation of aromatic compounds, which might result in the accumulation of toxic metabolites in the intestinal tract,
affecting gut health and digestion (4. Nevertheless, the lowest and highest inclusion levels (8% and 34%, respectively)
induced the reduction of members of genus Vibrio and increase of Enterococcus, favouring the abundance of probiotic-
related microorganisms. Gilthead seabream that were fed a diet with 5% hydrolysed fish protein for 92 days presented
lower gut microbial diversity, with reduced abundances of Alteromonadales and Enterobacteriales, as well
as Pseudoalteromonas and Vibrio 3. In agreement, the same species, when fed a diet with 7.5% egg white hydrolysate
in a low fishmeal and fish oil diet for eight weeks, presented reduced growth performance, and this was linked with an
increase in Spirochaetes and Bacteroidetes abundance, as well as a reduction in Firmicutes Z8. On the other hand,
including 18% tuna hydrolysate in barramundi diets for seven weeks improved survival and intestinal histomorphology,



with a marked reduction of Vibrio members and increased abundance of Psychrobacter 4. The latter have the capacity
to secrete essential fatty acids and metabolites that will support host immune and antioxidant status 28, and this might be
linked to the observed improved performance. However, data are still very limited, and only few of the published studies
have used next generation sequencing (NGS) approaches. Considering the increasing awareness for reducing
consumption and introducing circular economy in livestock production, the hydrolysis of waste products has gained much
attention 29, and more studies are expected in the short coming future.

A similar trend is expected regarding single cell protein sources. These ingredients include bacteria, fungi (yeast),
microalgae-derived products, or combinations, and they are used as protein and omega-3 sources, as well as a source of
bioactive compounds (for further information on the different applications of single cell ingredients, see review %), From
the few available studies on the effects on microbiota, it is possible to infer that those results are not always concomitant.
The inclusion of 15% of baker’s yeast biomass in European seabass diets for 93 days had no effect on gut microbial
community richness or diversity, but growth performance was enhanced 82, Interestingly, a lower abundance of members
of the families Pseudomonadaceae, Lactobacillaceae, and Pasteurellaceae indicated that changes are directed to neither
possible pathogens nor beneficial bacteria, but to a complex orchestration of abundances modulation. A lower gut
microbiota diversity in gilthead seabream that were fed diets with 5% autolyzed yeast for 92 days was reported, but the
abundance of members of the orders Bacillales and Clostridiales increased, whereas Pseudoalteromonas genus
members’ abundance decreased, indicating a potential enrichment of beneficial bacteria /3. The use of yeasts, as a
protein source, seems to have a limit of inclusion that is not deleterious for fish. The replacement of 20% of fishmeal with
a mixture of yeasts (corresponding to 10% inclusion) in rainbow trout diets had no deleterious effect on gut microbial
diversity and composition B, In agreement, including up to 10% torula yeast (Cyberlindnera jadinii) biomass to replace
fishmeal in freshwater Atlantic salmon diets did not affect gut microbial diversity B2, However, the 20% inclusion of this
yeast in a plant protein-based diet reduced growth performance, in association with a reduction in microbial diversity;
overall, a higher protein replacement with yeast biomass led to a reduction of LAB abundance in the gut. Further research
is needed to properly address the effects of single cell protein sources in gut microbiota, as well as its inclusion limits,
covering the same sources in different species, so that robust conclusions can be drawn.

Table 1. Summary of alternative proteins (algae, hydrolysates, and yeast-based) and their impacts on fish intestinal
microbiota community.
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microbiota [R2[S3I[94][96][97][98][99)[100] ' Nevertheless, feeding a diet with 10% hydrolysed yellow mealworm or superworm
(Zophobas morio) meals reduced Lactobacillus and Carnobacterium abundance, although no differences in growth were
observed. These and other LAB are, in general, regarded as beneficial bacteria that inhibit the growth of pathogenic
microorganisms, through the secretion of inhibitory substances, such as bacteriocins and hydrogen peroxide, among
others, acting as immunostimulant and improving host's health, in addition to playing a relevant role in degrading
indigestible carbohydrates, such as fibre and starch (see review 1), In addition to LAB, others are modulated by insect
meal and linked with fish health. In Atlantic salmon that were fed a diet with 15% black soldier fly meal for 16 weeks, an
increase in the abundance of Brevinema andersonii and Spirichaetaceae members was found, and the authors linked
those changes with the expression of genes related to immune response and gut barrier function B4, In rainbow trout, the
dietary inclusion of black soldier fly prepupae meal (up to 20%) increased the abundance of Mycoplasma, a
microorganism that produces lactic and acetic acids as major metabolites, with beneficial consequences for the gut
mucosa 23, Additionally, an increase in Psychrobacter abundance was reported in barramundi that were fed a diet with
18% inclusion of black soldier fly meal for seven weeks X, The members of this genus produce (and make available)
essential fatty acids and metabolites that enhance the host's immune and antioxidant status ©41.

Table 2. Summary of insects’ meal and their impacts on fish intestinal microbiota community.



~ Without differing from control; ¢ significantlygiowgeatieaec#he control; 1+ significantly higher than the control; Al = anterior
intestine; FBW = final body weight; FCR = feed conversion ratio; FER = feed efficiency; Fl = fagghjgiake; IL = inclusion
IVBFK = caérf‘ftmlzgl’fdleéctoﬁ‘;f_:ﬁg;: Iax%ﬂ‘i" acid bacteria; PI = posterior intestine; PP = plant proﬁﬁﬁ%@’ dietepSGRs=

ngredient ura . A ysi
- : Microbiota . d Feed
specific growth rate; SR = survival rate; WG = weight gain. and Fee
Utilization
Output
Insects’
Meal
?(I)T;i';r il :;:2::: 1 Diversity in mucosa-associated community, Bacillaceae
.y 60 8 weeks family, Bacillus, Actinomyces - SGR (9]
(Hermetia (Salmo salar) . N .
N | Digesta-associated community
illucens) 49g
Black Atlantic
soldier fly salmon 16 t+ Diversity and richness, Brevinema andersonii, [o1]
. 15 L. < SGR
(Hermetia (Salmo salar) weeks Spirichaetaceae
illucens) 1400 g
Black Barramundi
soldier f!y (Lates' 18 7 weeks 1 D!ve'rsny (Shannon and Simpson index), Psychrobacter - FBW, SGR [z
(Hermetia calcarifer) | Vibrio
illucens) 39
Black E:;zz::n « Diversity and richness
soldier f_ly (Dicentrarchus 15 93 days | Proteobacteria and Bacteroidetes, Weeksellaceae, and 1 FBW [62]
(Hermetia Prevotellaceae L FCR
: labrax)
illucens) t Paracoccus
199
Black European o .
soldier fl seabass 12 « Diversity and richness
Y (Dicentrarchus 30 + Anaerococcus, Cutibacterium, Pseudomonas, and - FBW, FCR, K 100
(Hermetia weeks i ) -
: labrax) Firmicutes:Bacteroidetes ratio
illucens)
6g
2‘)?3:;_ i S;:::::m 12 « Diversity and richness
k4 30 1 Staphylococcus, Hafnia, and - FBW, FCR, K 100
(Hermetia (Sparus aurata) weeks
\ Aeromonas
illucens) 309
Siberian
Blac_k sturgeon t Bacillus, Lactobacillus, and - FBW, SGR,
soldier fly . FCR [92]
. (Acipenser 15 60 days Enterococcus
(Hermetia ! - . 1 Mucosa
: baerii) Overall positive and strong modulation .
illucens) thickness
640 g
Black Meagre
soldier fly (Argyrosomus 1 Gut
. - 10, 20, 30 9 weeks « Diversity and community composition histomorphology [20]
(Hermetia regius) .
: alterations
illucens) 18¢g
Black Rainbow trout
soldier f!y (Onc.orhynchus 20, 40 78 days 1 D!versny, strux_:ture, and composition (mainly in IL20) - WG, FCR [98]
(Hermetia mykiss) + Digesta associated LAB
illucens) 178 g
Stl)?;iker i ?gr':;z:: :fl:lltls t Diversity (Shannon index), richness (Chao index),
'y . 4 30 5weeks LAB, Corynebacterium, Bacillaceae - WG, FI (23]
(Hermetia myekiss) PP X
. | Proteobacteria:Firmicutes ratio
illucens) 200g
Black Rainbow trout - SGR, FCR,
soldier f!y (Onc.orhy nchus 20 71days 1 LAB (mainly Lactobacillus and Enterococcus) villus height, 27
(Hermetia mykiss) mucosa
illucens) 53¢ thickness
Black Rainbow trout .
soldier fl (Oncorhynchus 12 - Richness
_y . Y 10, 20, 30 1 Diversity (Shannon and Simpson) in IL20, Mycoplasma -~ FBW, SGR [25]
(Hermetia mykiss) weeks .
N | Aeromonas and Citrobacter
illucens) 66 g
Black Rainbow trout 1 Diversity (Shannon and Simpson), richness (Chao1l),
soldier fly (Oncorhynchus 10. 20. 30 12 Firmicutes and Actinobacteria, LAB (mainly Leuconostocaceae - FBW, SGR, [94]
(Hermetia mykiss) e weeks and Lactobacillaceae), and Actinobacteria (Actinomyces, FCR

illucens) 66 g Corynebacterium)



