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Abstract 
 

It is estimated that the global population might reach and overtake the mark of 9 

billion people before 2050. Strictly linked to this growing trend is the food demand, 

which at current food production rates cannot satisfy such a large number of people 

all over the world. The future goal, in accordance with the 17 Sustainable 

Development Goals (SDGs), is to provide food and livelihoods to human 

population, in a sustainable manner, minimizing the environmental impact and 

improving the quality of life of the people. For this purpose, aquaculture, among 

the other agriculture and food-producing sectors, is the one that is still growing and 

expanding worldwide and is the most promising industry to meet the future demand 

for animal protein. To achieve this goal, the most important challenge facing the 

entire sector is the development of new fish feed formulations that fulfill fish 

nutritional requirements: the gold standard ingredients, fish meal (FM) and fish oil, 

represent finite resources as they heavily impact marine natural resources for 

production. Hence, the aim of the present PhD research project was to investigate 

the effects of different innovative strategies to replace the protein fraction of the 

feed from FM to alternative sources and also to evaluate the administration of a 

bacterial probiotic strain. The main focus of this experimentation was to assess how 

novel ingredients and feed additives modulate fish gut microbiota composition. 

Indeed, the microbial populations that inhabit the gastro-intestinal tract of animals 

play a fundamental role in the host physiology, too. For this reason, it is also called 

the “extra organ”, as it takes part in numerous functions such as early-stage 

development, reproduction, immune response and nutrition, which is the primary 

interest of this study. Microbiota, divided into autochthonous and allochthonous 

populations, contribute to digestion thanks to the great versatility and potential 

metabolic pathways by which a plethora of nutritional compounds, such as complex 
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carbohydrates and fiber, which otherwise would remain indigestible for the host, 

are subject to hydrolysis and dissociation. In addition, the autochthonous microbial 

populations can produce a wide range of bioactive molecules, such as short-chain 

fatty acids (SCFA) and vitamins, which have an important impact on host intestinal 

physiology, and anti-microbial compounds, which also guarantee protection against 

the colonization of pathogens. Hence, the approach used in this project to 

investigate the effect of partial and total substitution of marine-based protein with 

two different insect larvae meals, and the administration of two doses of lactic-acid 

probiotic bacteria, on the fish intestinal microbiota, involved setting up three 

experimental trials using two species, a freshwater fish, rainbow trout 

(Oncorhynchus mykiss), and a marine Mediterranean species, gilthead sea bream 

(Sparus aurata). In the first study (Chapter 2), we investigated the effect of partial 

replacing dietary FM with 15% insect meal, specifically Hermetia illucens, on the 

microbiota composition of rainbow trout. The results demonstrate how this 

experimental diet could effectively modulate the intestinal microbiota of the fish, 

reducing Proteobacteria, which include several pathogenic genera, for example 

Aeromonas sp., while increasing the percentage of beneficial bacteria such as 

Lactobacillus and Bacillus. In addition, the metagenomic analysis clearly 

demonstrates how insect diets enhance the metabolic capacity of the trout gut 

microbiota, improving dietary carbohydrate utilization. In the second trial (Chapter 

3), we tested the effects of total replacement of FM with another insect species 

larvae meal: in particular we used Tenebrio molitor larvae, on rainbow trout skin 

and gut microbiota. After 22 weeks of experimentations, the results did not reveal 

any negative alterations in the bacterial populations between the two dietary groups, 

but only slight differences, mostly detected at the genus and family level both for 

skin and gut microbiota. Finally, in the last feeding trial (Chapter 4), we evaluated 

the effects of two doses (high and low dose) of lactic-acid bacteria (Lactococcus 

lactis subsp. lactis), used as a probiotic in gilthead sea bream. The analyses focused 
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on fish growth performance, morphological alterations of the intestine, gut 

microbiota composition, and the expression of a panel of 44 genes, including 

markers of epithelial integrity, nutrient transport, mucins, cytokines, 

immunoglobulins, cell markers and chemokines, and pattern recognition receptors. 

Interestingly, the results showed that the probiotic actually had an effect  according 

to several of the aspects analysed: the final body weight of the fish fed the higher 

dose of probiotic was greater than that of the control group; in addition, though 

without appreciable structural modification of the gut, significant differences in the 

expression of key genes involved in innate and acquired immunity were detected, 

suggesting an enhancement of the immune system due to L. lactis administration. 

Regarding gut microbiota, the analyses revealed a lack of colonization of the 

probiotic in the host’s intestinal mucosa; however, the probiotic did modulate the 

fish gut microbiota, confirming that colonization is not always necessary to induce 

host modification. Data obtained in this PhD project contribute to the knowledge 

gained so far on the application of different strategies to modulate gut microbiota 

so as to strengthen and enlarge the digestion capacity of fish in a framework of 

innovations in aquaculture that aim to promote positive effects on fish growth 

performance, metabolism, health, feed conversion ratio, and final product quality, 

in view of future growing food demand. 
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Introduction 

1.1 World Population and demand for livestock products 

The demographic situation of the world has changed very rapidly in the last few 

decades. It is a fact that the world population is currently more than three times 

larger than in the mid-twentieth century. This trend, however, does not follow a 

linear progression. On the contrary, in 2020, the growth rate of the population was 

less than 1% per year for the first time since 1950, and the projection estimated 

that this level will continue to slow in the near future (Fig. 1). This phenomenon 

is occurring despite the fact that in some countries, such as those which compose 

Central-Southern Asia and sub-Saharan Africa, population size will continue to 

increase. In contrast, it is estimated that in Europe and Northern America the 

population will soon start to decline, negatively affecting the global growth rate.  

Figure 1. Global population size and annual growth rate: estimates, 1950-2022, and 

medium scenario with 95 per cent prediction intervals, 2022-2050 (United Nations 

Department of Economic and Social Affairs, 2022) 

However, despite this proclivity in the demographic situation, the world 

population could grow to around 9.7 billion in 2050 and 10.9 to 12.3 billion in 
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2100, according to the different scenarios and variables considered (Fig. 1) 

(Gerland et al., 2014; United Nations Department of Economic and Social Affairs, 

2022).  The impact of this slow but progressive trend is directly linked with the 

development and expansion of the food industry. In fact, the present and the future 

challenge of the world of food producers and scientists, in accordance with the 17 

Sustainable Development Goals (SDGs), is to provide food and livelihoods for the 

ever-growing human population in a sustainable manner, minimizing the 

environmental footprint on the planet and improving the quality of life of the 

people that inhabit it (Glaser, 2012). Hence, the role of agriculture and in general 

food security, defined as “access to sufficient, safe, nutritious food to maintain a 

healthy and active life”, is pivotal for achieving these goals (FAO (Food and 

Agriculture Organization of the United Nations), 2021). Considering the food 

derived from animal sources, the livestock system occupies 30% of the planet’s 

ice-free terrestrial surface area today, and, contrary to crop production, whose 

growth is mostly related to yield increase, animal husbandry needs geographical 

expansion and an increase in the number of herds. The combination of these two 

factors will generate, in the near future, strong competition for the use of the arable 

lands(Thornton, 2010; Flachowsky et al., 2017). In addition, as reported by (Poore 

and Nemecek, 2018) (Fig.2), livestock farming has the greatest impact on the 

environment, due to greenhouse gases emission (GHG), disruption of nitrogen and 

phosphorus cycles and the impoverishment of biodiversity (Gilbert et al., 2018). 

However, the ineluctable growth of the world population will lead to an obvious 

increase in the demand for livestock products. It is worth mentioning that this 

pressure is not equally distributed in the population. Income and urbanization are 

the two main drivers determining the distribution of the animal-source food 

demand, and they will continue in the foreseeable future. Livestock products 

consumption, divided by the different types (Fig. 3A), is high in the richest 

countries (Fig. 3B) and particularly in the wealthier strata of societies, in low-
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income countries, too, and as income will continue to increase in highly populated 

and developing countries, demand levels are likely to rise as well. Urbanization is 

the other factor that heavily impacts the patterns of food consumption, also 

because it often stimulates improvements in infrastructure, including in cold 

chains, which enables perishable goods to be traded more widely. It is estimated 

that in the next few decades more people will move to urban settings from rural 

areas at an unprecedented rate, particularly in Africa and Asia, determining a 

strong increase in demand in the most populated regions of the planet (Thornton, 

2010; Béné et al., 2015).   

 

Figure 2. Global GHG emission of different food product in 2010 (Poore and Nemecek, 

2018) available at ourworldindata.org/environmental-impacts-of-food. 
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Figure 3. a Per capita meat consumption divided for 6 different types of animal-source 

food. b Meat consumption in relation to the income (GDP) and size population of different 

countries (FAO (2020) FAOSTAT database collections (Food and Agriculture 

Organization of the United Nations, Rome). Available at faostat.fao.org and 

ourworldindata.org/meat-production.  

a 

b 
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1.2 Modern Aquaculture 

Among the different animal production industries that must meet the future 

growing demand of food, fisheries and aquaculture represent the most promising 

fields, as this is the fastest expanding source of animal protein in the world today. 

The global supply has grown by a factor of 8 since 1950, even greater than the 

improvements in rice production that followed the Green Revolution. In 2010 it 

was estimated that fish overshadowed the other animal-productive systems, double 

that of poultry and even triple that of cattle (Fig. 4a) (Béné et al., 2015). In 2020, 

the average per capita consumption of fish was around 20.2 kg year-1 and 

represents the end point of an ongoing growth in demand (1.5% per year) since 

the 1960s when consumption only amounted to 9.9 kg. Moreover, the distribution 

is not equal throughout the world. It is estimated that for 3.2 billion people capture 

fisheries and aquaculture provide almost 20% of their per capita intake of animal 

protein; otherwise, in some African and Asian countries, such as Cambodia, 

Bangladesh, Mozambique and Sierra Leone, often characterized by low-income 

and food-deficiency, this share can exceed 50-60% (Fig 4b) (FAO, 2022). 

Figure 4. a World Production of the main sources of animal protein over the period 1960–

2010 (Béné et al., 2015).  

a 
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Figure 4. b Animal Protein consumption of different countries (FAO (2020) FAOSTAT 

database collections (Food and Agriculture Organization of the United Nations, Rome). 

Available at faostat.fao.org and ourworldindata.org/fish-and-overfishing.  

In 2020 the global production of aquatic animals reached 178 million tons, of 

which 63% came from marine waters, but only 37% from inland waters, which is 

slightly lower than the two previous years (Fig. 5). This modest stagnation is 

mostly linked with a decline in capture fisheries, which is due to different factors, 

such as the fluctuation catches of pelagic species, for example, anchoveta, but also 

because of the recent reduction in China’s catches and the disruptive impact of 

COVID-19 on the production sector. Nevertheless, fishery production remains the 

largest part (51% of the total volume, 90 million tons), with a stable fluctuation 

between 93-86 million tons per year since the late 1980s (FAO, 2022). It is worth 

mentioning that, although aquaculture volume production is slightly inferior to 

that of capture fishery (88 million tones, excluding algae production), it accounts 

for almost twice (65%) the value of capture over total estimates (USD 406 billion). 

Hence, aquaculture represents the main driver of total production growth, also 

because increasing the exploitation from oceans could aggravate the 

b 
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environmental status of numerous endangered stocks. It is estimated that 

nowadays around 33-34% of all fish populations are overexploited, beyond their 

natural biological sustainability (Hilborn et al., 2020). As evidence of the boost 

that aquaculture gave to the total industry production, owing mostly to the 

development of inland production, growth production gradually increased from 

12.6 (18%) in the 1990s to 54.4 million tons in 2020, representing more than half 

of the total (62.2%), as shown in Fig. 5.  

Figure 5. World Capture Fish and Aquaculture Production over the period 1950-2020 

(FAO, 2022). 

Regarding the main producers, Fig. 6 clearly shows that Asia overwhelmingly 

dominates world aquaculture, producing approximately 91% of global aquatic 

animals and algae. However, there are huge differences within the continent, with 

many developing countries improving their infrastructure remarkably to fully 

express their potential. China produces more farmed aquatic organisms than the 

rest of the world, and in addition, the overall situation is characterized by a small 

number of other aquaculture producers. Many of them, including Chile, Brazil, 

Egypt, Bangladesh, and Vietnam, are highly populated developing countries. 

However, Norway also represents an example of a great producer owing to its 
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large areas of fjords and can boast a huge production of finfish in sea cages, mostly 

represented by salmon (FAO, 2022). For the aquatic species currently being 

cultivated, the conditions in which aquaculture is carried out vary highly and an 

enormous number of species are farmed, but a limited group of them (“staple 

species”) dominate global production by far. Although it is difficult to make an 

exhaustive assessment, the total number of units that aquaculture has produced 

worldwide was calculated to be around 652 in 2020, including a certain level of 

taxonomic uncertainty and hybrids. However, as already mentioned, carp, Atlantic 

salmon, milkfish, tilapia, and catfish represent only a few examples of the 

approximately 20-25 dominant finfish species produced that account for over 75% 

of the total production. In addition, it is worth mentioning that, although marine 

and diadromous fish species and crustaceans are the main organisms farmed in 

certain geographical areas, for example, the Mediterranean basin, at the global 

level their number is dwarfed by the live-weight volume of freshwater aquaculture 

products, bivalves, and also seaweeds (Fig. 7) (Naylor et al., 2021; FAO, 2022). 
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Figure 6 The distribution of the main aquaculture fish farming producers by country. 

Available at datacatalog.worldbank.org/search/dataset/0037712/World-Development-

Indicators & ourworldindata.org/fish-and-overfishing. 

Figure 7. a Species composition shown for 1997 and 2017. b, c Growth shown from 1997 

to 2017 for the following production categories (b): total, freshwater fish, algae, mollusks 

and CDMM, which comprises crustaceans, diadromous fish, marine fish, and 

miscellaneous species (Naylor et al., 2021).  
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1.3 Aquaculture Feeds 

As already mentioned, aquaculture, which is the fastest growing food commodity 

sector and today accounts for an average of 17% of the total amount of animal 

protein intake globally, it is estimated that it will play an even more pivotal role in 

meeting the increasing demand of food in the future. To achieve this goal, the 

challenge will be fought on political, economic, and technological playing fields. 

Hence, the entire sector must accomplish the tasks of optimizing and introducing 

new reforms, diversifying the market demand on a global scale, and even more 

importantly, developing and implementing sustainable feed formulas and breeding 

techniques (Costello et al., 2020). The production of aquatic animals is largely 

dependent upon the external administration of feeds. According to the last 

estimates, about 70% of the farmed animals worldwide are “feeding” species, 

while the remaining part is composed of “filter-feeding” species. The 

manufactured diets, in addition to being one of the highest expenses for the 

farmers, constitute the vector for providing a properly balanced amount of 

nutrients, preserving fish health, and improving production. It is easy to 

understand why fish nutrition is the most innovative branch of the aquaculture 

sector (Tacon and Metian, 2015). Historically, fish meal (FM) and fish oil (FO) 

constitute the gold standard for feed production ingredients, as they have been 

used for decades, not only in the aquaculture sector, but also, in different 

proportions, for all the others animal-producing industries, such as pig farming 

(9%), pet food (4%) and poultry (1%) (Fig. 8). It was estimated for 2020 that, from 

all the fisheries and aquaculture production (178 million tons), about 89% was 

used for direct human consumption, and the remaining part (over 20 million tons) 

was converted for non-food purposes. Concerning the latter, excluding a small 

amount of about 4 million tons that is commonly utilized in ornamental fish trade, 

in pharmaceutical preparations, for pet food, or as a direct feeding source in 

aquaculture, the greater part is used to produce FM and FO. FM is a very protein-
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rich flour, obtained by milling and drying fish, whereas FO is made by pressing 

cooked fish and then extracting oil by centrifugation. The typical fish species used 

for these purposes are mainly small pelagic fish such as anchoveta, mackerel, 

herring, sardine etc.: in the recent past, the annual fluctuation in the catches of 

those animals, together with the increasing demand for FM and FO, has brought 

about a high fluctuation in market prices with a progressively rising scenario, a 

trend which presumably will continue in the foreseeable future.  

Figure 8. Fishmeal (a) and Fish oil (b) global utilization over the period 1960-2020. 1 

Mainly pet feed; 2 Pet food, biofuel, cooking oil in Viet Nam. (FAO, 2022) 

a 

b 
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One of the consequences of this situation is the worldwide level of including these 

ingredients in feed formulations, which has decreased within the past few decades, 

even for those diets designed for marine piscivorous finfish, such as sea bream, 

sea bass, rainbow trout, and Atlantic salmon, which require 45-50% of crude 

protein and a high level of long-chain fatty acids (FAs) (Naylor et al., 2009). 

Nevertheless, FM and FO are still used and considered the most nutritious and 

digestible source of protein and lipids for farmed fish, as well as ideal resources 

to meet the essential amino acid (EAA) requirement and the major supply of 

omega-3 FAs (eicosapentaenoic acid [EPA] and docosahexaenoic acid [DHA]). In 

fact, some specific production stages, such as hatchery, broodstock or in the 

finishing period before harvesting, continue to use them massively, due to their 

metabolic and nutritional importance (FAO, 2022). FM and FO oil represent ideal 

feed ingredients for aquaculture because they are not only an excellent source of 

dietary protein, EAAs, and essential FAs, but they possess a profile that can satisfy 

the nutritional requirements of most farmed aquatic species. Indeed, they are a 

good source of nucleotides, phospholipids, minerals, and trace elements (including 

calcium, phosphorus, magnesium, zinc, manganese, selenium, iodine, 

molybdenum, and chromium), fat-soluble and water-soluble vitamins (including 

vitamin A, D, E, choline, inositol, and B vitamins), and unique nutrients such as 

taurine, together with other components that have not been identified yet. In 

addition, they have no antinutritional factors, limited carbohydrates, and fiber 

content (Tacon and Metian, 2015; Turchini et al., 2019). However, as already 

mentioned, although FM and FO were originally used because they were, at the 

time, inexpensive and palatable sources of protein and lipid, today, the rate of 

including them in fish feed is decreasing on average by 1.7% per year due to their 

high fluctuating market value, but also for the awareness of environmental issues, 

underlying the production of these valuable ingredients (Bandara, 2018). The 

sustainability goal of modern aquaculture converges here with the need to reduce 
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the sector’s dependence on marine resources, as they represent a finite supply, 

with at most a very small further exploitation for only some species, and with the 

aim of identifying valid and nutritionally adequate alternatives (Boyd et al., 2020). 

The efforts that will have to be made in the name of sustainability agree with the 

definition of the a “sustainable development” given by the United Nations World 

Commission on Environment and Development, which define it as “use of the 

environment and resources that meets the needs of the present without 

compromising the ability of future generations to meet their own needs” (World 

Commission on Environment and Development, 1987). During the past several 

years, numerous alternatives to the conventional marine ingredients have been 

implemented in feed formulations. The choice of candidate that represent a viable 

alternative is related to certain characteristics, such as nutritional suitability, ready 

availability, easy handling, shipping, storage etc. In addition, is very important that 

these new ingredients benefit the fish in terms of health maintenance, growth 

performance, and lower environmental impact, and, finally, the price must be 

competitive in order to overtake the other replacements. Nowadays, the principal 

sources currently included are vegetable meals, oilseed meals, and animal by-

products, not only from fisheries and aquaculture sector, but also from other fields 

such as poultry livestock. Furthermore, more recently, interest in other organisms 

and biotechnological applications has been aroused for fish nutrition. Those new 

sources are insects, which possess very interesting metabolic abilities, but also 

Single-cell Ingredients (SCI), proteins and oils (SCP; SCO), produced and 

extracted from algae, bacteria, and yeasts. All these new possibilities are discussed 

extensively in the following paragraphs. 

1.3.1 Vegetable meals and oils 

Vegetable meals and oils represent the oldest and the principal alternatives tested 

as a basis for the animal feed in the last decades. Nowadays, the commonly 



Chapter 1 

18 
 

available commercial fish feeds, designed for most farmed aquatic animals, 

include a fair percentage of vegetable stuffs. The advantage of being readily 

available globally and the relatively low costs compared to products of animal 

origin, especially FM, represent strong points in their favor. The range of plant 

feedstuffs that are usually implemented in aquaculture commercial diets include 

barley, canola, corn, cottonseed, peas/lupins, soybeans, wheat, oilseeds (soybean, 

sunflower, rapeseeds, cottonseed) etc. (Naylor et al., 2009). From the nutritional 

point of view, the ideal ingredient for fish feed must possess certain characteristics, 

which include low level of fiber, non-soluble carbohydrates, and antinutrients. In 

addition, they must provide a high amount of protein, with a favorable amino acids 

profile, and an elevated digestibility and palatability. Unfortunately, including 

considerable levels of vegetable meals and oils could have adverse effects in fish, 

as this may affect feed intake, nutrient digestibility, immune response, stress, and 

histological alterations, expressed as enteritis (Mourente et al., 2007; Torrecillas 

et al., 2017). The negative consequences are the results of an imbalanced amino 

acid profile, insufficient to totally compensate for the EAAs, such as methionine, 

lysine, or cysteine, which are required by the animals, together with a lower 

concentration of omega-3 FAs, and instead these plant-based ingredients are high 

in medium-chain triglycerols (MCT), saturated fatty acids (SFAs), and omega-6 

and omega-9 FAs, such as oleic (18:1n-9) and linoleic (18:2n-6) acids. In addition 

to that, the most challenging constraints to using a plant-based diet is the presence 

of anti-nutritional factors, which represent the ultimate defense of the plants 

against predators, but which, once consumed, could negatively affect the digestive 

capacity of the fish. They are in fact defined as “substances which by themselves, 

or through their metabolic products arising in living systems, interfere with food 

utilization and affect the health and production of animals” (Makkar, 1993). These 

compounds are chemically heterogenous and thus also have different modes of 

action, but they can be divided into heat-labile and heat-stable molecules. The 
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former, such as lectins, protease inhibitors, and amylase inhibitors, are heat-labile 

proteins, which can be inactivated by heat, while the latter, which cannot be 

destroyed by the high temperature, are typically phytic acids, saponins, phenols, 

and tannins (Francis et al., 2001). Although several undesirable features are 

associated with vegetable ingredients, they have largely been implemented in the 

diet formulations for aquaculture in the recent past. The strategy to circumvent 

these obstacles can be achieved by technological procedures. To increase the 

protein content, the carbohydrate fraction is removed from soybean, corn, or 

gluten meal in order to obtain protein-concentrated ingredients. As previously 

mentioned, some anti-nutritional factors are heat labile; thus, they can be 

eliminated by increased temperatures, such as during the extrusion process, with 

preliminary heat treatments, or by fractioning the crops. Finally, heat-stable 

compounds are eliminated by using enzymatic treatments or solvent purification 

to enhance the nutritional value of the feeds, avoiding the adverse effects 

(Bandara, 2018). In conclusion, terrestrial plant ingredients now comprise the 

largest FM and FO partial or total replacement used in fish feed formulations, 

mostly implemented not as a unique source, but rather in combination, to supply 

a correct balance of EAAs and FAs, which are fundamental for the species-specific 

fish requirements. In addition, the value of vegetable feedstuffs also resides in the 

possibility to reduce aquaculture’s pressure on the fishery industry, and, regarding 

human health as well, to avoid the consumption of dioxins and PCBs, which are 

completely absent in terrestrial plants derivates. 

1.3.2 Animal by-products 

Another interesting source of proteins and lipids currently being used to partially 

substitute FM and FO in aquaculture is represented by the valorization of rendered 

products from terrestrial and aquatic animals. Commercially, the principal 

available ingredients are meat and bone meal, feather meal, blood meal, PAPs, and 
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seafood by-product meal. The importance of these resources also lies in the 

framework of mitigating the environmental impact of the industries. In fact, the 

animal by-products industry fits perfectly in the concept of a circular economy, 

where refuse from one industry is regenerated for other industries for feed and 

energy, reducing waste loss, the carbon footprint, and GHG emissions (Woodgate 

et al., 2022). Regarding terrestrial animal protein sources, animal by-products have 

a more balanced amino acid profile than the previously discussed vegetable 

feedstuffs, with higher contents of lysine and a considerable digestibility. In 

contrast, although the price of terrestrial animal-derived oils is very competitive 

compared to FO, these lipids sources are rich in SFAs, which strongly reduce the 

digestive capacity of the fish, especially at cold temperatures. Thus, as complete 

substitution cannot be achieved, they must be blended with polyunsaturated FAs 

(PUFAs) to be nutritionally adequate for the fish requirements. Despite this, 

animal lipids can surely contribute to reducing the over-exploitation of natural 

resources due to the use of marine ingredients (Naylor et al., 2009). The principal 

terrestrial animal-producing field providing such by-products is surely the poultry 

industry. The Association of American Feed Control Officials defines Poultry By-

Products (PBM) as the ‘ground, rendered, clean parts of the carcass of slaughtered 

poultry such as necks, heads, feet, undeveloped eggs, gizzards and intestines 

(provided their content is removed), exclusive of feathers (except in such amounts 

as might occur unavoidably in good processing practices)’ (AAFCO 2010). 