Biological Effects

Relevant
Protein Animal Model Inclusion Trial Performance, References
Ingredient and Size Level (%) Duration . . Physiological,
Microbiota
and Feed
Utilization
Output
1 Growth
. performance,
ELT;;r i E';"',:Z%v ::::ls 8,23,45in 12 ~ Firmicutes:Proteobacteria ratio mainly in IL8
.y . Y PP-based 1t Diversity and richness than PP diet (restored) in IL23 and combined with 1291
(Hermetia mykiss) i weeks - .
: diet IL45, Actinomyces, Bacillus, Dorea, Enterococcus, Mycoplasma poultry meal
illucens) 549 .
< Gut barrier
integrity
::)Tgil:ar i ::;22‘::’ ::;:;s 131 1 Richness, Firmicutes (mainly Bacillus), Lactobacillus,
k4 ory 15 and Bacillus - FBW, SGR [e81
(Hermetia mykiss) days .
: | Proteobacteria, Aeromonas genus
illucens) 100 g
European
Housefly seabass . . .
(Musca (Dicentrarchus 30 12 Diversity and rlchr]ess . - FBW, FCR, K 100
. weeks 1 Anaerococcus, Cutibacterium, and Pseudomonas
domestica) labrax)
6g
Housefly S;::;f::m 12 ~ Diversity
(Musca 30 | Richness - FBW, FCR, K 100
. (Sparus aurata) weeks - . .
domestica) 309 1 Firmicutes:Bacteroidetes ratio
r:l;z: Rainbow trout 1 FCR
cricket (Onc.orhy nchus 20 71days 1 LAB (mainly Lactobacillus and Enterococcus) 1.SGR’ villus 7]
myekiss) height, mucosa
(Gryllodes .
P 53¢ thickness
sigillatus)
Yellow European
mealworm seabass 89
. (Dicentrarchus 50 70 days « Diversity -~ FBW 189
(Tenebrio
. labrax)
molitor)
59
Yellow European " . .
mealworm seabass 12 « Diversity and richness
; (Dicentrarchus 30 1 Anaerococcus, Cutibacterium, Pseudomonas, and - FBW, FCR, K 100
(Tenebrio weeks S 3 .
. labrax) Firmicutes:Bacteroidetes ratio
molitor)
6g
Yellow Gilthead
mealworm seabream 50 163 1 Proteobacteria:Firmicutes ratio EBW [89]
(Tenebrio (Sparus aurata) days | Firmicutes:Bacteroidetes ratio
molitor) 1059
Yellow Gilthead - Diversity and richness
mealworm seabream 12 Y ; - FBW, FCR 100
. 30 1 Staphylococcus, Hafnia, and
(Tenebrio (Sparus aurata) weeks T K
. Aeromonas
molitor) 309
Yellow Rainbow trout
mealworm (Oncorhynchus . . . . [89]
(Tenebrio mykiss) 50 90 days 1 Diversity (Simpson index) FBW
molitor) 115¢g
Yellow Rainbow trout « SGR, FCR,
mealworm (Onc_orhy n-chu.s 20 . 7ldays 1LAB quinly Lactobacillus and Enterococcus) . . mucosa [9_—7]
R%g’@frgé’ ha\g;fiﬁb indicated that microbiota modulation is dependent not only on fish species, I Fgghton the insect

species used as ingredient. The effect of 50% inclusion of yellow mealworm in gilthead seabream, European seabass,
Yellow Rainbow trout

amealiainbowdiestbgasscompaganl, and diﬁerentiﬁl eftf)e?t§ were reported B2 Microbial diversity rema'wgd unchanged in
nebri kiss?'n lacement weeks - erobiats r.uc ure. . s . L .
gfﬁ)ﬁ@ seé'B’Bea and Eﬂropea seabass, whereas, in rainbow trout, the Simpson’s diversity index was higher.

Mgfggver, in gilthead seabream, the ratio Proteobacteria:Firmicutes increased, whereas the Firmicutes:Bacteroidetes
Sea trout

r(%'gggsg? angsdhe same was npt obsergshifor thahessyesissaiagigating highly variable modulaﬂ&ﬁﬂ"(‘:’g%fﬂending @ fish
Spetias. How&ver, in this study, fish had different sizes (105, 5, and 115 g for seabream, seabass, and trout, respectively),
the feeding trials had different durations (163, 70, and 90 days, respectively), and these differences might harden the
comparisons. In another study, the effects of the yellow mealworm, black soldier fly, and housefly (Musca domestica)
meals, included at 30%, were compared in gilthead seabream and European seabass diets for three months, and different
effects on microbiota were also found, depending on fish and insect species 229, |n European seabass, insect meals
(regardless the species) increased the abundance of Anaerococcus, Cutibacterium, and Pseudomonas, whereas, in
gilthead seabream, the increase in Staphylococcus, Hafnia, and Aeromonas, as well as the reduction of members of
Firmicutes phylum, was noticeable. On the other hand, the Firmicutes:Bacteroidetes ratio increased in European seabass
that were fed with yellow mealworm and black soldier fly meals, and the same was true when gilthead seabream were fed
a diet with housefly meal 229, |n rainbow trout, the effects of four different insect meals (the black soldier fly, yellow
mealworm, Indian house cricket (Gryllodes sigillatus), and Turkestan cockroach (Blatta lateralis)), at 20% dietary

inclusion, were tested for 71 days 2. The authors found that yellow mealworm and cockroach meals improved growth,



whereas black soldier fly meal had no effect, antbglea ericket meal reduced the performance. Although there was higher
abundance of LAB (mainly Lactobacillus and Enterococcus) in all groups, in the cockroach mealgfgdgroup, an increase
retei .y i i i . . . T . . X .
Ko Rtridia mgi@&‘éeé ab@lﬁvl!ﬁgge Waguﬁ'aqi%grvai}lmi microorganism is linked with the malntenaﬁégo“lljgl;‘@ﬂt funetisreneasnd

it might be a reason for the higher villus height observed in this group, which is a positive indic%t;e_sl’_r':aﬁiﬁ One more factor
Hizatr

that sums to the complexity in assessing the effects of insect meals in gut microbiota is theoinsect life cycle stage.

A\I{trlllough masisindies were performed with insect larvae as a biomass source, different insect stageF%Va\}ns%grocessing will
ellow hd ’ y

affesvagot migiIBiEL modulatiopy In raighgyy, trowrdieeniissrithe effects of black soldier fly meal, wheierused as defatted

(Tenebrio ! (not Lactobacillus) i i . 93 Thickness of .
|ahyen) Iarva‘gg’?r prepupae, were compared for five weeks, at a 30% dietary inclusion level ubiReidgh insect meal

increased microbial diversity, richness, and LAB’s abundance, a higher abundance of Corynebacterium genus and
Superworm  Sea trout

e wamdauhd in the gioups thatsiare fﬁy' Wi aReect rakoeebastithot with prepupae. Ndiﬁ%_‘&ﬁ& the inésease

al Camogactenum

inmzfic()’}ynebasc?erium members—a genus known for producing lipases—occurs in groups fed with diets with high lipidic

n iohow.t , - , o - SGR, FCR
BT supRENY Eigyong correlation between piciobiota and ditany BUHIONALSRMERS Vi heam,
(Blatta mykiss) 4 coccoides mucosa
terali. 53 . . ) . . o thick o
FRSHMe abdVe-mentioned studies, the overall positive effect of insect meal on fish gut microbiota B8 H&alth is evident;

however, further studies should focus on unravelling the relationships between microbial modulation and physiological
outputs, as well as responses and survival when facing insults, such as stress or an infection.

3. Impacts of Alternative Protein Sources on Immune Function and
m@@.&géenpa%gqgfaﬁrebi significantly lower than the control; 1 significantly higher than the control; FBW = final

body weight; FCR = feed conversion ratio; FI = feed intake; IL = inclusion level; K = condition factor; LAB = lactic acid
BactativaRiel npranhereysternalsas sixtsifis GRtrespaeifjoiggrmetits aad\Wah=veedgisiegdia. competition between the nutrients
available for maintenance purposes, for the functioning of the immune system, and for body protein deposition in growing
animals. This takes particular importance for the aquaculture industry, where nutrition can have significant health
implications for fish. Therefore, best practices on diet formulation are of major importance, as feeds represent the leading
expenditure to the aquaculture industry 192, However, keeping in mind the most recent trends in feed formulation for the
use of alternative protein sources to decrease the dependency of fishmeal, it is fundamental to evaluate the implications
of this new paradigm for fish immune function and disease resistance.

Plant protein ingredients are among the alternatives to fishmeal most studied in the last couple of decades, as a strategy
to contribute to aquaculture sustainability and improve cost-effective production. However, most plant protein ingredients
have a wide variety of antinutritional factors, which may interfere with fish performance and health, including alterations on
immunity, inflammation process, and lower resistance to diseases. Fishmeal replacement, by a blend of plant proteins
(i.e., wheat gluten, soybean meal, and soy protein concentrate), negatively affected the immune status of the turbot
juveniles fed the highest inclusion levels of plant proteins (>50% of inclusion) 2231 Similarly, fishmeal replacement, by a
mixture of plant proteins (i.e., soybean meal, wheat meal, wheat gluten, and corn gluten), in the diets of European
seabass decreased plasma immunoglobulins, blood monocytes, and gut interleukin-10 (IL-10) mRNA expression 1941 A
five-months feeding trial with low dietary fishmeal levels in European seabass also led to detrimental immune responses
(2051 For instance, an up-regulation of IL-1p, tumour necrosis factor o (TNFa), major histocompatibility complex-Il (MHCII),
and cyclooxygenase-2 (COX-2) was observed, whereas the gut-associated lymphoid tissue decreased its capacity to
respond to a sub-lethal dose of Vibrio anguillarum via anal inoculation. Gilthead seabream that were fed a diet with total
fishmeal replacement, by a blend of wheat gluten, broad bean, soybean, pea, and sunflower meals, showed lower
expression in the genes related to pro-inflammatory response, such as IL-1B3, IL-6, and COX-2, as well as in immune-
related genes, such as immunoglobulin (Ig) M, in line with the high mortality rates observed 19, | ikewise, negative
health-related impacts in the gut of turbot were reported after feeding high levels of corn gluten meal, inducing enteritis,
and decreasing intestinal immunity, by increasing the inflammatory cytokine transcripts IL-1p, IL-8, and TNF-a 197, High
levels of soybean meal inclusion in diets for several fish species have also been documented to trigger intestinal
inflammation (20811091110 These adverse effects of plant protein inclusion are known to be related to the presence of
antinutritional factors. Although many alternatives have been tested to remove antinutrients and enhance plant protein
utilization, few studies focused on immune responses. For instance, dietary inclusion of a fermented plant protein
concentrate, up to 40%, in diets for juvenile olive flounder did not affect lysozyme activity nor survival after eight weeks of
feeding LU, In another study, Aspergillus oryzae-fermented rapeseed meal was included in diets for red seabream
(Pagrus major), in order to replace 50% of fishmeal. An increase in lysozyme, respiratory burst, and bactericidal activities
in red seabream fed fermented rapeseed meal for 56 days was observed, suggesting a better immune response in these
fish, compared to the ones fed with non-fermented rapeseed meal 122, |n contrast, hybrid grouper fed soybean meal or
fermented soybean meal for 10 days developed enteritis and showed an increase in the expression of pro-inflammatory
genes (IL-1pB, IL-8, IL-17, and TNFa), as well as a decrease in anti-inflammatory genes (IL-4, IL-10, and transforming
growth factor B1—TGFpR1) and immune parameters, such as lysozyme, complement factors C3 and C4, and IgM 119,



Rendered animal by-products, such as blood meal, poultry by-product meal, feather meal, and bone meal, have also been
targeted as fishmeal substitutes, due to their nutrient profile and digestibility. Spray-dried blood and plasma proteins have
been recognised as high quality feed ingredients for farmed animals and have been reported to enhance innate immunity
in fish. In fact, gilthead seabream that were fed diets with 3 and 6% spray-dried plasma from porcine blood for 60 days
showed improved innate immune responses by enhancing serum lysozyme and bactericidal activities 213l Porcine
soluble, originating from porcine mucosal tissues, is a by-product of heparin production that has also been tested in diets
for fish. In particular, juvenile rice field eel (Monopterus albus) were fed spray-dried porcine soluble at 2.5 and 5% dietary
inclusion levels for 56 days, which translated to positive effects at the highest dietary level by enhancing serum
complement factors (C3 and C4) and lysozyme activity, while improving gut health 124!, Poultry by-product meal is also a
cost-effective ingredient to replace fishmeal. Cobia (Rachycentron canadum) juveniles that were fed diets with up to 60%
of poultry by-product meal for 10 weeks did not show any changes in haematocrit, haemoglobin, red blood cell, and total
immunoglobulins, compared to fish fed a fishmeal-based diet 112l |n contrast, the replacement of fishmeal by chicken
plasma powder in diets for largemouth bass negatively affected innate immunity. While inclusion levels of chicken plasma
powder at 5 and 10% did not change lysozyme, classical complement pathway, and respiratory burst activities after 12
weeks of feeding, compared to control specimens, a drop in those immune parameters was observed in largemouth bass
that were fed diets with 15% of chicken plasma powder 128, Similarly, total substitution of fishmeal, by poultry by-product
meal, negatively influenced the liver health, histological traits of different organs, and immune response in juvenile
barramundi after six weeks of feeding B%. An innovative study tested the effects of a blend of poultry by-product, shrimp,
and spray-dried blood meals in diets of juvenile hybrid grouper for eight weeks. At the end of the feeding trial, high levels
of dietary processed animal proteins induced hepatic steatosis in hybrid grouper by modulating lipid metabolism-related
genes, hepatocyte apoptosis via the up-regulation of apoptosis-related genes, and triggered an inflammatory response via
up-regulation of inflammatory cytokines, thus suggesting that hybrid grouper immunity could be impaired, to some extent,
by feeding high levels of a blend of processed animal proteins 28l A recent study assessed the effects of partial
replacement of plant proteins by poultry by-product meal (30 and 60% substitution), or in combination with black soldier fly
meal, on the inflammatory and immune biomarkers of rainbow trout juveniles fed for 91 days. At the end of the feeding
trial, IL-1pB, IL-10, TGFB, COX-2, and T-cell receptor B (TCRP) gene expression levels in both intestine and head kidney
suggested there were no signs of inflammation, and the study concluded that both insect and poultry by-product meals
appear to be valid protein sources in fishmeal-free diets 2. The latter approach of combining poultry by-product and
black soldier fly meals was also assessed in barramundi juveniles fed for six weeks. While total fishmeal replacement, by
both protein sources, induced detrimental effects at the end of the feeding trial, diets with 55% of fishmeal replacement,
by a blend of poultry by-product and insect meals (i.e., 31 + 12% of inclusion, respectively), allowed for enhanced survival
against Vibrio harveyi infection, in line with an increase in serum lysozyme activity and relative expression of complement
factors C3 and C4 in the head kidney 211,

Insects have more recently been considered an appropriate protein source for fish diets, and research efforts are also
being directed to study host immune responses, since insect chitin could contribute to boost innate immunity. A recent
study with rainbow trout juveniles reported positive effects of black soldier fly larvae inclusion at 8 and 16% in diets with
high levels of soybean meal. In this study, insect meal was effective in preventing enteritis by lowering the expression of
prostaglandin and interferon regulatory factor 1 in the gut, while the highest inclusion level also improved serum lysozyme
activity . In pre-smolt Atlantic salmon, the dietary inclusion of black soldier fly larvae meal and paste were assessed as
substitutes of fishmeal and plant proteins during a seven-week feeding trial 227, While a moderate inclusion of black
soldier fly larvae meal (i.e., 12.5%) augmented plasma lysozyme levels and tended to improve the phagocytic activity in
head kidney cells, the highest inclusion level (i.e., 25% of insect meal) increased interferon y and reduced IgM in the distal
intestine. In contrast, an inclusion of 35% of black soldier fly larvae paste improved the distal intestine histology. This
study also showed minor effects on the expression profile of proteins in skin mucus and no effects on immune markers in
splenocytes by the dietary inclusion of black soldier fly larvae meal and paste. Additionally, in Atlantic salmon, another
study assessed the effects of total or partial (66%) fishmeal replacement, by black soldier fly larvae meal, on isolated
head kidney leukocytes, after simulating an exposure to bacterial or viral antigens. While inflammatory-related gene
expression in head kidney cells was not affected by dietary treatments, Atlantic salmon fed with insect meal presented a
decrease in the expression of LOX5, a gene coding for an enzyme responsible for the biosynthesis of inflammatory
mediators 1181 A study performed with hybrid tilapia (Nile x Mozambique; Oreochromis niloticus x O. mozambicus)
approached the suitability of dietary inclusion of frass, a by-product of the black soldier fly larval meal industry that
includes larval excrement, exoskeleton sheds, and residual feed ingredients, along with abundant nutrients, chitin, and
beneficial microbes 119, |n this study, frass was included (up to 30%) as partial replacement of a soybean meal, wheat
short, and corn meal blend; at the end of the feeding trial (i.e., 12 weeks), the serum complement activity increased
significantly in the hybrid tilapia fed the highest frass inclusion level (30%). Moreover, dose-dependent trends in survival,
against both Flavobacterium columnare and Streptococcus iniae challenges, were observed, suggesting that dietary frass



from black soldier fly larvae could be beneficial by improving innate immunity and disease resistance of hybrid tilapia
against bacterial infection. In an innovative study, black soldier fly larvae were injected with bacteria to boost insect
immunity and then incorporated in diets for rainbow trout 229, Dietary treatments included fishmeal replacement by 25 or
50% of non-immunised or immunised black soldier fly larvae meals. While serum lysozyme levels were increased in
rainbow trout that were fed both levels of immunised black soldier fly meal, compared to controls and those fed non-
immunised insects, extracts from the immunised black soldier larvae showed inhibitory activity against fish pathogenic
bacteria.

Recent research also focused on the potential role of the yellow mealworm, given its excellent nutritional and commercial
values. For instance, European seabass that were fed a diet with 25% yellow mealworm inclusion for six weeks showed a
drop in serum myeloperoxidase and nitric oxide levels, while lysozyme activity and trypsin inhibition augmented
significantly 2211, A similar approach in juvenile yellow catfish (Pelteobagrus fulvidraco) assessed the effects of partial
fishmeal replacement by yellow mealworm (up to 75%) at the end of a five-week feeding trial, as well as 24 h following
bacterial (Edwardsiella ictaluri) challenge 22, While plasma IgM levels were augmented in a dose—response manner with
the increasing dietary yellow mealworm content at the end of feeding trial, plasma lysozyme activity was enhanced in
yellow catfish that were fed yellow mealworm diets at 24 h following bacterial challenge, in line with the observed up-
regulation of immune-related genes (e.g., MHCII, IL-13, and IgM) in these groups. This study also reported an improved
survival against Edwardsiella ictaluri in fish that were fed the highest yellow mealworm inclusion level, suggesting a great
potential of this insect meal as a strategy to improve yellow catfish immune response and disease resistance. A recent
study with juvenile olive flounder was designed to replace 20 to 80% of fishmeal by yellow mealworm (13 to 52% of
inclusion), as it was a locally available and affordable protein ingredient, during an eight-week feeding trial 1231, Although
this study reported an immunostimulatory effect, to some degree, in olive flounder that were fed the highest yellow
mealworm inclusion level, the authors suggested lower inclusion levels (i.e., 40% of fishmeal replacement) to avoid side
effects in terms of fillet quality.