Although PBM meal can change in nutritional value and quality due to the 

materials used and the production protocols, an average level of protein content is 

around 51-81% of dry matter, with a relatively good amino acid profile. However, 

as reported by Gasco et al., (2018) (Tab. 1), in comparing PBM, FM and soybean 

meal (SBM), major concerns are related to the low level of EAAs such as lysine 

and methionine, but also, compared to FM, the lower content of taurine, which, 

though not properly considered to be an EAA, it is fundamental for maintaining 
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good growth performance and avoiding susceptibility to disease and high mortality 

(Salze and Davis, 2015). In addition, as previously mentioned, PBM, like other 

land animal ingredients, has a range of 6.7-22.5% of lipids, but a very low content 

of omega 3 FAs, which can cause severe problems mostly for juveniles or marine 

fish species at high percentages of FM substitutions. Nevertheless, PBM are 

largely considered a cost-effective feed ingredient in fish feed formulations and 

can constitute a valid alternative to FM, and partially FO, for a very large number 

of fish species. In parallel to the terrestrial animal by-products, the other important 

group of rendered ingredients derives from the so-called seafood by-products. It 

is estimated that around 20 and 80% of fish is considered as waste by industries, 

depending on the fish species and the type of processing and elaboration of the 

resource. In this context, the refuse includes head, viscera, skin, bones, and scales 

(Fig. 9) (Caldeira et al., 2018). As a consequence of removing the fillet, the total 

amount of protein in the resulting meal is lower that of FM, but still presents a rich 

source of EAAs such as lysine and leucine, together with a huge amount of 

minerals, for example, hydroxyapatite, calcium, phosphate, zinc, selenium, and 

iron (Naylor et al., 2009). FO is extracted mostly from oily fish such as herring 

and mackerel, but valorization of the waste from other species still contributes to 

the total FO production, though with a with lower market value due to the reduced 

amount of omega 3 FAs. Fish waste is also an important source of value-added 

compounds. These molecules are a matter of interest not only for the fish feed 

industry, but also for the health-related sector, for example, cosmetics, the 

pharmaceutical industry, and medical care. Some examples are collagen, gelatin, 

obtained by thermal denaturation of collagen, and bioactive peptides, which 

consist in sequences of 2-20 amino acids and possess multiple biological activities, 

based on their composition. Another important molecule extracted from shellfish 

waste is chitin, the second-most abundant polysaccharide in the world, after 
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cellulose, and carotenoids, also used in fish feed as functional ingredient or 

additive (al Khawli et al., 2020). 

 

 Unit PBMa FMb SBMc 

Dry Matter (DM) % as fed 93.7 (82.4–97.4) 92.1 (90.0–94.4) 87.9 (85.0–92.1) 

Crude protein % DM 66.1 (51.6–81.0) 75.6 (70.2–80.7) 51.4 (48.3–54.5) 

Lysine % protein 4.4 (3.3–8.2) 6.1 (5.5–7.5) 6.1 (5.7–6.6) 

Methionine % protein 1.4 (1.0–2.0) 2.2 (2.0–2.6) 1.4 (1.2–1.6) 

Methionine + Cistine % protein – 2.9 (2.6–3.2) 2.9 (2.5–3.3) 

Tryptophan % protein 0.5 (0–0.8) 0.8 (0.7–0.9) 1.3 (1.2–1.4) 

Threonine % protein 2.8 (1.9–3.9) 3.1 (2.9–4.3) 3.9 (3.5–4.3) 

Leucine % protein 5.0 (3.9–9.7) 5.9 (5.2–7.3) 7.5 (6.8–8.0) 

Isoleucine % protein 2.7 (1.8–4.7) 3.7 (3.3–4.4) 4.6 (4.3–5.0) 

Valine % protein 3.1 (2.2–5.2) 4.2 (3.9–4.8) 4.8 (4.3–5.4) 

Histidine % protein 1.9 (1.2–5.6) 1.8 (1.7–1.9) 2.6 (2.4–2.9) 

Arginine % protein 5.1 (3.2–8.8) 4.6 (4.0–6.0) 7.4 (6.8–8.1) 

Phenylalanine % protein 2.8 (2.2–4.0) 5.5 (5.2–6.5) 8.5 (7.7–9.4) 

Ether extract % DM 13.8 (6.7–22.5) 8.1 (2.0–12.0) 2.1 (2.0–2.2) 

Crude fibre % DM 1.1 (0.5–2.1) – 6.7 (3.5–10.1) 

Minerals (ash) % DM 15.0 (5.1–29.7) 16.6 (12.0–23.3) 6.9 (6.8–7.0) 

Calcium % DM 5.1 (2.2–9.9) 36.3 (15.4–78.3) 3.9 (2.3–6.3) 

Phosphorus % DM 2.7 (1.6–5.0) 25.9 (19.0–40.4) 6.9 (5.8–8.6) 

Sodium % DM 0.6 (0.5–1.0) 10.0 (5.9–14.4) 0.1 (0.0–0.8) 

Potassium % DM 0.8 (0.4–1.8) 10.2 (5.9–14.4) 23.7(21.8–26.0) 

Gross energy MJ/kg 21.2 (16.2–24.9) 21.4 (19.6–23.8) 19.9 (19.8–20.0) 

Table 1. Nutrient composition and nutritive value of poultry by-product meal (PBM) 

compared to fishmeal (FM) and soybean meal (SBM). Values are reported as mean of 

values found in the literature (with minimum and maximum values) (Gasco et al., 2018).  
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Figure 9. Fish by-products and main compounds obtained from them (al Khawli et al., 

2020).  

1.3.3 Single-cell Ingredients 

Another innovative strategy to reduce FM and FO in the diet of farmed fish is to 

use microbial feed ingredients. These products have gained wider attention in the 

last few decades, as their production and use in the human food industry is far 

older than application in the aquaculture sector. In fact, these alternative sources 

have been used since the early 1950s, mostly with the purpose of finding a new 

way to produce protein, but only in 1966 the name Single Cell Protein (SCP) was 

coined, to describe the protein content obtained from a biomass composed of 

unicellular organisms, with few rare exceptions. The microbial sources commonly 

utilized to produce SCP are microalgae, yeast and other fungi, and bacteria. Each 

of them possesses unique advantages and challenges (Tab. 2), but generally, the 

goal of production is the maximization of cellular growth and co-products yields, 

with an economically and environmentally sustainable approach. Although the 

cellular harvest varies, the main advantages in using microbes to produce proteins 

over traditional methods lies in their short generation and duplication times, the 

easy transformation of the yields, and the ability and efficiency in use and in 
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converting a wide spectrum of growing substrates; and finally, they do not need to 

be planted or occupy arable land, and the seasons have no effect, which means a 

potentially enormous geographical dispersion (Nasseri et al., 2011). These 

favorable features are achieved thanks to the large number of usable 

microorganisms and, consequently, their strongly diversified metabolism and 

growth modalities, including autotrophs, photoautotrophs, chemoautotrophs, 

methylotrophs, heterotrophs and mixotrophs. Among the aforementioned 

organisms, yeasts and fungi have been used for a long time both in livestock and 

for direct human consumption (brewery and bakery); thus, they have a high grade 

of familiarity and acceptability among producers and consumers. The most widely 

known species are Saccharomyces cerevisiae, various Aspergillus sp. and 

Fusarium venenatum, but other strains are attracting growing interest for protein 

replacement. Typically, the protein content is lower than for other microbes (45-

65%) and, in addition, even with high levels of threonine and lysine, the amount 

of methionine is relatively low. However, the high levels of B-complex vitamins, 

their larger size (easy to harvest) and the possibility of being used as a probiotic 

make them a widely used source of protein in aquaculture (Øverland et al., 2013; 

Bandara, 2018). Differently from yeasts, microalgae are currently used in 

aquaculture mainly as a supplement or functional ingredient, although the 

nutritional profile is very similar to that of FM (high protein content (60-70%) 

with a low nucleic acid content, vitamins A, B, C and E). This is due to their 

photoautotrophic metabolism. There are still some technical limitations for 

production, however, and further development is required to reduce costs on a 

large scale (Naylor et al., 2009). In addition, microalgae possess a cellulosic cell 

wall, which represents about 10% of the dry weight, which, if not disrupted or 

eliminated, limits the bioavailability of the nutrients and the general digestibility 

of the ingredient. However, even with some differences among the species (e.g., 

Chlorella sp., Scendesmus sp., Spirulina sp., Dunaliella sp.) the greatest potential 
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for using microalgae in aquaculture resides in their ability to produce highly 

nutritionally valuable oils (single-cell oils, SCOs), rich in omega 3 PUFAs, such 

as EPA and DHA, together with other compounds, including carotenoid pigment, 

widely used in several industries (Sprague et al., 2017). In the same way, 

heterotrophic marine protists, previously classified as microalgae or fungi, such as 

Schizochytrium limacinum, are of particular interest because of their ability to 

produce omega 3 FAs (Ye et al., 2015). Finally, similarly to yeasts, bacteria also 

have a long history of being used to produce protein and oil. They are obviously 

the most diversified group of organisms, compared to those mentioned previously, 

but generally they contain a very high amount of protein (50-80%, or even >80% 

on dry weight basis), high levels of EAA (only slightly low level of lysine, 

compared to FM), along with vitamins, especially those of the B group, 

phospholipids, and other functional compounds. Despite this, bacterial SCP 

present a lipid profile dominated by C 16:0 and C 16:1 omega 7, and a high nucleic 

acid content (8–12%), especially RNA, and thus, as already reported for yeasts, 

they require processing prior to usage as food/feed. Bacterial SCPs have been 

receiving more and more attention in the last few years thanks to their incredible 

metabolic plasticity, which allows them to be used as different substrates (Nasseri 

et al., 2011). Most of these microbial ingredients can be obtained by treating waste 

or using refuse from refinery processes, with only minimum dependence on soil, 

water, and climatic conditions. Materials considered wastes or by-products retain 

a high commercial value as energy sources: for example, gas oil, methane, CO2 

and H2, second-generation sugars, methanol, and alkanes are all potential 

substrates for unicellular fermenters organisms (Ritala et al., 2017). Additionally, 

the agricultural and forestry industries can massively contribute to provide 

convertible materials. Cellulose is the most abundant polysaccharide in the world, 

but in nature it has a complex structure, as in like lignin, starch etc.; if chemically 

or enzymatically pretreated, this enormous resource could be used as fermentable 
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sugar to produce microbial biomass. The revaluation of waste materials will play 

a pivotal role in the future economy, as it serves multiple functions. It can reduce 

pollution by transforming environmental burdens into edible protein and lipids, in 

the framework of a circular economy, reducing, in addition, the industrial 

production costs. SCIs have been demonstrated to have the potential to provide a 

sustainable, renewable feed ingredient to make up for the deficiencies of plant-

based meals and reduce the need for FM in diets, as reported in numerous feeding 

trials conducted with the most common farmed fish (Jones et al., 2020).   

 Protein 

content 
Special characteristics 

Example of specific 

organisms 
Challenges 

Microalgae 60-70% 
- Phototrophic growth 
- Production of omega 

3 fatty acids 

- Chlorella vulgaris 
- Desmodesmus sp. 

- Economical scale-up 
- Cell disruption to 

release 
nutrients 

Yeasts 30-50% - Use of a variety of 
feedstocks 

- Production of 
vitamins and 
micronutrients 

- Saccharomyces 
cerevisiae 

- Candida utilis 

- Improve protein 
and EAA 
content 

Bacteria 50-80% - High protein content 
- Growth on C1 

substrates 

- Methylococcus 
capsulatus 

- Cupravidus nectar 
- Palatability issues 

Protists 10-20% - Production of omega-3 
fatty acids - Schizochytrium 

Limacinum 

- Improve protein 
content 

 

Table 2. Summary of SCP sources with protein content range, Special characteristics, 

most used organisms, and challenges (Jones et al., 2020). 