Beyond using yellow mealworm and black soldier fly meals as novel protein sources, other studies approached the
suitability of other insect species in aquafeeds. Low dietary levels of housefly pupae enhanced peritoneal leukocyte
phagocytic activity (i.e., 10 days of feeding at 0.75 and 7.5% inclusion levels) and disease resistance of the red seabream
against Edwardsiella tarda (i.e., 2 months of feeding at 5% inclusion level) 224, |n contrast, housefly maggot meal, as a
fishmeal substitute, in diets for juvenile barramundi decreased plasma lysozyme activity when included at 30% during an
eight-week feeding trial 1231, Additionally, the effects of diets containing superworm larvae meal (i.e., 15% and 30%) on
Nile tilapia innate immunity were studied after 12 weeks of feeding and following challenge with lipopolysaccharide (LPS)
[126] This study showed an increased lysozyme activity in the serum of Nile tilapia that were fed superworm larvae meal,
whereas neutrophils and alternative complement activity in serum were also augmented in those groups after LPS-
challenge. Indeed, the potential of using insect meal as a fishmeal substitute, while improving immune machinery and
disease resistance, is high; further studies should be directed to develop fortified and sustainable aquafeeds with high
inclusion levels of insect meals. Another study approached the possibility of including insect meal, originated
from Spodoptera littoralis, in diets for Nile tilapia juveniles. Since immune parameters were not altered by increasing the
level of this insect meal, the study suggested that fishmeal replacement by this novel ingredient (up to 20%) is feasible for
Nile tilapia diets 127, Other novel insect meal sources were also tested in mirror carp (Cyprinus carpio var. specularis)
diets, during an 11-week feeding trial 128, In this study, silkworm pupae (Bombyx mori) and ragworm (Nereis virens)
meals were used to replace fishmeal at 24—-28%. While no changes were observed for haematological parameters or
plasma lysozyme activity, the alternative complement pathway was enhanced in mirror carp fed diets with silkworm pupae
inclusion, which could be linked to the presence of long-chain polysaccharides in the pupae meal.

Macro- and microalgae have been introduced as an added-value dietary novel commodity in the last years, thus providing
essential and bioactive nutrients to farmed fish. Several species have been addressed as natural sources for improving
innate immunity, such as Ulva rigida, Gracilaria gracilis, and Arthrospira platensis, among others. For instance, Nile tilapia
juveniles were fed diets with 25% inclusion of Ulva rigida, Crassiphycus corneus (formerly Hydropuntia cornea),
and Scenedesmus almeriensis for 30 days, being that the diet with Scenedesmus almeriensis inclusion was able to
enhance respiratory burst, alternative complement pathway and lysozyme activities 129, An increase in the alternative
complement pathway was also observed in gilthead seabream juveniles fed a diet with 25% inclusion of Ulva rigida for 30
days, which translated to higher resistance against Photobacterium damselae subsp. piscicida challenge 9. An improved
disease resistance against the same bacterial pathogen was also observed in gilthead seabream juveniles that were
fed Gracilaria gracilis powder at 5% dietary inclusion after 52 days, a fact that contrasted with the lower plasma lysozyme
activity observed in those specimens before disease challenge, compared to their counterparts that were fed the control
diet 2. In a similar study, European seabass were fed diets with 2.5 and 5% inclusion of Gracilaria gracilis powder for 47
days, but no significant changes were observed in innate immune parameters, compared to specimens that were fed the



control diet 1391, Similarly, Atlantic salmon that were fed diets at 5, 10, and 15% inclusion levels of dillisk (Palmaria

palmate) for 14 weeks did not show any changes in haematological parameters, or in plasma lysozyme and alternative

complement pathway activities 131,

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Naylor, R.L.; Hardy, R.W.; Buschmann, A.H.; Bush, S.R.; Cao, L.; Klinger, D.H.; Little, D.C.; Lubchenco, J.; Shumway,
S.E.; Troell, M. A 20-year retrospective review of global aquaculture. Nature 2021, 591, 551-563.

. Hardy, R.W. Utilization of plant proteins in fish diets: Effects of global demand and supplies of fishmeal. Aquac. Res.

2010, 41, 770-776.

. Gatlin, D.M.; Barrows, F.T.; Brown, P.; Dabrowski, K.; Gaylord, T.G.; Hardy, R.W.; Herman, E.; Hu, G.; Krogdahl, A_;

Nelson, R.; et al. Expanding the utilization of sustainable plant products in aquafeeds: A review. Aquac. Res. 2007, 38,
551-579.

. Krogdahl, A.; Penn, M.; Thorsen, J.; Refstie, S.; Bakke, A.M. Important antinutrients in plant feedstuffs for aquaculture:

An update on recent findings regarding responses in salmonids. Aquac. Res. 2010, 41, 333-344.

. Krogdahl, A.; Gajardo, K.; Kortner, T.M.; Penn, M.; Gu, M.; Berge, G.M.; Bakke, A.M. Soya saponins induce enteritis in

Atlantic salmon (Salmo salar L.). J. Agric. Food Chem. 2015, 63, 3887—3902.

. Krogdahl, A.; Kortner, T.M.; Jaramillo-Torres, A.; Gamil, A.A.A.; Chikwati, E.; Li, Y.; Schmidt, M.; Herman, E.; Hymowitz,

T.; Teimouri, S.; et al. Removal of three proteinaceous antinutrients from soybean does not mitigate soybean-induced
enteritis in Atlantic salmon (Salmo salar, L.). Aquaculture 2020, 514, 734495.

. Kumar, V.; Fawole, F.J.; Romano, N.; Hossain, M.S.; Labh, S.N.; Overturf, K.; Small, B.C. Insect (black soldier fly,

Hermetia illucens) meal supplementation prevents the soybean meal-induced intestinal enteritis in rainbow trout and
health benefits of using insect oil. Fish Shellfish Immunol. 2021, 109, 116-124.

. Nimalan, N.; Sgrensen, S.L.; FeCkaninova, A.; KoScova, J.; Mudrornova, D.; Gancarc¢ikova, S.; Vatsos, |.N.; Bisa, S.;

Kiron, V.; Sgrensen, M. Mucosal barrier status in Atlantic salmon fed marine or plant-based diets supplemented with
probiotics. Aquaculture 2022, 547, 737516.

. Wang, Y.R.; Wang, L.; Zhang, C.X.; Song, K. Effects of substituting fishmeal with soybean meal on growth performance

and intestinal morphology in orange-spotted grouper (Epinephelus coioides). Aquac. Rep. 2017, 5, 52-57.

Zhou, Z.; Yao, W.; Ye, B.; Wu, X.; Li, X.; Dong, Y. Effects of replacing fishmeal protein with poultry by-product meal
protein and soybean meal protein on growth, feed intake, feed utilization, gut and liver histology of hybrid grouper
(Epinephelus fuscoguttatus ¢ x Epinephelus lanceolatus ¢). Aquaculture 2020, 516, 734503.

Viana, M.T.; Rombenso, A.N.; del Rio-Zaragoza, O.B.; Nomura, M.; Diaz-Argiello, R.; Mata-Sotres, J.A. Intestinal
impairment of the California yellowtail, Seriola dorsalis, using soybean meal in the diet. Aquaculture 2019, 513,
734443.

Zhang, C.; Rahimnejad, S.; Wang, Y.R.; Lu, K.; Song, K.; Wang, L.; Mai, K. Substituting fish meal with soybean meal in
diets for Japanese seabass (Lateolabrax japonicus): Effects on growth, digestive enzymes activity, gut histology, and
expression of gut inflammatory and transporter genes. Aquaculture 2018, 483, 173-182.

Wang, J.; Tao, Q.; Wang, Z.; Mai, K.; Xu, W.; Zhang, Y.; Ai, Q. Effects of fish meal replacement by soybean meal with
supplementation of functional compound additives on intestinal morphology and microbiome of Japanese seabass
(Lateolabrax japonicus). Aquac. Res. 2017, 48, 2186—-2197.

Fuentes-Quesada, J.P.; Viana, M.T.; Rombenso, A.N.; Guerrero-Renteria, Y.; Nomura-Solis, M.; Gomez-Calle, V.; Lazo,
J.P.; Mata-Sotres, J.A. Enteritis induction by soybean meal in Totoaba macdonaldi diets: Effects on growth
performance, digestive capacity, immune response and distal intestine integrity. Aquaculture 2018, 495, 78—89.

de Rodrigafiez, M.A.S.; Fuentes, J.; Moyano, F.J.; Ribeiro, L. In vitro evaluation of the effect of a high plant protein diet
and nucleotide supplementation on intestinal integrity in meagre (Argyrosomus regius). Fish Physiol. Biochem. 2013,
39, 1365-1370.

Knudsen, D.; Jutfelt, F.; Sundh, H.; Sundell, K.; Koppe, W.; Frgkiger, H. Dietary soya saponins increase gut permeability
and play a key role in the onset of soyabean-induced enteritis in Atlantic salmon (Salmo salar L.). Br. J. Nutr. 2008,
100, 120-129.

Refstie, S.; Storebakken, T.; Baeverfjord, G.; Roem, A.J. Long-term protein and lipid growth of Atlantic salmon (Salmo
salar) fed diets with partial replacement of fish meal by soy protein products at medium or high lipid level. Aquaculture
2001, 193, 91-106.



18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Aragdo, C.; Cabano, M.; Colen, R.; Fuentes, J.; Dias, J. Alternative formulations for gilthead seabream diets: Towards a
more sustainable production. Aquac. Nutr. 2020, 26, 444-455.

Vidakovic, A.; Langeland, M.; Sundh, H.; Sundell, K.; Olstorpe, M.; Vielma, J.; Kiessling, A.; Lundh, T. Evaluation of
growth performance and intestinal barrier function in Arctic charr (Salvelinus alpinus) fed yeast (Saccharomyces
cerevisiae), fungi (Rhizopus oryzae) and blue mussel (Mytilus edulis). Aquac. Nutr. 2016, 22, 1348-1360.

Martinez-Llorens, S.; Baeza-Arifio, R.; Nogales-Mérida, S.; Jover-Cerd4, M.; Tomés-Vidal, A. Carob seed germ meal as
a partial substitute in gilthead sea bream (Sparus aurata) diets: Amino acid retention, digestibility, gut and liver
histology. Aquaculture 2012, 338-341, 124-133.

Siddik, M.A.B.; Pham, H.D.; Francis, D.S.; Vo, B.V.; Shahjahan, M. Dietary supplementation of fish protein hydrolysate
in high plant protein diets modulates growth, liver and kidney health, and immunity of barramundi (Lates calcarifer).
Aquac. Nutr. 2021, 27, 86-98.

Johny, A.; Berge, G.M.; Bogevik, A.S.; Krasnov, A.; Ruyter, B.; Feeste, C.K.; @stbye, T.K.K. Sensitivity to dietary wheat
gluten in Atlantic salmon indicated by gene expression changes in liver and intestine. Genes 2020, 11, 1339.

Glencross, B.D.; Baily, J.; Berntssen, M.H.G.; Hardy, R.; MacKenzie, S.; Tocher, D.R. Risk assessment of the use of
alternative animal and plant raw material resources in aquaculture feeds. Rev. Aquac. 2020, 12, 703-758.

Voorhees, J.M.; Barnes, M.E.; Chipps, S.R.; Brown, M.L. Bioprocessed soybean meal replacement of fish meal in
rainbow trout (Oncorhynchus mykiss) diets. Cogent Food Agric. 2019, 5, 1579482.

Rimoldi, S.; Finzi, G.; Ceccotti, C.; Girardello, R.; Grimaldi, A.; Ascione, C.; Terova, G. Butyrate and taurine exert a
mitigating effect on the inflamed distal intestine of European sea bass fed with a high percentage of soybean meal.
Fish. Aquat. Sci. 2016, 19, 40.

Chen, W.; Chang, K.; Chen, J.; Zhao, X.; Gao, S. Dietary sodium butyrate supplementation attenuates intestinal
inflammatory response and improves gut microbiota composition in largemouth bass (Micropterus salmoides) fed with
a high soybean meal diet. Fish Physiol. Biochem. 2021, 47, 1805-1819.

Amer, S.A.; Osman, A.; Al-Gabri, N.A.; Elsayed, S.A.M.; Abd EI-Rahman, G.I.; Elabbasy, M.T.; Ahmed, S.A.A.; Ibrahim,
R.E. The effect of dietary replacement of fish meal with whey protein concentrate on the growth performance, fish
health, and immune status of Nile tilapia fingerlings, Oreochromis niloticus. Animals 2019, 9, 1003.

Sallam, A.E.; El-feky, M.M.M.; Ahmed, M.S.; Mansour, A.T. Potential use of whey protein as a partial substitute of
fishmeal on growth performance, non-specific immunity and gut histological status of juvenile European seabass,
Dicentrarchus labrax. Aquac. Res. 2022, 53, 1527-1541.

Cardinaletti, G.; Randazzo, B.; Messina, M.; Zarantoniello, M.; Giorgini, E.; Zimbelli, A.; Bruni, L.; Parisi, G.; Olivotto, I.;
Tulli, F. Effects of graded dietary inclusion level of full-fat Hermetia illucens prepupae meal in practical diets for rainbow
trout (Oncorhynchus mykiss). Animals 2019, 9, 251.

Chaklader, M.R.; Siddik, M.A.B.; Fotedar, R. Total replacement of fishmeal with poultry by-product meal affected the
growth, muscle quality, histological structure, antioxidant capacity and immune response of juvenile barramundi, Lates
calcarifer. PLoS ONE 2020, 15, e0242079.

Chaklader, M.R.; Siddik, M.A.B.; Fotedar, R.; Howieson, J. Insect larvae, Hermetia illucens in poultry by-product meal
for barramundi, Lates calcarifer modulates histomorphology, immunity and resistance to Vibrio harveyi. Sci. Rep. 2019,
9, 16703.

Hu, L.; Yun, B.; Xue, M.; Wang, J.; Wu, X.; Zheng, Y.; Han, F. Effects of fish meal quality and fish meal substitution by
animal protein blend on growth performance, flesh quality and liver histology of Japanese seabass (Lateolabrax
japonicus). Aquaculture 2013, 372-375, 52-61.

Ye, H.; Zhou, Y.; Su, N.; Wang, A.; Tan, X.; Sun, Z.; Zou, C.; Liu, Q.; Ye, C. Effects of replacing fish meal with rendered
animal protein blend on growth performance, hepatic steatosis and immune status in hybrid grouper (Epinephelus
fuscoguttatus ¢ x Epinephelus lanceolatus ). Aquaculture 2019, 511, 734203.

Khosravi, S.; Bui, H.T.D.; Herault, M.; Fournier, V.; Kim, K.-D.K.-W.; Lee, B.-J.; Kim, K.-D.K.-W.; Lee, K.-J.
Supplementation of protein hydrolysates to a low-fishmeal diet improves growth and health status of juvenile olive
flounder, Paralichthys olivaceus. J. World Aquac. Soc. 2018, 49, 897-911.

Grammes, F.; Reveco, F.E.; Romarheim, O.H.; Landsverk, T.; Mydland, L.T.; @verland, M. Candida utilis and Chlorella
vulgaris counteract intestinal inflammation in Atlantic salmon (Salmo salar L.). PLoS ONE 2013, 8, e83213.

Romarheim, O.H.; Hetland, D.L.; Skrede, A.; Overland, M.; Mydland, L.T.; Landsverk, T. Prevention of soya-induced
enteritis in Atlantic salmon (Salmo salar) by bacteria grown on natural gas is dose dependent and related to epithelial
MHC Il reactivity and CD8a + intraepithelial lymphocytes. Br. J. Nutr. 2013, 109, 1062—-1070.



37.

38.

39.

40.

41.

42.

43.

44.
45.

46.

a7

48.

49.

50.

51.

52.

53.

54.

55.

56.

Richard, N.; Costas, B.; Machado, M.; Fernandez-Boo, S.; Girons, A.; Dias, J.; Corraze, G.; Terrier, F.; Marchand, Y.;
Skiba-Cassy, S. Inclusion of a protein-rich yeast fraction in rainbow trout plant-based diet: Consequences on growth
performances, flesh fatty acid profile and health-related parameters. Aquaculture 2021, 544, 737132.

Messina, M.; Bulfon, C.; Beraldo, P.; Tibaldi, E.; Cardinaletti, G. Intestinal morpho-physiology and innate immune status
of European sea bass (Dicentrarchus labrax) in response to diets including a blend of two marine microalgae,
Tisochrysis lutea and Tetraselmis suecica. Aquaculture 2019, 500, 660-669.

Li, Y.; Kortner, T.M.; Chikwati, E.M.; Belghit, I.; Lock, E.J.; Krogdahl, A. Total replacement of fish meal with black soldier
fly (Hermetia illucens) larvae meal does not compromise the gut health of Atlantic salmon (Salmo salar). Aquaculture
2020, 520, 734967.

Randazzo, B.; Zarantoniello, M.; Cardinaletti, G.; Cerri, R.; Giorgini, E.; Belloni, A.; Conto, M.; Tibaldi, E.; Olivotto, I.
Hermetia illucens and poultry by-product meals as alternatives to plant protein sources in gilthead seabream (Sparus
aurata) diet: A multidisciplinary study on fish gut status. Animals 2021, 11, 677.

Randazzo, B.; Zarantoniello, M.; Gioacchini, G.; Cardinaletti, G.; Belloni, A.; Giorgini, E.; Faccenda, F.; Cerri, R.;
Tibaldi, E.; Olivotto, I. Physiological response of rainbow trout (Oncorhynchus mykiss) to graded levels of Hermetia
illucens or poultry by-product meals as single or combined substitute ingredients to dietary plant proteins. Aquaculture
2021, 538, 736550.

Chaklader, M.R.; Howieson, J.; Fotedar, R. Growth, hepatic health, mucosal barrier status and immunity of juvenile
barramundi, Lates calcarifer fed poultry by-product meal supplemented with full-fat or defatted Hermetia illucens larval
meal. Aquaculture 2021, 543, 737026.

Egerton, S.; Culloty, S.; Whooley, J.; Stanton, C.; Ross, R.P. The gut microbiota of marine fish. Front. Microbiol. 2018,
9, 873.

Butt, R.L.; Volkoff, H. Gut microbiota and energy homeostasis in fish. Front. Endocrinol. 2019, 10, 9.
Nayak, S.K. Role of gastrointestinal microbiota in fish. Aquac. Res. 2010, 41, 1553-1573.