1.3.4 Insects 

A large number of insects are part of the natural diet of numerous freshwater 

species including tilapia, carp, and trout, in contrast to marine environments, in 

which, apart from very rare cases, insects are practically absent. Hence, the use of 

this source as part of fish feed diets seems to be a reasonable approach, and, in 

fact, interest in testing and using it in aquaculture has grown significantly in recent 

years. The use of insect-derived PAP in aquafeeds in Europe has been permitted 

since July 2017 (Commission Regulation (EU) 2017/893 of 24 May 2017). The 
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list of insects currently used as feed worldwide is long, but in Europe, the 

authorized insect meal may only include 7 species: Hermetia illucens (HI, Black 

Soldier Fly), Musca domestica (MD, Housefly), Tenebrio molitor (TM, Yellow 

Mealworm), Alphitobius diaperinus (Lesser Mealworm), Acheta domesticus 

(House cricket), Gryllodes sigillatus (Banded cricket), and Gryllus assimilis (Field 

Cricket); two belonging to the order of Diptera, two Coleoptera and three 

Orthoptera, respectively (Barroso et al., 2014). Even considering all the available 

scientific literature, only few species have the potential to be used and produced 

on a large scale, thanks to their particular metabolism, alimentary behaviors, and 

life cycle. The principal species currently receiving considerable attention for 

aquaculture feed formulations are HI, TM, and MD (Gasco et al., 2018). 

Generally, the nutritional value of these insects largely depends on several factors, 

for example, the stage of development of the animal (larva, pupa, prepupa, imago, 

or adult) and the growing substrates used to rear the larvae, considering both the 

diet administered through it, and the rearing conditions. This is particularly true 

not so much for the protein content, which can vary in the range of 10-70% of dry 

matter, but for maintaining on average an amino acid profile similar to that of the 

FM and SBM, even with deficiencies in lysine and/or methionine, depending on 

the insect source. Instead, the larvae substrates can strongly influence the lipid 

fraction of the animal, both in terms of quantity and quality (Nogales-Mérida et 

al., 2019). The fatty content of the larvae is usually around 6-40% of dry matter 

and  is characterized by a high percentage of SFAs and omega 9 and omega 6 

unsaturated FAs, such as oleic, lauric, linoleic and palmitic acids; however, like 

other terrestrial-based products, insects are devoid of omega 3 PUFAs, which in 

contrast are fundamental for marine fish species, as they are almost unable to 

synthesize the required amount by themselves. For this reason, the use of defatted 

insect meals obtained with physical or chemical extraction methods is common. 

However, another possible solution exploits the metabolic plasticity of the larvae, 
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which, as previously mentioned, can modify the lipid profile of insects reared on 

different growing substrates. For instance, it has been reported that replacing the 

substrate from cow manure to a mix (50:50) of cow manure and fish offal 

increased the level of omega-3 FAs in HI larvae from 0.2% to 2%, and the total 

lipid concentration from 20 to 31% (Tran et al., 2015). This ability can also be 

optimized to reduce contamination and to convert undesirable by-products, the 

elimination of which would involve an economic and environmental effort. The 

carbohydrates content of the insect is generally low, around 20%, and contains 

fiber, sugars, starches, and chitin (a nitrogen-containing polysaccharide), which 

represent the peculiar molecules of arthropods and the principal constraints to 

using the insect in fish diet formulations. Chitin is a polysaccharide of 

glucosamine and N-acetylglucosamine joined by a b-1,4 glycosidic bond, which 

constitute a very strong link and, as a consequence, render the chitin fibers not 

completely digestible by monogastric animals. The chitin percentage and 

composition can vary according to the life stage of the animals, but it is generally 

around 10% of dry weight. In addition, chitin fibers are directly connected to 

structural proteins, which define the final strength of the cuticle; hard cuticles have 

high protein contents between 70% and 85% and low chitin contents of 15–30%, 

whereas soft cuticles contain approximately 50% each of chitin and proteins 

(Sánchez-Muros et al., 2014; Nogales-Mérida et al., 2019). Although the presence 

of chitinase, chitobiase, and lysozyme has been reported in numerous fish species, 

the complex matrix of the chitin fibers limits the efficiency of the enzymes, 

reducing nutrient digestibility and protein bioavailability (Gasco et al., 2018). In 

contrast, it is worth mentioning that low levels of chitin in the diet can increase 

activity of the innate immune system, stimulating macrophage activity, act as a 

prebiotic by selectively stimulating the growth of beneficial gut bacteria and 

promoting their colonization, and improve growth performance in different farmed 

species. In conclusion, the ability of the insect to optimize wastes, organic side 



Chapter 1 

29 
 

streams, render them very good recyclers that can transform refuse from different 

industries into sustainable, high-protein ingredients that can be incorporated in fish 

feed, replacing more expensive compound ingredients, such as FM (Sánchez-

Muros et al., 2014; Guerreiro et al., 2018).  

1.3.5 Feed Additives 

Along with macro-ingredients that constitute the gross composition of the 

commercial aquaculture diets designed to supply the nutritional requirements of 

the animals and guarantee the normal physiological functions and the healthy 

status of the fish, an increasing number of feed additives have been being used in 

the last few years. The nature and the spectrum of action of these additives are 

very diversified, but generally, adding them aims to preserve or increase the 

bioavailability of certain feed characteristics, improve fish performances or 

ability, or, if necessary, inactivate or eliminate the presence of certain molecules. 

Strictly related to maintaining fish health, more and more studies are 

demonstrating how the gut microbiota of the fish plays a fundamental role, not 

only in digestive and absorption functions, but also in animal welfare and growth 

performances. Hence, the correct management of the fish microbiome is crucial, 

and feed additives are very good candidates for modulating and restoring the 

eubiotic state of the intestinal environment (Encarnação, 2016). The first group of 

additives are phytogenics (PFA), which have a long history of being used in swine 

and poultry, but their use in the aquaculture sector is increasing. PFAs are 

composed of a very heterogeneous group of molecules, mostly commercialized as 

essential oils, including terpenoids, phenol-derived aromatic components, and 

aliphatic components. Their effects on animals depends on the nature of the 

chemical compounds, but, generally, PFAs are utilized to stimulate the appetite, 

modulate gut microbiota, and stimulate gastric juices, enhancing the immune 

system, and they also have antimicrobial, antioxidant, and anti-inflammatory 
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properties (Can Baser, 2008; Nya et al., 2010). Remaining focused on gut health, 

other feed additives commonly used are organic acids, such as acetic, butyric, 

citric, formic, lactic, propionic, malic, and sorbic acids. Their application is strictly 

linked with their positive influence on the digestive system of the animals. By 

administering these organic acids, the pH of stomach and small intestine 

decreases, contributing to improve the activity of digestive enzymes, meanwhile 

inhibiting the growth of potential pathogens bacteria directly by penetrating the 

bacterial cells and altering the cytoplasmic pH and cellular homeostasis and 

indirectly by reducing the growth rate of Gram-negative bacteria due to the 

acidification of the gastric environment (Zhou et al., 2007). As already reported 

and discussed in the previous chapter, one of the problems associated with feed 

ingredients, mainly vegetable-based, to replace FM and FO is the presence of anti-

nutritional factors. In order to avoid this problem, it has been demonstrated that 

adding enzymes to the feed formulation can improve digestion and nutrient 

utilization in farmed animals (Encarnação, 2016). Due to the wide use of vegetable 

meals, phytates represent a common constraint for fish nutrition; hence, phytases 

are largely used to free the phosphate groups and disaggregate the phytate 

complex, which include numerous minerals, proteins, and amino acids, 

significantly improving their bioavailability. Other microbial enzymes are also 

commonly used in aquaculture; proteases and non-starch polysaccharide (NSP) 

enzymes have been tested in several fish species with success as they improve feed 

efficiency and apparent digestibility of crude protein, also degrading NSPs such 

as cellulose, xylans, and mannans, which are known to dramatically reduce the 

nutritive value of many plant ingredients (Boyd et al., 2020). Finally, the last two 

groups of the principal additives are strictly related to each other, and, in fact, they 

are often administered synergistically. The first category is represented by 

prebiotics, which are defined as “nondigestible food ingredients that beneficially 

affect the host by selectively stimulating the growth and/or activity of one or a 
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limited number of bacteria in the colon” (Gibson and Roberfroid, 1995). This 

definition, coined for humans, can be obviously extended to all animals, 

considering the whole intestine the main target. Prebiotics are basically dietary 

fibers composed of complex carbohydrates that act as a substrate for the 

fermentation, selection, and proliferation of probiotic bacteria. These molecules 

are typically oligosaccharides that contain a small number of monosaccharides (3-

10). Most prebiotics are derived from plant cell walls, bacteria, or yeast. Among 

the numerous candidates used in aquaculture, mannan-oligosaccharides (MOS) 

and fructo-oligosaccharides (FOS), together with inulin and glucans, are the most 

widely used and have been studied in several species, obtaining numerous 

benefits, as shown in Tab.3, taken from (Boyd et al., 2020). In contrast, probiotics 

are live microbial supplements that, if administered in adequate amounts, have the 

potential to benefit the host intestine by restoring microbial balance, reestablishing 

a physiological condition after an insult, or simply modulating the microbiota 

composition in order to improve digestive capacity and nutrient assimilation (FAO 

(Food and Agriculture Organization of the United Nations), 2016). The 

mechanisms of action depend on the species used as a probiotic, but, in general, 

these microorganisms are able to hamper pathogens through direct competition for 

nutrients and adhesion space or through the production of inhibitory molecules, 

such as lactoferrin, lysozyme, bacteriocins, siderophores, and enzymes; in 

addition, they can hinder pathogens by producing hydrogen peroxide or decreasing 

the pH of the intestinal lumen. In addition, probiotic administration can improve 

fish growth and feed conversion rate as these microorganisms can increase host 

digestion capacity through the production of secrete enzymes such as proteases, 

amylases, and lipases that hydrolyze molecules that the fish intestine cannot 

otherwise digest. In aquaculture, a great number of bacterial species are currently 

used as probiotics (Newaj-Fyzul et al., 2014a). The most popular probiotics for 

aquaculture purposes, which include improved growth and nutrient utilization, are 
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lactic acid bacteria (e.g., Lactobacillus spp., Pediococcus spp., Enterococcus spp.) 

and Bacillus spp., but also a few yeasts species such as the most well-known and 

widely studied Saccharomyces cerevisiae. All these microorganisms are part of 

the autochthonous population that commonly inhabits the gastro-intestinal tract 

(GIT) of most farmed fish, and this aspect is fundamental for modulating fish 

microbiome, as they can potentially establish themselves as a resident or at least 

transient population, greatly influencing the intestinal environment (Encarnação, 

2016).   

Prebiotic Species Effects References 

Beta glucans European sea bass ↑ growth, ↓ FCR, ↑ immunity Bagni et al. (2005) 

Beta glucans and 
yeast extract 

Nile tilapia ↑ immunity, ↑ disease resistance 
El-Boshy, El-Ashram, Abdelhamid, 
and Gadalla (2010) 

Beta glucans and 

MOS 
Atlantic salmon 

↑ growth (only MOS), ↑ 

disease resistance (only 

glucans) 

Refstie, Baeverfjord, Seim, 

and Elvebø (2010) 

FOS and MOS Atlantic salmon 
↔ growth, ↑ E retention, ↑ immunity 

(only MOS) 

Grisdale-Helland, Helland, 

and Gatlin (2008) 

FOS Whiteleg shrimp ↑ immunity, ↕ gut bacterial composition Li et al. (2007) 

Inulin Atlantic salmon ↓ bacterial counts, ↓ gut bacterial Bakke-McKellep et al. (2007) 

Inulin Whiteleg shrimp ↔ growth, ↑ immunity, ↑ disease 

resistance 
Luna-González et al. (2012) 

Inulin and FOS Rainbow trout ↑ growth, ↕ gut bacterial composition Ortiz et al. (2013) 

MOS Atlantic salmon 
↔ growth, ↑ N retention, ↑ disease 

resistance 

Dimitroglou, Reynolds, Ravnoy, and 

Johnsen (2011) 

MOS 
Gilthead sea 
bream 

↑ growth, ↑ N and C digestibility 
Gultepe, Salnur, Hossu, and Hisar 
(2011) 

MOS Rainbow trout ↑ growth, ↓ FCR, ↑ N retention, ↑ 
Rodriguez-Estrada, Satoh, Haga, 

Fushimi, and Sweetman (2013) 

MOS European sea bass ↔ growth, ↓ FCR, ↑ immunity Torrecillas et al. (2011) 

MOS European sea bass ↑ immunity, ↑ disease resistance Torrecillas et al. (2007) 

MOS and yeast Rainbow trout 
↕ bacterial composition, ↑ gut bacterial 

diversity (NGS) 
Gonçalves & Gallardo-Escárate, 
2017 

Yeast extract 

and MOS 
Rainbow trout 

↔ growth, ↔ FCR, ↕ gut bacterial 

composition (NGS) 
Betiku et al., 2017 

Yeast extract Rainbow trout 
↑ immunity, ↑ disease resistance 

Tukmachi and Bandboni (2014) 

Table 3. Examples of prebiotics and their effects on common aquaculture species. 