Xiong, J.-B.; Nie, L.; Chen, J. Current understanding on the roles of gut microbiota in fish disease and immunity. Zool.
Res. 2019, 40, 70.

. Ghanbari, M.; Kneifel, W.; Domig, K.J. A new view of the fish gut microbiome: Advances from next-generation

sequencing. Aquaculture 2015, 448, 464—475.

Wang, A.R.; Ran, C.; Ringg, E.; Zhou, Z.G. Progress in fish gastrointestinal microbiota research. Rev. Aquac. 2018, 10,
626-640.

Yukgehnaish, K.; Kumar, P.; Sivachandran, P.; Marimuthu, K.; Arshad, A.; Paray, B.A.; Arockiaraj, J. Gut microbiota
metagenomics in aquaculture: Factors influencing gut microbiome and its physiological role in fish. Rev. Aquac. 2020,
12, 1903-1927.

Ringg, E.; Zhou, Z.; Vecino, J.L.G.; Wadsworth, S.; Romero, J.; Krogdahl, A.; Olsen, R.E.; Dimitroglou, A.; Foey, A;
Davies, S.; et al. Effect of dietary components on the gut microbiota of aquatic animals. A never-ending story? Aquac.
Nutr. 2016, 22, 219-282.

Ringg, E.; Hoseinifar, S.H.; Ghosh, K.; Doan, H.V.; Beck, B.R.; Song, S.K. Lactic acid bacteria in finfish—An update.
Front. Microbiol. 2018, 9, 1818.

Merrifield, D.L.; Carnevali, O. Probiotic modulation of the gut microbiota of fish. In Aquaculture Nutrition: Gut Health,
Probiotics and Prebiotics; Merrifield, D., Ringg, E., Eds.; Wiley-Blackwell: Oxford, UK, 2014; pp. 185-222.

Jorge, S.S.; Enes, P.; Serra, C.R.; Castro, C.; Iglesias, P.; Oliva Teles, A.; Couto, A. Short-term supplementation of
gilthead seabream (Sparus aurata) diets with Nannochloropsis gaditana modulates intestinal microbiota without
affecting intestinal morphology and function. Aquac. Nutr. 2019, 25, 1388-1398.

Souza, F.P.; Lima, E.C.S.; Urrea-Rojas, A.M.; Suphoronski, S.A.; Facimoto, C.T.; Bezerra Junior, J.S.; Oliveira, T.E.S,;
Pereira, U.P.; Santis, G.W.; Oliveira, C.A.L.; et al. Effects of dietary supplementation with a microalga (Schizochytrium
sp.) on the hemato-immunological, and intestinal histological parameters and gut microbiota of Nile tilapia in net cages.
PLoS ONE 2020, 15, e0226977.

Gajardo, K.; Jaramillo-Torres, A.; Kortner, T.M.; Merrifield, D.L.; Tinsley, J.; Bakke, A.M.; Krogdahl, A.; Bjérkroth, J.
Alternative protein sources in the diet modulate microbiota and functionality in the distal intestine of Atlantic salmon
(Salmo salar). Appl. Environ. Microbiol. 2017, 83, e02615-16.

Kononova, S.V.; Zinchenko, D.V.; Muranova, T.A.; Belova, N.A.; Miroshnikov, A.l. Intestinal microbiota of salmonids and
its changes upon introduction of soy proteins to fish feed. Aquac. Int. 2019, 27, 475-496.



57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68

69.

70.

71.

72.

73.

74.

75.

Dai, Z.L.; Wu, G.; Zhu, W.Y. Amino acid metabolism in intestinal bacteria: Links between gut ecology and host health.
Front. Biosci. 2011, 16, 1768-1786.

Swiatecka, D.; Markiewicz, L.H.; Wréblewska, B. Experimental immunology pea protein hydrolysate as a factor
modulating the adhesion of bacteria to enterocytes, epithelial proliferation and cytokine secretion—An in vitro study.
Cent. Eur. J. Immunol. 2012, 37, 227-231.

Gongalves, A.T.; Gallardo-Escarate, C. Microbiome dynamic modulation through functional diets based on pre- and
probiotics (mannan-oligosaccharides and Saccharomyces cerevisiae) in juvenile rainbow trout (Oncorhynchus mykiss).
J. Appl. Microbiol. 2017, 122, 1333-1347.

Shannon, E.; Conlon, M.; Hayes, M. Seaweed components as potential modulators of the gut microbiota. Mar. Drugs
2021, 19, 358.

Patel, A.K.; Singhania, R.R.; Awasthi, M.K.; Varjani, S.; Bhatia, S.K.; Tsai, M.-L.; Hsieh, S.-L.; Chen, C.-W.; Dong, C.-D.
Emerging prospects of macro- and microalgae as prebiotic. Microb. Cell Factories 2021, 20, 112.

Pérez-Pascual, D.; Estellé, J.; Dutto, G.; Rodde, C.; Bernardet, J.-F.; Marchand, Y.; Duchaud, E.; Przybyla, C.; Ghigo,
J.-M. Growth performance and adaptability of European sea bass (Dicentrarchus labrax) gut microbiota to alternative
diets free of fish products. Microorganisms 2020, 8, 1346.

Keating, C.; Bolton-Warberg, M.; Hinchcliffe, J.; Davies, R.; Whelan, S.; Wan, A.H.L.; Fitzgerald, R.D.; Davies, S.J.;
ljaz, U.Z.; Smith, C.J. Temporal changes in the gut microbiota in farmed Atlantic cod (Gadus morhua) outweigh the
response to diet supplementation with macroalgae. Anim. Microbiome 2021, 3, 7.

Smith, A.A.; Dumas, A.; Yossa, R.; Overturf, K.E.; Bureau, D.P. Effects of soybean meal and high-protein sunflower
meal on growth performance, feed utilization, gut health and gene expression in Arctic charr (Salvelinus alpinus) at the
grow-out stage. Aquac. Nutr. 2018, 24, 1540-1552.

Cerezuela, R.; Fumanal, M.; Tapia-Paniagua, S.T.; Meseguer, J.; Morifiigo, M.A.; Esteban, M.A. Histological alterations
and microbial ecology of the intestine in gilthead seabream (Sparus aurata L.) fed dietary probiotics and microalgae.
Cell Tissue Res. 2012, 350, 477-489.

Lyons, P.P.; Turnbull, J.F.; Dawson, K.A.; Crumlish, M. Effects of low-level dietary microalgae supplementation on the
distal intestinal microbiome of farmed rainbow trout Oncorhynchus mykiss (Walbaum). Aquac. Res. 2017, 48, 2438—
2452.

Man, Y.B.; Zhang, F.; Ma, K.L.; Mo, W.Y.; Kwan, H.S.; Chow, K.L.; Man, K.Y.; Tsang, Y.F.; Li, W.C.; Wong, M.H. Growth
and intestinal microbiota of Sabah giant grouper reared on food waste-based pellets supplemented with spirulina as a
growth promoter and alternative protein source. Aquac. Rep. 2020, 18, 100553.

. Tapia-Paniagua, S.T.; Fumanal, M.; Anguis, V.; Ferndndez-Diaz, C.; Alarcén, F.J.; Morifiigo, M.A.; Balebona, M.C.

Modulation of intestinal microbiota in Solea senegalensis fed low dietary level of Ulva ohnoi. Front. Microbiol. 2019, 10,
171.

Rico, R.M.; Tejedor-Junco, M.T.; Tapia-Paniagua, S.T.; Alarcén, F.J.; Mancera, J.M.; Lopez-Figueroa, F.; Balebona,
M.C.; Abdala-Diaz, R.T.; Morifiigo, M.A. Influence of the dietary inclusion of Gracilaria cornea and Ulva rigida on the
biodiversity of the intestinal microbiota of Sparus aurata juveniles. Aquac. Int. 2016, 24, 965-984.

Abdala-Diaz, R.T.; Garcia-Marquez, J.; Rico, R.M.; Gomez-Pinchetti, J.L.; Mancera, J.M.; Figueroa, F.L.; Alarcon, F.J.;
Martinez-Manzanares, E.; Morinigo, M.A. Effects of a short pulse administration of Ulva rigida on innate immune
response and intestinal microbiota in Sparus aurata juveniles. Aquac. Res. 2021, 52, 3038—-3051.

Lopez-Santamarina, A.; Miranda, J.M.; Del Carmen Mondragon, A.; Lamas, A.; Cardelle-Cobas, A.; Franco, C.M.;
Cepeda, A. Potential use of marine seaweeds as prebiotics: A review. Molecules 2020, 25, 1004.

Passos, R.; Correia, A.P.; Ferreira, |.; Pires, P.; Pires, D.; Gomes, E.; do Carmo, B.; Santos, P.; Sim8es, M.; Afonso, C.;
et al. Effect on health status and pathogen resistance of gilthead seabream (Sparus aurata) fed with diets
supplemented with Gracilaria gracilis. Aquaculture 2021, 531, 735888.

Kotzamanis, Y.P.; Gisbert, E.; Gatesoupe, F.J.; Zambonino Infante, J.; Cahu, C. Effects of different dietary levels of fish
protein hydrolysates on growth, digestive enzymes, gut microbiota, and resistance to Vibrio anguillarum in European
sea bass (Dicentrarchus labrax) larvae. Comp. Biochem. Physiol. Part A Mol. Integr. Physiol. 2007, 147, 205-214.

Hao, Y.-T.; Guo, R.; Jia, G.-W.; Zhang, Y.; Xia, H.; Li, X.-H. Effects of enzymatic hydrolysates from poultry by-products
(EHPB) as an alternative source of fish meal on growth performance, hepatic proteome and gut microbiota of turbot
(Scophthalmus maximus). Aquac. Nutr. 2020, 26, 1994—-2006.

Rimoldi, S.; Gini, E.; Koch, J.F.A.; lannini, F.; Brambilla, F.; Terova, G. Effects of hydrolyzed fish protein and autolyzed
yeast as substitutes of fishmeal in the gilthead sea bream (Sparus aurata) diet, on fish intestinal microbiome. BMC Vet.
Res. 2020, 16, 118.



76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Naya-Catala, F.; Wiggers, G.A.; Piazzon, M.C.; Lépez-Martinez, M.I.; Estensoro, |.; Calduch-Giner, J.A.; Martinez-
Cuesta, M.C.; Requena, T.; Sitja-Bobadilla, A.; Miguel, M.; et al. Modulation of gilthead sea bream gut microbiota by a
bioactive egg white hydrolysate: Interactions between bacteria and host lipid metabolism. Front. Mar. Sci. 2021, 8,
698484.

Gupta, S.K.; Fotedar, R.; Foysal, M.J.; Priyam, M.; Siddik, M.A.B.; Chaklader, M.R.; Dao, T.T.T.; Howieson, J. Impact of
varied combinatorial mixture of non-fishmeal ingredients on growth, metabolism, immunity and gut microbiota of Lates
calcarifer (Bloch, 1790) fry. Sci. Rep. 2020, 10, 17091.

Smith, P.; Willemsen, D.; Popkes, M.; Metge, F.; Gandiwa, E.; Reichard, M.; Valenzano, D.R. Regulation of life span by
the gut microbiota in the short-lived African turquoise killifish. Elife 2017, 6, e27014.

Saleh, N.E.; Wassef, E.A.; Abdel-Mohsen, H.H. Sustainable fish and seafood production and processing. In
Sustainable Fish Production and Processing; Galanakis, C.M., Ed.; Academic Press: Amsterdam, The Netherlands,
2022; pp. 259-291.

Glencross, B.D.; Huyben, D.; Schrama, J.W. The application of single-cell ingredients in aguaculture feeds—A review.
Fishes 2020, 5, 22.

Huyben, D.; Nyman, A.; Vidakovi¢, A.; Passoth, V.; Moccia, R.; Kiessling, A.; Dicksved, J.; Lundh, T. Effects of dietary
inclusion of the yeasts Saccharomyces cerevisiae and Wickerhamomyces anomalus on gut microbiota of rainbow trout.
Aquaculture 2017, 473, 528-537.

Leeper, A.; Ekmay, R.; Knobloch, S.; Skirnisdéttir, S.; Varunijikar, M.; Dubois, M.; Smarason, B.O.; Arnason, J.; Koppe,
W.; Benhaim, D. Torula yeast in the diet of Atlantic salmon Salmo salar and the impact on growth performance and gut
microbiome. Sci. Rep. 2022, 12, 567.

Zhang, X.; Wu, H.; Li, Z.; Li, Y.; Wang, S.; Zhu, D.; Wen, X.; Li, S. Effects of dietary supplementation of Ulva pertusa
and non-starch polysaccharide enzymes on gut microbiota of Siganus canaliculatus. J. Oceanol. Limnol. 2018, 36,
438-449.

Hartviksen, M.; Bakke, A.M.; Vecino, J.G.; Ringg, E.; Krogdahl, A. Evaluation of the effect of commercially available
plant and animal protein sources in diets for Atlantic salmon (Salmo salar L.): Digestive and metabolic investigations.
Fish Physiol. Biochem. 2014, 40, 1621-1637.

Gasco, L.; Finke, M.; Huis, A. van Can diets containing insects promote animal health? J. Insects Food Feed 2018, 4,
1-4.

Zhou, Z.; Karlsen, @.; He, S.; Olsen, R.E.; Yao, B.; Ringg, E. The effect of dietary chitin on the autochthonous gut
bacteria of Atlantic cod (Gadus morhua L.). Aquac. Res. 2013, 44, 1889-1900.

Nawaz, A.; Bakhsh javaid, A.; Irshad, S.; Hoseinifar, S.H.; Xiong, H. The functionality of prebiotics as immunostimulant:
Evidences from trials on terrestrial and aquatic animals. Fish Shellfish Immunol. 2018, 76, 272-278.

Mikotajczak, Z.; Rawski, M.; Mazurkiewicz, J.; Kieroriczyk, B.; J6zefiak, D. The effect of hydrolyzed insect meals in sea
trout fingerling (Salmo trutta m. trutta) diets on growth performance, microbiota and biochemical blood parameters.
Animals 2020, 10, 1031.

Antonopoulou, E.; Nikouli, E.; Piccolo, G.; Gasco, L.; Gai, F.; Chatzifotis, S.; Mente, E.; Kormas, K.A. Reshaping gut
bacterial communities after dietary Tenebrio molitor larvae meal supplementation in three fish species. Aquaculture
2019, 503, 628-635.

Couto, A.; Serra, C.; Guerreiro, |.; Coutinho, F.; Castro, C.; Rangel, F.; Lavrador, A.; Monteiro, M.; Santos, R.; Peres,
H.; et al. Black soldier fly meal effects on meagre health condition: Gut morphology, gut microbiota and humoral
immune response. J. Insects Food Feed, 2022, in press.

Li, Y.; Bruni, L.; Jaramillo-Torres, A.; Gajardo, K.; Kortner, T.M.; Krogdahl, A. Differential response of digesta- and
mucosa-associated intestinal microbiota to dietary insect meal during the seawater phase of Atlantic salmon. Anim.
Microbiome 2021, 3, 8.

Jozefiak, A.; Nogales-Mérida, S.; Rawski, M.; Kieroniczyk, B.; Mazurkiewicz, J. Effects of insect diets on the
gastrointestinal tract health and growth performance of Siberian sturgeon (Acipenser baerii Brandt, 1869). BMC Vet.
Res. 2019, 15, 348.

Huyben, D.; Vidakovi¢, A.; Werner Hallgren, S.; Langeland, M. High-throughput sequencing of gut microbiota in
rainbow trout (Oncorhynchus mykiss) fed larval and pre-pupae stages of black soldier fly (Hermetia illucens).
Aquaculture 2019, 500, 485-491.

Terova, G.; Rimoldi, S.; Ascione, C.; Gini, E.; Ceccaotti, C.; Gasco, L. Rainbow trout (Oncorhynchus mykiss) gut
microbiota is modulated by insect meal from Hermetia illucens prepupae in the diet. Rev. Fish Biol. Fish. 2019, 29,
465-486.



95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Rimoldi, S.; Gini, E.; lannini, F.; Gasco, L.; Terova, G. The effects of dietary insect meal from Hermetia illucens
prepupae on autochthonous gut microbiota of rainbow trout (Oncorhynchus mykiss). Animals 2019, 9, 143.

Rimoldi, S.; Antonini, M.; Gasco, L.; Moroni, F.; Terova, G. Intestinal microbial communities of rainbow trout
(Oncorhynchus mykiss) may be improved by feeding a Hermetia illucens meal/low-fishmeal diet. Fish Physiol.
Biochem. 2021, 47, 365-380.

Jozefiak, A.; Nogales-Mérida, S.; Mikofajczak, Z.; Rawski, M.; Kieronczyk, B.; Mazurkiewicz, J. The utilization of full-fat
insect meal in rainbow trout nutrition: The effects on growth performance, intestinal microbiota and gastrointestinal tract
histomorphology. Ann. Anim. Sci. 2019, 19, 747-765.

Bruni, L.; Pastorelli, R.; Viti, C.; Gasco, L.; Parisi, G. Characterisation of the intestinal microbial communities of rainbow
trout (Oncorhynchus mykiss) fed with Hermetia illucens (black soldier fly) partially defatted larva meal as partial dietary
protein source. Aquaculture 2018, 487, 56—63.

Gaudioso, G.; Marzorati, G.; Faccenda, F.; Weil, T.; Lunelli, F.; Cardinaletti, G.; Marino, G.; Olivotto, I.; Parisi, G.;
Tibaldi, E.; et al. Processed animal proteins from insect and poultry by-products in a fish meal-free diet for rainbow
trout: Impact on intestinal microbiota and inflammatory markers. Int. J. Mol. Sci. 2021, 22, 5454.

Panteli, N.; Mastoraki, M.; Lazarina, M.; Chatzifotis, S.; Mente, E.; Kormas, K.A.; Antonopoulou, E. Configuration of gut
microbiota structure and potential functionality in two Teleosts under the influence of dietary insect meals.
Microorganisms 2021, 9, 699.

Terova, G.; Gini, E.; Gasco, L.; Moroni, F.; Antonini, M.; Rimoldi, S. Effects of full replacement of dietary fishmeal with
insect meal from Tenebrio molitor on rainbow trout gut and skin microbiota. J. Anim. Sci. Biotechnol. 2021, 12, 1-14.

Kiron, V. Fish immune system and its nutritional modulation for preventive health care. Anim. Feed Sci. Technol. 2012,
173, 111-133.

Bonaldo, A.; di Marco, P.; Petochi, T.; Marino, G.; Parma, L.; Fontanillas, R.; Koppe, W.; Mongile, F.; Finoia, M.G.;
Gatta, P.P. Feeding turbot juveniles Psetta maxima L. with increasing dietary plant protein levels affects growth
performance and fish welfare. Aquac. Nutr. 2015, 21, 401-413.