Abbreviations: N, nitrogen (protein); E, energy; C, carbohydrate; FCR, feed conversion 

ratio; FOS, fructo-oligosaccharides; MOS, mannan-oligosaccharides; NGS, next-

generation sequencing (Boyd et al., 2020). 
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Probiotics can be administered as multi-species (multi-strain) or single-species 

(single-strain) (FAO (Food and Agriculture Organization of the United Nations), 

2016). However, each organism possesses different and peculiar characteristics, 

so it is unlikely to find a candidate that will fulfill all of the requirements. One of 

the best options is actually to use several probiotics species simultaneously or to 

combine the use of probiotics with prebiotics (termed synbiotics) in order to 

produce the greatest benefit for the host. The other important aspect related to 

probiotic administration, which over the years has been widely studied in depth, 

is its ability to modulate the host immune system and improve disease resistance. 

Numerous infection trials demonstrated how different bacterial species used as 

probiotics can increase fish survival rates against pathogens such as Aeromonas 

anguillarum, A. hydrophila, A. salmonicida, Streptococcus iniae, and Yersinia 

ruckeri (Tab. 4). The underlying molecular mechanism is not always clear, but it 

has been extensively reported that probiotics can interact with the immune system 

by generating systemic and/or local responses, which include activating various 

antioxidant pathways, producing cytokines, and increasing the activity of immune 

cells, such as mononuclear phagocytic cells (monocytes, macrophages), 

polymorphonuclear leukocytes (neutrophils), and natural killer (NK) cells to 

enhance the innate response as well as interact with the gut-associated lymphoid 

tissue (GALT) (Nayak, 2010).  
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Probiotic Species Effects References 

Bacillus 

amyloliquefaciens 
Nile tilapia ↑ immunity, ↑ disease resistance Selim and Reda (2015) 

Bacillus coagulans 
Whiteleg 

shrimp 

↑ growth, ↓ FCR, ↑ immunity, ↑ disease 

resistance, ↑ gut bacterial diversity, ↕ gut 

bacterial composition (NGS) 

Amoah et al. (2019) 

Bacillus licheniformis 
Whiteleg 

shrimp 

↑ growth, ↑ immunity, ↑ water quality, ↑ 

survival 
Franco et al. (2017) 

Bacillus subtilis 
Gilthead Sea 

bream 
↓ gut bacteria diversity, ↕ gut bacteria Cerezuela et al. (2013) 

Bacillus subtilis and 

Bacillus licheniformis 

Rainbow 

trout 

↑ growth, ↓ FCR, ↑ N retention, ↑ gut 

bacterial counts, ↑ survival, ↕ gut 

bacterial composition 

Bagheri, Hedayati, Yavari, Alizade, 

and Farzanfar (2008) 

Enterococcus faecium Nile tilapia ↑ growth, ↑ immunity Wang, Tian, Yao, and Li (2008) 

Enterococcus 

casseliflavus 

Rainbow 

trout 

↑ growth, ↓ FCR, ↑immunity, ↑ gut 

bacterial counts, ↑ disease resistance 

Safari, Adel, Lazado, Caipang, and 

Dadar (2016) 

Enterococcus faecalis 
Rainbow 

trout 

↑ growth, ↓ FCR, ↑ N retention, ↑ 

immunity, ↑ disease resistance 
Rodriguez-Estrada et al. (2013) 

Lactobacillus 

acidophilus 
Nile tilapia ↑ immunity, ↑ disease resistance 

Villamil, Reyes, and 

Martínez-Silva (2014) 

Lactobacillus 

plantarum 
Nile tilapia 

↑ growth, ↓ FCR, ↑ N retention, ↑ 

immunity, ↑disease resistance 

Hamdan, El-Sayed, and 

Mahmoud (2016) 

Lactococcus lactis 
Whiteleg 

shrimp 

↑ growth, ↓ FCR, " N retention, ↑ gut 
bacterial counts, ↑ survival, ↑ disease 

resistance 

Adel, El-Sayed, Yeganeh, Dadar, 

and Giri (2017) 

Lactobacillus 

rhamnosus 

Rainbow 

trout 

↑ immunity (only SD and FD), ↓ gut 

bacterial counts (only SD and FD) 
Panigrahi et al. (2005) 

Mix of Bacillus subtilis, 

B. licheniformis, 

and Lactobacillus 

Whiteleg 

shrimp 

↑ growth, ↓ FCR, ↑ immunity, " gut 
bacterial 

diversity, ↕ gut bacterial composition 

(NGS) 

Xie et al. (2019 

Mix of Bacillus subtilis, 

Enterococcus faecium, 

Lactobacillus reuteri, 

and Pediococcus 

acidilactici 

Nile tilapia 
↑ growth, ↔ FCR, ↑ immunity, ↑ gut 

bacterial counts, ↕ gut bacterial 

composition 

Standen et al. (2016) 

Pediococcus acidilactici 
Atlantic 

salmon 
↔ growth, ↔ FCR, ↑ immunity, ↑ gut 

bacterial diversity, ↓ gut bacterial counts 
Abid et al. (2013) 

Pediococcus acidilactici 

Rainbow trout 
↔ growth, ↑ immunity, ↕ gut bacteria 

composition, ↔ gut bacterial diversity 
(NGS) 

Ingerslev et al. (2014) 

Yeast 
Rainbow trout ↑ gut bacterial diversity, ↕ gut bacterial 

composition (NGS) 
Gonçalves & Gallardo-Escárate, 2017 

Yeast 
Rainbow trout ↔ bacterial counts, ↑ bacterial diversity, ↕ 

bacteria composition (NGS) 
Huyben et al. (2018) 

Table 4. Examples of probiotics and their effects on common aquaculture species. 

Abbreviations: CFU, colony-forming unit; FD, freeze dried; N, nitrogen (protein); E, 

energy; FCR, feed conversion ratio; NGS, next-generation sequencing; SD, spray dried 

(Boyd et al., 2020). 
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1.4 Fish Microbiota 

The scientific world has still not reached agreement on the definition of 

“microbiota”. The term “microbiome” was introduced by Whipps and colleagues 

in 1988 as an association of a “characteristic microbial community in a reasonable 

well-defined habitat which has distinct physio-chemical properties”. Nowadays, 

this definition, although commonly accepted, has been elaborated and refined in 

some of its nuances. For our purposes, it would be wasted effort to try and 

distinguish the terminology for an ecological or genetic point of view. Ver 

important, however, is what the words “microbiota” or “microbiome” identify, 

and, as reported in the Fig. 10, the first refers to the assemblage of living 

microorganisms present in a defined environment, and the latter includes not only 

the community of the microorganisms, but also their “theater of activity”, which 

considers the whole spectrum of molecules produced by the microorganisms, 

including their structural elements (nucleic acids, proteins,  

Figure 10. A schematic highlighting the composition of the term microbiome containing 

both the microbiota (community of microorganisms) and their “theatre of activity” 

(structural elements, metabolites/signal molecules, and the surrounding environmental 

conditions) (Berg et al., 2020). 
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lipids, polysaccharides), metabolites (signaling molecules, toxins, organic, and 

inorganic molecules), and molecules produced by coexisting hosts and structured 

by the surrounding environmental conditions. In addition, as phages, viruses, 

plasmids, prions, viroids, and free DNA are usually not considered as living 

microorganisms, they are included in the microbiome definition, but not in the 

microbiota set (Berg et al., 2020). Microbiota is therefore a vast group of 

microorganisms including bacteria, archaea, and also eukaryotes. These microbes 

colonize every part of the host, both the surfaces that are in contact with water and 

the external environment, and the internal organs. Typically, each district has a 

peculiar bacterial community that adapts its physiology and contributes to create 

a complex habitat-specific niche. Fish microbiota is often defined as “extra organ” 

due to its great contribution to important physiological host functions. One of its 

principal tasks, especially for those communities that inhabit the areas in contact 

with the outside environment, is to improve the host health by collaborating with 

its immune system. For each mucosal surface tissue, fish exhibit an associated 

adaptive immune system. The major mucosal-associated lymphoid tissues 

(MALT) are shown in Figure 5. There are gut-associated lymphoid tissue (GALT), 

skin-associated lymphoid tissue (SALT), gill-associated lymphoid tissue (GIALT) 

and nasopharynx-associated lymphoid tissue (NALT) (Fig. 11) (Bjørgen and 

Koppang, 2021). Microbial populations can vary greatly between these mucosal 

sites, suggesting that specialized symbiotic relationships are established between 

microbes and the host. In this way, by properly maintaining immune homeostasis, 

the microbiota constitutes a proper extension of teleost physiology, as it provides 

essential functions in nutrient metabolism, maintenance of mucosal barriers, and 

protection from pathogens. However, it is worth mentioning that this complex 

system represents a dynamic equilibrium, in which the microbes must “evade” the 

host immune system defence in order to build a structured community, and the 

latter, in turn, although remaining tolerant of the microbiota communities that 
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inhabit mucosal microenvironments, must be ready to prevent possible infection 

by opportunists.  

Figure 11. Schematic representation of the four major mucosal associated lymphoid 

tissues (MALTs) in Atlantic salmon. A) Thymus, B) head kidney; C) trunk kidney; D) 

spleen; E) gills with the interbranchial lymphoid tissue (ILT); F) the intestine with 

lymphoid tissue associated (GALT); G) olfactory organ with the nasopharynx-associated 

lymphoid tissue (NALT); H) lymphoid tissue associated with the skin (SALT) (Bjørgen 

and Koppang, 2021). 

The crosstalk between microbiota and the immune system is crucial for 

maintaining the health status of the whole host-microbes system. In fact, numerous 

molecules produced by microbiota can influence the immune system cells of the 

fish, in either an immunostimulatory or immunosuppressive fashion. It is well 

known that microbial products, such as sphingolipids or entericidin, can act as 

promotors or inhibitors of the growth of other pathogens and symbionts, both 

locally and systemically, if they enter the host’s bloodstream (Schubiger et al., 

2015; Sepahi et al., 2016). In addition, confirming the importance of the 

interaction between microbiota and the immune system, numerous studies 

demonstrated how dysbiosis, an imbalance of microbial equilibrium that could be 

caused by several factors, including stress, can lead to proliferation of diseases 

linked to opportunistic pathogens that take over the others and destroy systemic 

homeostasis. Stress indirectly affects the composition of the microbiota as it alters 

the normal physiological, hormonal, and cellular functions of the body. Hence, it 

can be assumed that changes in the microbiota composition in response to stress 
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are the direct result of modification of the innate immune responses. From this 

perspective, dysbiosis becomes a prelude to a pathological state; therefore, the 

composition of the microbiota can be seen as a marker of fish health, even if the 

molecular mechanisms have not yet been elucidated (Llewellyn et al., 2014). 

Another important task of the microbiota is to improve the digestive ability of the 

host, greatly increasing the bioavailability of the molecules contained in the diets. 

These microorganisms, which of course inhabit the GIT of the fish, represent the 

majority of the microbe count as a whole, and in fact, gut microbiota is also defined 

as an ‘extra organ’ due to its significant contribution to important physiological 

functions of the host, especially with respect to nutrition, development, 

reproduction, and immune and stress responses (Nayak, 2010). The gut microbiota 

is typically divided into two populations: allochthonous and autochthonous. Those 

microbes that belong to the first category are also defined as transient, as they are 

associated with digestion or are present in the lumen, without clear contact or 

interaction with the host intestinal mucosa. The second population, in contrast, 

represents microorganisms that are residents in the host gut; they colonize the 

epithelial surface or are associated with the mucosal folds. Among them, despite 

there being certain species-specific differences, it is possible to define a so-called 

“core gut microbiota”, which represents the most abundant taxa shared between 

specimens of the same species or even between different species. The first 

evidence was reported by Roeselers and colleagues, who analysed the intestinal 

microbiota composition of lab-reared zebrafish and zebrafish collected from the 

natural habitat (Roeselers et al., 2011). As already mentioned, there are a few 

exceptions, but overall, the phyla Proteobacteria, Bacteroidetes, and Firmicutes 

comprise together 90% of the core gut microbiota of fish species analyzed to date 

(Ghanbari et al., 2015a; Givens et al., 2015; Egerton et al., 2018). This complex 

symbiotic microbial association fulfills different roles in the digestion process: 

many bacterial populations are beneficial as they are involved in the acquisition 
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of nutrients, allowing a more efficient extraction and energy of nutrients from food 

as well as in xenobiotic processing. The gut microbiota possesses versatile 

metabolic genes and provides specific enzymes and biochemical pathways that 

make it possible to the digest substances otherwise indigestible by the host, for 

instance, complex carbohydrates of plant origin (cellulose, hemicellulose, pectin, 

and oligosaccharides) by anaerobic fermentation, as well as simple carbohydrates 

such as starch and glucose that escape digestion and absorption in the intestine. 

The products of microbial fermentation are mainly short-chain fatty acids (SCFA), 

such as acetate, propionate and butyrate, which are indispensable for maintaining 

the host’s state of health because they are also implicated in the modulation of the 

body weight and gluconeogenesis. In addition, intestinal bacteria are also 

responsible for the fermentation of proteins and polysaccharides contained in 

intestinal mucus, and can produce peptides, EAA, and vitamins that can be used 

for energy production or biosynthetic processes (Balcázar et al., 2006). The gut 

microbiota composition can be affected by a plethora of factors, both biotic and 

abiotic factors, which will be further discussed extensively. Understanding and 

optimizing the gut microbiota represents a challenging task but constitutes the 

strategy to maximize feed efficiency and utilization in order to achieve a more 

sustainable aquaculture with regards to new feed sources and formulations. 

1.4.1 Factors affecting fish gut microbiota composition 

The intestinal microbiota community is estimated to be populated by 108 bacteria, 

divided into approximately 500 different species with a specific metabolism, 

aerobes, and facultative or strictly anaerobes. As previously mentioned, the 

composition of this complex group of microbes is influenced by several factors, 

both exogenous and endogenous, which can be summarized in three main 

categories: environmental, host-related, and dietary factors.Environmental 

factors 
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In addition to the aforementioned small species-specific differences at the phyla 

level in the composition of the intestinal microbiota, the dissimilarities appear 

more evident at a lower taxonomic level. Environmental factors include salinity, 

season, geographic location, rearing conditions, and water quality. In particular, 

the aquatic medium represents the principal source of differentiation of a microbial 

community since the fish is in constant contact with the environment; 

consequently, the microbiota populations that inhabits the external surface of the 

host must also adapt to changes in the surrounding environment. Interestingly, 

although they have great influence, the gut microbial populations generally do not 

reflect the same taxa that abound in the water, suggesting that the environment is 

not the only factor that defines the intestinal microbiota. Numerous studies have 

highlighted the difference that an ambient element can trigger in the gut microbial 

community. Zhang and colleagues, and separately, Llewellyn et al., tested how 

salinity influences this aspect, obtaining similar results in Nile tilapia 

(Oreochromis niloticus) and Atlantic salmon (Salmo salar), respectively. Both 

articles reported an increase in Firmicutes, Bacteroidetes, and Actinobacteria 

phyla in fish reared in a freshwater environment (Llewellyn et al., 2016; Zhang et 

al., 2016). Furthermore, Llewellyn et al., in another publication investigated in 

depth which taxa dominated the gut microbiota of freshwater species, identifying 

Acinetobacter sp., Aeromonas sp., Flavobacterium sp., Lactococcus sp., and 

Pseudomonas sp., obligate anaerobes Bacteroides sp., Clostridium sp., and 

Fusobacterium sp., and members of family Enterobacteriaceae, whereas in the 

marine fish it is more common to find Aeromonas sp., Alcaligenes sp., 

Alteromonas sp., Carnobacterium sp., Flavobacterium sp., Micrococcus sp., 

Moraxella sp., Pseudomonas sp., and Vibrio sp. (Llewellyn et al., 2014). 

Seasonality changes in the gut microbial population is another factor that has been 

taken into consideration. In fact, both Dulski et al., and Zarkasi et al., reported a 

change in the gut microbe’s profile in different seasons in tench (Tinca tinca) and 



Chapter 1 

41 
 

Atlantic salmon (Salmo salar), respectively (Zarkasi et al., 2014; Dulski et al., 

2020). However, it is worth mentioning that, even if other aspects can influence 

gut microbiota composition, it has been observed that greater changes due to the 

environmental pressure have been documented in the skin microbial population 

than in the fish intestine. 

Host-related factors 

As previously mentioned, environmental factors alone are insufficient to explain 

the differences between the gut microbiota population of the fish and those who 

are abundant in the environment. The already discussed “core microbiota”, 

explains this tendency exactly, which can be considered as a general rule for all 

fish species, but it is actually more precise to consider this set of the most abundant 

taxa as a species-specific characteristic. Indeed, these similarities confirm that host 

genotype is a very important factor in determining and shaping the gut microbiota 

composition. Numerous studies were carried out supporting this theory. In 

particular, it has been demonstrated that, even with slight differences at lower 

taxonomic level, the core microbiota was found to be conserved between reared 

animals and wild specimens, suggesting a genetic shaping of the microbial 

populations rather than an environmental one. These results were obtained in fine 

flounder (Paralichthys adspersus), in which the presence of Alphaproteobacteria, 

Gammaproteobacteria, Bacilli, Clostridia, and Actinobacteria was reported in 80% 

of the samples, considering both wild and aquaculture fish. Similar outputs were 

documented for laboratory and cage-reared Atlantic salmon (Salmo salar) (Dehler 

et al., 2017; Ramírez and Romero, 2017). In addition, Li and colleagues 

demonstrated the strong tendency of the host genetic to influence microbiota, 

comparing the microbial intestinal populations of different fish species, reared 

under the same conditions and fed with similar diets. The results, once again, 

showed a great similarity in the microbial profile of fish belonging to the same 

species as compared to others (Li et al., 2015). Furthermore, the development stage 
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of the fish also determines the shape of the intestinal microbiota. The change 

begins with the first ingestion of food by the larvae, because until that time, the 

microbial community is far less diversified than in the adult stage, and the 

composition is completely determined by the environment (Yukgehnaish et al., 

2020). In contrast, when larvae start to eat, the microbiota changes as a result of 

complex interactions between host genetics and bacteria that determine a natural 

selection of specific microorganisms. As a consequence of this parallel 

development, some biologists have put forth the hypothesis that the organisms can 

be defined as holobiont, combining the host and its associated microbiome as a 

single meta-organism. The host acts as a selection environment for the microbiota, 

filtering the favorable variants, and then together they evolve as single unit 

(Guerrero et al., 2013). 

Dietary factors 

The last aspect that was taken into account, which is also the most relevant 

according to the goal of this thesis, is the influence of the diet in modulating the 

fish gut microbiota. In absolute terms, diet is undoubtedly a primary factor 

affecting the diversity of the community structure of fish gut microbiomes. The 

trophic level of the fish and their feeding behaviour are collateral factors that can 

also have a certain degree of influence. Most of the publications focused on these 

differentiations reported a growing level of microbial diversity from carnivore fish 

to omnivores and finally to herbivores, which are the richest in number of bacterial 

species (Egerton et al., 2018). Starvation is an additional factor, which is related 

to alimentary behaviour and has the power to modify the microbial community. 

Xia et al., demonstrated a shift in gut microbiota populations, due to a period of 

starvation, in cultured Asian seabass (Lates calcarifer). Compared to the bacterial 

profile during the normal feeding routine, starvation led to an increased abundance 

of Bacteroidetes and Betaproteobacteria. One possible explanation is that 

Bacteroidetes, which are often dominant in the gut of fish, include some genera of 
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bacteria that are able to aid in the digestion of polysaccharides, through the 

production of particular digestive enzymes. Hence, during starvation, it is 

reasonable to assume that Bacteroidetes can harvest additional energy from food, 

gaining a competitive advantage over other phyla and allowing for their 

proliferation (Xia et al., 2014). In addition to these particularities in shaping the 

microbiota compositions, change in the diet formulations from conventional feed 

sources to those considered innovative and with less environmental impact, such 

as replacing of FM and FO, are the main factors in gut microbiome modifications. 

As a matter of fact, to confirm the importance of the nature of the ingredients and 

their nutritional composition, diet effect is the most studied aspect in this field. A 

vast literature can be found in support of the different effects of dietary changes, 

for example, different sources of proteins, carbohydrates and lipids that actually 

affect the bacterial composition of fish. As stated, the number of publications is 

enormous, and impossible to report here; however, the evaluation of alternatives 

to FM and FO in relation to intestinal microbiota modulations constitutes the main 

topic of this thesis, and therefore an in-depth analysis of this issue will follow in 

the next chapters. In summary, as previously discussed, the intestinal microbial 

composition of fish is determined by a wide range of factors and each of them 

contributes to modulate and define it. Although it is difficult to identify and 

distinguish the role of each factor, their influence is clear. Thus, as shown, the 

environment determines the initial microbiota composition, but during the 

developmental path, fish physiology starts to interact with the microbial 

community, influencing and defining it to obtain the best and most beneficial 

bacteria populations, a state that can be called "normobiosis" (Fig. 12). Hence, in 

line with the principal goal of defining the future of aquaculture, which aims to 

increase the feed efficiency and optimize fish growth performance, replacing 

progressively FM and FO, to pursue a more sustainable industry, an understanding 

of the mechanisms underlying the modifications of the microbiota populations will 
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play a crucial role in avoiding microbial alteration "dysbiosis", which leads to 

pathogen diffusion and diseases, and in improving the digestive capacity of the 

animals. 

Figure 12. Factors shaping the composition and function of fish gut microbiota. Host-

related factors, environment and diet may either lead to the development of a healthy 

microbiota (normobiosis) or an altered microbiota (dysbiosis), both of which affect the 

physiological functions of the host (Johny et al., 2021). 
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1.5 Aim of the work 

In a scenario of growing food demand due to the rapid increase in the world’s 

population, which is estimated to reach 9.7 billion people by the end of 2050, 

agriculture is facing an enormous challenge. In this context, aquaculture represents 

the fastest growing food provider industry, but also one which only has a minor 

impact in terms of environmental footprint. However, a limitation to expanding 

the sector lies in the need for advancing technology, management, regulations, 

and, to the largest degree, in the necessity to reduce or eliminate the dependence 

of the sector on marine ingredients. Conventional ingredients, FM and FO, 

although they represent the best nutritional source for fish are finite and no longer 

sustainable, as their use still requires a large amount of wild marine resources. 

Hence, for the continuation and further development of the sector, it is essential to 

replace them. The number of possible alternatives has increased in the past few 

decades. The most widespread alternatives include vegetable feedstuffs, both 

meals and oils, that are currently used as partial or total replacement of marine-

based ingredients. Insects, single-cell proteins, and feed additives, such as 

probiotics represent other possibilities that are attracting more and more interest 

in aquaculture nutrition owing to their balanced profile, availability, and promising 

results. Despite the advantages of these alternatives, a single substitute ingredient 

cannot satisfy all the nutritional and physiological requirements of fish; therefore, 

different application approaches and, consequently, numerous studies will have to 

be conducted to obtain the best feed formula for the numerous fish species now 

being farmed in aquaculture. One of the strategies to assess the effects of an 

innovative diet on the physiology and growth parameters of the fish is to 

investigate changes in the microbiota community that inhabit the intestine of the 

animal, as it represents the main factor in digestion and fermentation processes. 

Interpretations of the molecular mechanisms underlying the interaction between 

host, microbial populations, and fish feed represent the keystone to modulating 
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fish gut microbiota and future, more sustainable diets, in order to enhance the 

digestive capacity and performance of these animals. Hence, the aim of the present 

PhD research project was to study how the composition of the intestinal microbiota 

is affected by using alternative protein sources and probiotics in the diet of 

freshwater and marine fish. 
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Intestinal microbial communities of rainbow trout (Oncorhynchus 
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5.1 Discussion 
 

Fisheries and aquaculture, considered as a great single industry, represent the most 

productive sector among all the animal-productive system, reaching the incredible 

value of 178 million tons of only aquatic animals produced and offered to the 

market (FAO, 2022). However, this value is the only final result of a continuously 

growing rate since 1950, which led to the development of a sector greater than the 

one registered in the agriculture production during the Green Revolution (Béné et 

al., 2015). Despite this, fish consumption, although it is still growing and with a 

current global average level around 20.2 kg year-1, remains a protein source that is 

not equally distributed and used all around the world. The reasons behind this 

distribution are numerous, being both cultural and economic in nature; in fact, 

urbanization and growing income in several countries are leading to an increase in 

demand for animal products where production is unsustainable and with little 

possibility of further development (Thornton, 2010). Therefore, in the light of this 

growing demand for animal products and animal protein, reflecting the strong 

pressure being exerted by the great world population growth recorded in recent 

decades and which will bring the world population to about 10 billion before 2050, 

agriculture and animal production must find ways to increase production (United 

Nations Department of Economic and Social Affairs, 2022). One of the main 

constraints to the development of numerous sectors is environmental impact, 

considering the occupation of ice-free terrestrial arable area, loss of biodiversity 

and greenhouse gases emission. Accordingly, the aquaculture industry, which, 

contrary to fishing, is the main driver of the sector’s growth with a great potential 

for further development, can represent a promising field to meet the future food 

supply demand. Nevertheless, although aquaculture sector still records low values 

of emissions and environmental impact compared to the others, it remains highly 

dependent on marine-derived materials, which are fished and could aggravate the 

environmental status of numerous endangered stocks (Hilborn et al., 2020). The 
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main products that historically have been used in aquaculture are FM and FO. 