Azeredo, R.; Machado, M.; Kreuz, E.; Wuertz, S.; Oliva-Teles, A.; Enes, P.; Costas, B. The European seabass
(Dicentrarchus labrax) innate immunity and gut health are modulated by dietary plant-protein inclusion and prebiotic
supplementation. Fish Shellfish Immunol. 2017, 60, 78-87.

Torrecillas, S.; Mompel, D.; Caballero, M.; Montero, D.; Merrifield, D.; Rodiles, A.; Robaina, L.; Zamorano, M.;
Karalazos, V.; Kaushik, S.; et al. Effect of fishmeal and fish oil replacement by vegetable meals and oils on gut health
of European sea bass (Dicentrarchus labrax). Aquaculture 2017, 468, 386—398.

Estruch, G.; Collado, M.C.; Monge-Ortiz, R.; Tomas-Vidal, A.; Jover-Cerda, M.; Penaranda, D.S.; Martinez, G.P;
Martinez-Llorens, S. Long-term feeding with high plant protein based diets in gilthead seabream (Sparus aurata, L.)
leads to changes in the inflammatory and immune related gene expression at intestinal level. BMC Vet. Res. 2018, 14,
302.

Bai, N.; Gu, M.; Liu, M.J.; Jia, Q.; Pan, S.H.; Zhang, Z2.Y. Corn gluten meal induces enteritis and decreases intestinal
immunity and antioxidant capacity in turbot (Scophthalmus maximus) at high supplementation levels. PLoS ONE 2019,
14, e0213867.

Hedrera, M.1.; Galdames, J.A.; Jimenez-Reyes, M.F.; Reyes, A.E.; Avendano-Herrera, R.; Romero, J.; Feijoo, C.G.
Soybean meal induces intestinal inflammation in zebrafish larvae. PLoS ONE 2013, 8, €69983.

Velez-Calabria, G.; Penaranda, D.S.; Jover-Cerda, M.; Llorens, S.M.; Tomas-Vidal, A. Successful inclusion of high
vegetable protein sources in feed for rainbow trout without decrement in intestinal health. Animals 2021, 11, 3577.

Zhang, W.; Tan, B.P.; Deng, J.M.; Dong, X.H.; Yang, Q.H.; Chi, S.Y.; Liu, H.Y.; Zhang, S.; Xie, S.W.; Zhang, H.T.
Mechanisms by which fermented soybean meal and soybean meal induced enteritis in marine fish juvenile pearl
gentian grouper. Front. Physiol. 2021, 12, 646853.

Seong, M.; Lee, S.; Lee, S.; Song, Y.; Bae, J.; Chang, K.; Bai, S.C. The effects of different levels of dietary fermented
plant-based protein concentrate on growth, hematology and non-specific immune responses in juvenile olive flounder,
Paralichthys olivaceus. Aquaculture 2018, 483, 196—202.

Dossou, S.; Koshio, S.; Ishikawa, M.; Yokoyama, S.; el Basuini, M.F.; Zaineldin, A.l.; Mzengereza, K.; Moss, A.;
Dawood, M.A.O. Effects of replacing fishmeal with fermented and non-fermented rapeseed meal on the growth,
immune and antioxidant responses of red sea bream (Pagrus major). Aquac. Nutr. 2019, 25, 508-517.

Gisbert, E.; Skalli, A.; Campbell, J.; Solovyev, M.M.; Rodriguez, C.; Dias, J.; Polo, J. Spray-dried plasma promotes
growth, modulates the activity of antioxidant defenses, and enhances the immune status of gilthead sea bream (Sparus
aurata) fingerlings. J. Anim. Sci. 2015, 93, 278-286.



114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

Tang, T.; Zhong, L.; Yu, D.D.; Li, P.; Hu, Y. Evaluation of dried porcine solubles in diets of Rice field eel (Monopterus
albus). Aquaculture 2021, 531, 735897.

Zhou, Q.C.; Zhao, J.; Li, P.; Wang, H.L.; Wang, L.G. Evaluation of poultry by-product meal in commercial diets for
juvenile cobia (Rachycentron canadum). Aquaculture 2011, 322, 122-127.

Li, S.L.; Ding, G.T.; Wang, A.; Sang, C.Y.; Chen, N.S. Replacement of fishmeal by chicken plasma powder in diets for
largemouth bass (Micropterus salmoides): Effects on growth performance, feed utilization and health status. Aquac.
Nutr. 2019, 25, 1431-1439.

Weththasinghe, P.; Lagos, L.; Cortes, M.; Hansen, J.O.; Overland, M. Dietary inclusion of black soldier fly (Hermetia
illucens) larvae meal and paste improved gut health but had minor effects on skin mucus proteome and immune
response in Atlantic salmon (Salmo salar). Front. Immunol. 2021, 12, 599530.

Stenberg, O.K.; Holen, E.; Piemontese, L.; Liland, N.S.; Lock, E.-J.; Espe, M.; Belghit, |. Effect of dietary replacement
of fish meal with insect meal on in vitro bacterial and viral induced gene response in Atlantic salmon (Salmo salar) head
kidney leukocytes. Fish Shellfish Immunol. 2019, 91, 223-232.

Yildirim-Aksoy, M.; Eljack, R.; Schrimsher, C.; Beck, B.H. Use of dietary frass from black soldier fly larvae, Hermetia
illucens, in hybrid tilapia (Nile x Mozambique, Oreocromis niloticus x O. mozambique) diets improves growth and
resistance to bacterial diseases. Aquac. Rep. 2020, 17, 100373.

Hwang, D.; Lim, C.H.; Lee, S.H.; Goo, T.W.; Yun, E.Y. Effect of feed containing Hermetia illucens larvae immunized by
Lactobacillus plantarum injection on the growth and immunity of rainbow trout (Oncorhynchus mykiss). Insects 2021,
12, 801.

Henry, M.A.; Gasco, L.; Chatzifotis, S.; Piccolo, G. Does dietary insect meal affect the fish immune system? The case
of mealworm, Tenebrio molitor on European sea bass, Dicentrarchus labrax. Dev. Comp. Immunol. 2018, 81, 204—209.

Su, J.Z.; Gong, Y.L.; Cao, S.P; Lu, F; Han, D.; Liu, H.K,; Jin, J.Y.; Yang, Y.X.; Zhu, X.M.; Xie, S.Q. Effects of dietary
Tenebrio molitor meal on the growth performance, immune response and disease resistance of yellow catfish
(Pelteobagrus fulvidraco). Fish Shellfish Immunol. 2017, 69, 59-66.

Jeong, S.M.; Khosravi, S.; Yoon, K.Y.; Kim, K.W.; Lee, B.J.; Hur, S.W.; Lee, S.M. Mealworm, Tenebrio molitor, as a feed
ingredient for juvenile olive flounder, Paralichthys olivaceus. Aquac. Rep. 2021, 20, 100747.

Ido, A.; Iwai, T.; Ito, K.; Ohta, T.; Mizushige, T.; Kishida, T.; Miura, C.; Miura, T. Dietary effects of housefly (Musca
domestica) (Diptera: Muscidae) pupae on the growth performance and the resistance against bacterial pathogen in red
sea bream (Pagrus major) (Perciformes: Sparidae). Appl. Entomol. Zool. 2015, 50, 213-221.

Lin, Y.H.; Mui, J.J. Evaluation of dietary inclusion of housefly maggot (Musca domestica) meal on growth, fillet
composition and physiological responses for barramundi, Lates calcarifer. Aquac. Res. 2017, 48, 2478-2485.

Alves, A.P.D.; Paulino, R.R.; Pereira, R.T.; da Costa, D.V.; Rosa, P.V.E. Nile tilapia fed insect meal: Growth and innate
immune response in different times under lipopolysaccharide challenge. Aquac. Res. 2021, 52, 529-540.

Amer, A.A.; EI-Nabawy, E.M.; Gouda, A.H.; Dawood, M.A.O. The addition of insect meal from Spodoptera littoralis in
the diets of Nile tilapia and its effect on growth rates, digestive enzyme activity and health status. Aquac. Res. 2021,
52, 5585-5594.

Wan, A.H.L.; Snellgrove, D.L.; Davies, S.J. A comparison between marine and terrestrial invertebrate meals for mirror
carp (Cyprinus carpio) diets: Impact on growth, haematology and health. Aquac. Res. 2017, 48, 5004-5016.

Garcia-Marquez, J.; Rico, R.M.; Sanchez-Saavedra, M.P.; GOmez-Pinchetti, J.L.; Acién, F.G.; Figueroa, F.L.; Alarcon,
F.J.; Morifligo, M.A.; Abdala-Diaz, R.T. A short pulse of dietary algae boosts immune response and modulates fatty acid
composition in juvenile Oreochromis niloticus. Aquac. Res. 2020, 51, 4397-4409.

Passos, R.; Correia, A.P.; Pires, D.; Pires, P.; Ferreira, |.; Simoes, M.; do Carmo, B.; Santos, P.; Pombo, A.; Afonso, C.;
et al. Potential use of macroalgae Gracilaria gracilis in diets for European seabass (Dicentrarchus labrax): Health
benefits from a sustainable source. Fish Shellfish Immunol. 2021, 119, 105-113.

Wan, A.H.L.; Soler-Vila, A.; O'Keeffe, D.; Casburn, P.; Fitzgerald, R.; Johnson, M.P. The inclusion of Palmaria palmata
macroalgae in Atlantic salmon (Salmo salar) diets: Effects on growth, haematology, immunity and liver function. J. Appl.
Phycol. 2016, 28, 3091-3100.

Retrieved from https://encyclopedia.pub/entry/history/show/55163