They originally were inexpensive and abundant; in addition, they provide the 

perfect amount of dietary protein, essential amino acids, and essential FAs, 

together with numerous other beneficial compounds such as minerals and vitamins 

that meet the nutritional requirements of most farmed aquatic species (Tacon and 

Metian, 2015; Turchini et al., 2019). Today, although these ingredients continue 

to be essential for feed production and are still widely used, the worldwide level 

of inclusion has seen a slow decline in the last few decades (1.7 per year) due to 

their high market value and for the environmental issues associated with them 

(Naylor et al., 2009; Bandara, 2018). The path to developing a more sustainable 

sector converges necessarily with reducing the exploitation of marine resources. 

Hence, over the past 20 years, fish nutritionists have endeavoured to develop new 

aquafeed formulations, drastically reducing FM and FO inclusion rates and 

replacing them with numerous, promising alternative ingredients and strategies.  

For the purpose of this project, two different insect species were used. In fact, 

including insect meal in fish feed is the perfect way to respond to the problems of 

the aquaculture industry related to the stability and reduction of feeding costs and 

to promote sustainable aquatic environment management, with relatively low 

impact. So far, several studies have shown that insect meal can partially replace 

fishmeal and completely replace soybean meal without affecting fish growth 

performance, feed utilization, digestibility, and fillet quality (Renna et al., 2017; 

Bruni et al., 2018, 2020; Terova et al., 2019). As freshwater fishes are natural 

predators of insects, it is reasonable to assume that they are evolutionarily adapted 

for consuming them. Nevertheless, fish growth performance is not the only 

outcome that defines successful aquaculture practice; fish welfare has to be taken 

into account, too. In this view, the intestinal microbiota, which directly affects 

digestive functions, and the immune response of the host should be considered a 

key indicator of a healthy fish (Ghanbari et al., 2015b).  
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The first of the two studies here presented regarding the use of insect, 

demonstrated that the inclusion of 15% HI larvae meal in the diet, to replace 50% 

of the FM content, can modify fish gut microbiota, thus improving the health status 

of trout. In two recent studies in trout, we have reported that the partial substitution 

of dietary FM with 10%, 20%, or 30% of a defatted HI meal had an important 

effect in modulating both the intestinal transient and resident bacterial 

communities (Rimoldi et al., 2019; Terova et al., 2019). So, as expected, the 

present metabarcoding analysis revealed that Firmicutes, Proteobacteria, and 

Tenericutes phyla were dominant in the gut of rainbow trout, regardless of the diet. 

The phylum Tenericutes is considered specifically adapted to the gastrointestinal 

environment of farmed rainbow trout. Several studies have reported that this 

phylum, with Mycoplasma being the dominant genus, is prominent in the distal 

intestine of rainbow trout as well as in other farmed salmonids (Lyons et al., 2017; 

Huyben et al., 2018). Therefore, our data provide further evidence of the 

importance of this genus in trout, thus corroborating the idea that this fish species 

could be a specific host for Mycoplasma. Although gut bacterial communities were 

dominated by the same phyla irrespective of the diet, species richness (Chao 1 

index, observed OTUs) was significantly increased by dietary supply of 15% of 

insect meal in our study. Accordingly, Bruni et al. (2018) found a higher species 

richness in autochthonous intestinal microbiota of trout fed a diet containing 20% 

of Hi meal. A higher microbial richness should be considered a positive effect, 

since it may potentially provide further metabolic capabilities to the host thus 

improving its health status (Borrelli et al., 2017). Insect meals are rich in chitin, a 

form of insoluble fibre, which may act as prebiotic by selectively stimulating the 

growth of beneficial gut bacteria and promoting their colonization (Guerreiro et 

al., 2018). Furthermore, chitin and its deacetylate derivate chitosan have 

antimicrobial properties and a bacteriostatic effect against several harmful Gram-

negative bacteria (Nawaz et al., 2018). Multivariate analysis of bacterial 
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community’s diversity, based on unweighted UniFrac dissimilarity data, displayed 

a strong clustering of fish groups fed with HI meal and with the control diet that 

were cleanly separated into uniformly distant regions. Our data confirm previous 

research showing that the HI meal inclusion in the diet causes a significant 

reduction of gut Proteobacteria, predominantly belonging to the 

Gammaproteobacteria class, in comparison to the control diet without insect meal 

(Huyben et al., 2018; Rimoldi et al., 2019; Terova et al., 2019). In particular, in 

line with those studies, our metagenomic analysis highlighted the dramatic shift 

from a high Proteobacteria to Firmicutes ratio in the gut of fish fed with the Ctrl 

diet to a low ratio in fish fed with the insect meal diet. The most dominant genus 

in the control fish gut was Aeromonas, which includes several Gram-negative 

bacteria commonly present in fresh water and potentially pathogenic for fish, as 

they can cause skin ulcerations. In the current study, intestinal abundance of 

Aeromonas in trout fed Hi15 was significantly reduced, and this is in line with our 

findings on autochthonous intestinal microbiota of trout fed with Hi meal. In 

another study of our group, microbiota of trout fed with Hi meal showed a 

reduction of Gammaproteobacteria, mainly represented by genera Shewanella, 

Aeromonas, Citrobacter, and Kluyera (Rimoldi et al., 2019). Similarly, Bruni et 

al. (2018) found a high abundance of OTUs related to the Aeromonas genus only 

in the control fish group, but not in the intestine of the insect-fed groups. We also 

recorded an increase in the number of Bacillus and Lactobacillus genera in 

response to dietary insect meal. Proliferation of lactic acid bacteria (LAB) may be 

due to the prebiotic effect of chitin, and, as proposed by Bruni et al. (2018), it may 

indicate that chitin was a preferential growth substrate for LAB. Indeed, LAB play 

an important role in degrading fibers. Furthermore, they have an active role in host 

defense against pathogens, by producing bactericidal compounds, such as lactic 

acid, hydrogen peroxide, bacteriocins, and biosurfactants, which prevent pathogen 

colonization of the intestinal epithelial surface (Gudiña et al., 2015; Ringø et al., 
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2018). Even the increased amount of Bacillus represents a positive effect of dietary 

chitin deriving from insect meal. Chitin, indeed, may have increased the 

proliferation of chitinolytic bacteria since several Bacillus species have been 

shown to secrete chitinase. Together with LAB, the Bacillus genus is one of the 

most common probiotics used in aquaculture to enhance host immune response 

and disease resistance. Up to date, several studies have demonstrated the 

immunomodulatory effects of Bacillus subtilis in fish (Cerezuela et al., 2013; 

Newaj-Fyzul et al., 2014b) and there are several evidences documenting that the 

use of insect meals from H. illucens may positively modulate trout gut microbiota, 

increasing LAB and Bacilli amount in both mucosa- and digesta-associated 

microbiota (Bruni et al., 2018; Huyben et al., 2018; Józefiak et al., 2019a; Terova 

et al., 2019). In addition to taxonomic characterization of gut microbiota in 

response to dietary insect meal, this study investigated the functional potential of 

the intestinal microbiome of rainbow trout using the computational approach 

PICRUSt. Indeed, the use of dietary insect meal clearly affected the structure of 

trout intestine–associated microbial community. Gut microbes carry out a 

multitude of biochemical reactions, which play a critical role in host nutrition by 

contributing to the digestion of several dietary ingredients. In agreement with 

Lyons et al. (2017a), we found that the principal functional pathways associated 

with bacterial communities of trout intestine, regardless of the diet, were 

metabolism, cellular processes, membrane transport, and genetic information 

processing. However, based on metagenome prediction, trout fed with insect meal 

showed an enhancement of pathways involved in sugar and starch metabolism. 

Members of the phylum Firmicutes are known to play a pivotal role in the 

fermentation of dietary carbohydrates (Corrigan et al., 2015). In our case, the 

increase of sugar metabolism observed in the Hi group of trout could be reasonably 

correlated to the higher presence of Bacilli that typify the intestinal microbiota of 

these fish. The fermentation of dietary carbohydrates and resistant starches by the 
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intestinal microbiota leads to the formation of a variety of beneficial substances, 

including short-chain fatty acids (SCFAs). It is well established that SCFAs 

(mainly acetate, propionate, and butyrate), in addition to being energy sources for 

colonocytes, promote fish intestinal health (Balcázar et al., 2006). Furthermore, 

the increased ability of gut microbiome to utilize dietary carbohydrates could be 

an interesting approach to improve feed digestibility in trout that is known as a 

poor user of dietary carbohydrates and fibres. In fact, Bacillus genera are widely 

used as probiotics in aquaculture to increase feed absorption and digestion. On the 

contrary, intestinal microbiome of trout fed with the Ctrl diet showed an increased 

capacity for peptidoglycan synthesis. Peptidoglycan is the major structural 

component of the cell wall of both Gram-positive and Gram-negative bacteria. It 

is the major wall structural component of the most pathogenic bacteria, and it is 

considered a proinflammatory molecule that stimulates host innate immune 

response (Mogensen, 2009). The hypothesis that control fish in the present study 

were affected by an inflammatory status seems to be supported by the increase of 

gene pathways of chaperones and protein-folding catalysts found in their intestinal 

microbiota. Indeed, secretion of chaperones and protein folding catalysts (foldase) 

from prokaryote cells acts as intercellular signal, principally for leukocytes. 

Effectively, Proteobacteria dominated intestinal microbiome of control trout, 

whereas Firmicutes were scarcely represented. This phylum was mainly 

represented by Gammaproteobacteria class, which includes important disease-

causing pathogens of fish. Among these, Aeromonas resulted particularly 

abundant in the intestine of fish fed with Ctrl diet, possibly as a sign of intestinal 

dysbiosis or disease.  

The second trial conducted during this PhD project, on the use of insect as 

innovative ingredients, was designed using another species, also widely used in 

aquaculture, for the total replacement of FM, the coleopterous TM. Numerous 

researches in the recent past have confirmed that the complete or partial 
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substitution of dietary FM with TM does not affect rainbow trout growth 

performance and fillet quality (Belforti et al., 2015; Rema et al., 2019; Chemello 

et al., 2020). Similarly, TM was successfully utilized and well accepted by several 

marine fish species (Gasco et al., 2016; Piccolo et al., 2017). While the effects of 

dietary FM/TM replacement on fish growth performances have been widely 

investigated, less evidence is available on the effects on host commensal bacterial 

communities. In particular, skin microbiome is underexplored in fish as well as in 

most farmed animals. The data showed no major effects of FM substitution with 

TM meal on species richness and diversity of both gut mucosa- and skin mucus-

associated bacteria. In line with our results, the inclusion of hydrolyzed TM meal 

did not affect the total number of digesta-associated bacteria in sea trout (Salmo 

trutta) (Mikołajczak et al., 2020). In contrast, in the study of (Józefiak et al., 

2019b), the total number of intestinal bacteria increased in rainbow trout fed a diet 

in which FM was partially replaced by TM in comparison to control fish that were 

fed a FM-based diet. Interestingly, (Antonopoulou et al., 2019) reported that the 

dietary inclusion of T. molitor larvae meal led to a five-fold increase of Simpson 

dominance index, and to a two-fold decrease of the Shannon index in rainbow 

trout gut microbiota, but not in sea bream and sea bass microbiota in which the 

same diversity indices remained practically unchanged. This evidence suggests a 

species-specific impact of insect meal on gut bacterial communities. Equally, in 

our previous studies, we found an increase of bacteria species richness and 

diversity in intestinal microbiome of trout fed diets with partial replacement of FM 

with Hermetia illucens meal (Rimoldi et al., 2019; Terova et al., 2019). Regardless 

of the diet type, marked differences in terms of alpha diversity were found between 

gut and skin microbiota, being the latter characterized by higher microbial 

diversity and richness. Although these divergences could be partly due to the 

different rarefaction depth applied to compute alpha diversity, it is also true that 

previous studies on trout and other freshwater species displayed a similar trend 
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with a lower alpha diversity in the gut than in the skin mucosal surface (Lowrey 

et al., 2015; Reinhart et al., 2019). Unfortunately, in contrast to high number of 

studies focused on fish gut microbiome, the skin mucus microbiome remains 

largely underexplored. Initially, fish skin is colonized by bacteria present in the 

water, but over time, the superficial mucus harbors an increasingly divergent 

microbial community. Like in intestine, the balance between members of skin 

microbial community, i.e., commensals, symbionts or pathogenic bacterial strains, 

collectively forming skin microbiome, is important to preserve fish health. It is 

well known that factors such as diet, water quality, seasonality, host physiology, 

infections, and stress can shape the composition of fish microbiomes and influence 

the balance of the microbic ecosystems (Rosado et al., 2019). Our metabarcoding 

analysis showed that rainbow trout skin microbiome was largely dominated by 

Proteobacteria, and especially Gammaproteobacteria, which constituted 

approximately half of the bacterial taxa found. This result agrees with previous 

studies on other fish species regardless of the technique used for bacterial 

identification (Lowrey et al., 2015; Krotman et al., 2020; Legrand et al., 2020). 

Gammaproteobacteria class includes several potentially pathogenic bacterial 

species for fish, such as Vibrio anguillarum, and Photobacterium damselae. 

Actually, there are several evidence supporting the role of fish skin microbiota as 

an important niche for mucosal pathogen evolution in nature. For instance, 

potentially pathogenic Vibrio, such as Vibrio anguillarum and Vibrio cholerae, 

monopolize skin microbiome of wild eel (Anguilla anguilla) from estuary and 

wetland (Carda-Diéguez et al., 2017). Other accidental pathogens identified in 

wild eel have been Pseudomonas aeruginosa, Stenotrophomonas maltophilia, 

Achromobacter xylosoxidans, and Aeromonas veronii. Although in the present 

study trout skin microbiome was dominated by the Gammaproteobacteria’s family 

of Aeromonadaceae instead of Vibrionaceae, at genus level, Pseudomonas, 

Stenotrophomonas and Citrobacter were present in our samples likewise in wild 
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and farmed eel skin microbiome (Carda-Diéguez et al., 2017). This result is quite 

interesting, since previous studies have indicated that fish skin microbiome is 

species-specific, both in terms of bacterial diversity and bacterial community 

structure, showing significantly lower variability between individuals from the 

same species than between those of different species (Larsen et al., 2013). The low 

frequency of Vibrio genera in trout skin microbial community could be explained 

by the fact that trout is a freshwater fish while Vibrio are mainly marine bacterial 

genera. It is widely accepted, indeed, that the skin of fish harbors a complex and 

diverse microbiota that closely interacts with the microbial communities of the 

surrounding water. In line with our data, (Lowrey et al., 2015) reported that 

Proteobacteria and Bacteroidetes were the most abundant phyla of rainbow trout 

skin microbiota, however at genus level they found a skin bacterial community 

consistently composed by Flectobacillus. These apparently controversial evidence 

is inevitable since, up to date, few studies have investigated skin microbiome in 

freshwater fish, and it is not yet known if it fundamentally differs from that of 

marine fish (Krotman et al., 2020). With regard to skin microbial community 

composition, the two dietary groups did not display distinctive features, except for 

a decrease in the relative abundance of Deefgea genus (family Neisseriaceae) in 

skin microbiome of trout fed with insect meal. In agreement with our recent study 

in rainbow trout (Rimoldi et al., 2019), metagenomic analysis indicated that 

Tenericutes was the most abundant phylum in trout intestine, regardless of the diet. 

Specifically, within this phylum, the Mollicutes, mainly represented by 

Mycoplasmataceae family, were the dominant class. The Tenericutes are among 

the protagonists of gut symbionts of rainbow trout, indicating that they are 

possibly related to the metabolism of the host (Lowrey et al., 2015; Lyons et al., 

2017). Although diet is the most important external factor affecting the gut 

microbiota composition, in this case we observed only a weak dietary modulation 

of intestinal bacterial communities. The only changes due to dietary FM 
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substitution with TM meal were a decreased number of Proteobacteria and, at 

family level, a reduced number of taxa assigned to Ruminococcaceae and 

Neisseriaceae. In line with our results, (Antonopoulou et al., 2019) reported that 

T. molitor meal replacement affected the dominant intestinal phyla less in rainbow 

trout than in sea bream and sea bass. In contrast, there are several evidence that 

FM replacement with insect meal from black soldier fly (Hermetia illucens) larvae 

positively modulates gut microbiota of rainbow trout by increasing the proportion 

of lactic acid bacteria (LAB), which are generally considered as beneficial 

microorganisms and frequently used as probiotics in fish and other vertebrates’ 

diet (Bruni et al., 2018; Rimoldi et al., 2019; Terova et al., 2019). The increase of 

LAB by dietary insect meal could be related to the prebiotic properties of chitin 

and chitosan. Both are hardly digested by the majority of fish (Ringø et al., 2012). 

Therefore, once consumed, the fermentation of both polysaccharides is largely 

performed by gut microbiota. The lack of enrichment in intestinal LAB during the 

present study was an unexpected result, as the main effect of the dietary inclusion 

of this type of insect meal is generally a significant increase of Firmicutes at the 

expense of Proteobacteria phylum. The dietary administration of TM meal caused 

instead only a decrease in relative amount of Proteobacteria without any increase 

in Firmicutes.  

For the third and last part of the PhD program, it was used a different approach. 

Instead of testing a specific ingredient as FM replacement, it was tested the effects, 

including growth performance, histological alterations, gene expression and 

microbiota analyses, of the administration of two doses of probiotic, added to an 

experimental base diet that mimic a commercial fish feed formulation with 

traditional vegetable proteins and oils as the main replacers of FM and FO. In 

aquaculture, indeed, the use of probiotics is significantly increasing, and a growing 

number of studies are demonstrating their positive effects in the most 

economically important fish species (Merrifield et al., 2010; Ridha and Azad, 
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2012; Chauhan and Singh, 2019). In the present study, gilthead sea bream fed with 

high and low doses of L. lactis subsp. lactis, respectively, reached a higher final 

biomass than control fish, and differences in biomass gain were statistically 

significant between groups C and A. This result highlights, albeit slightly, the 

beneficial action of the probiotic, suggesting a more efficient digestion and 

utilization of nutrients in gilthead sea bream fed probiotics. Similar results were 

obtained in gilthead sea bream by (Suzer et al., 2008) and (Varela et al., 2010), 

using Lactobacillus spp. And Shewanella putrefaciens Pdp11, respectively. 

Positive results in fish growth performance, using L. lactis as probiotic, were also 

obtained in other cultured fish species (Heo et al., 2013; Xia et al., 2018; Feng et 

al., 2019). The histological evaluation, conducted using a semi-quantitative 

scoring system, and focused the mucosal folds, that represent the intestinal 

absorptive surface area, and to the associated connective tissue, confirmed that 

probiotic did not alter the morphology of the gut and did not trigger intestinal 

inflammation. Indeed, no structural modifications were detected in fish fed with 

diets supplemented with probiotic (diets B and C), in comparison to the control 

group fed diet A. In line with our results, other studies have shown that probiotics 

improve gut morphology, leading to an increase in intestinal absorption capacity 

(Batista et al., 2016; Won et al., 2020). In contrast, (Cerezuela et al., 2012, 2013) 

reported several negative effects related to the administration of probiotics in 

gilthead sea bream. Therefore, more in-depth histological analyses are needed to 

better understand the effects of different probiotic strains on the adsorptive surface 

area in fish intestine. Numerous studies that investigated the effects of probiotics 

on the piscine immune system have reported an enhanced immune response, thus 

improving survival rates and resistance to a pathogenic attack (Nayak, 2010; 

Lazado and Caipang, 2014). Different probiotic strains stimulate the immune 

system in fish, but the effect appears to be species-specific. L. lactis 

supplementation increased the concentration of several pro- and anti-inflammatory 
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cytokines (Tnfa, Il1b, Il6, Il12, Il10 and Tgfb) in common carp serum(Feng et al., 

2019) and upregulated the expression of tnf a, ifng, hsp70, and il1b genes in the 

intestine of tilapia (Xia et al., 2018). Herein, significant differences in the 

expression of key genes involved in innate and acquired immunity (interleukins 

and PRRs) were detected between fish fed probiotic and control diets. Among the 

mechanisms induced by probiotics, it has been postulated that the activation of 

immunity derives from the interaction of the host with the probiotic microbial 

associated molecular patterns (MAMPs) (Sun et al., 2012). The direct effect of 

MAMPs was recently demonstrated by feeding grouper (Epinephelus coioides) 

with MAMPs isolated from the probiotic Bacillus pumilus SE5. Indeed, an 

activation of intestinal immunity via up-regulation of TLR signaling pathways was 

observed (Yang et al., 2019). Thus, the observed activation of the immune system 

in the present study is likely taking place by direct induction of gilthead sea bream 

PRRs by components on the cell wall of the probiotic, such as peptidoglycan or 

lipoteichoic acid, which are in fact TLR2 agonists. Regarding the microbiota 

analysis, to assess the stability of the probiotic inclusion in fish diets, at the end of 

the experiment, the microbiota populations associated with feeds was analyzed. 

Data revealed that Firmicutes and Proteobacteria were the bacterial phyla 

represented most, followed in descending order by Bacteriodetes and 

Fusobacteria. Then, by analyzing specifically the relative abundance of the 

probiotic L. lactis subsp. lactis compared to the most representative genera of 

Firmicutes phylum, we found that the percentage of L. lactis was close to 0% in 

diet A (control), whereas in diets B and C, it was definitely high, reaching values 

of 64 and 71%, respectively, in agreement with the supplementation of a low and 

a high dose of probiotic. Instead, with regard to the gut microbiota, gilthead sea 

bream fed diet C showed a significant increase in bacteria belonging to the 

Spirochetes phylum, which were practically absent in the gut of fish fed diets B 

and A (<3%). In the same fish group, a decrease in Actinobacteria, Bacteroidetes, 
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and Firmicutes phyla was recorded. The Firmicutes phylum is composed of more 

than 200 different genera, such as Lactobacillus, Bacillus, Enterococcus, 

Ruminococcus, and Clostridium. Lactic acid bacteria (LAB) include, among 

others, Streptococcus sp., Lactobacillus sp., Leuconostoc sp. and Carnobacterium 

sp., which are considered as beneficial microorganisms that contribute to a healthy 

status of the fish intestine (Kim et al., 2012; Terova et al., 2019). It is known that 

commensal Firmicutes and Bacteroidetes are the major producers of short chain 

fatty acids, such as butyrate, acetate, and propionate that are the end products of 

fiber fermentations. While is difficult to assess from genomic data alone the 

physiological effects on the host microbiota we found, it is worth noting that 

Firmicutes/Bacteroidetes ratio in the gut has been directly related to lean body 

mass in both human and animals (Magne et al., 2020). Indeed, the ratio of 

Firmicutes vs. Bacteroidetes was increased in obese individuals as compared to 

lean ones. Actually, gilthead sea bream fed with diets containing probiotic showed 

a higher Firmicutes/Bacteroidetes ratio than control fish and this could be 

correlated to their better growth performances. In addition, gilthead sea bream fed 

diet C, showing the best FCR and SGR values, had the highest percentage of 

Spirochetes. Even without a direct proved correlation in fish, in swine, the 

Spirochaetaceae bacterial family was shown to correlate positively with the host 

weight (Unno et al., 2015). The gut microbiome of the feeding group C was also 

characterized by a Proteobacteria/Firmicutes ratio five times higher than in the 

other groups. This result is not surprising because L. lactis subsp. lactis SL242 

produces the antibiotic nisin, displaying strong activity against Gram-positive 

bacteria (Li et al., 2018), and a vast majority of Firmicutes are Gram-positive. The 

analysis of gut-adherent (autochthonous) microbiota did not reveal significant 

differences between fish groups in relation to L. lactis, suggesting a lack of 

colonization of the probiotic in the host’s intestinal mucosa. This was not a 

surprising result since it is known that the mechanisms behind the permanently or 
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a long-term establishment of a probiotics in the host intestinal mucosa is difficult 

and mediated by complex molecular interactions, so generally it does not occur. 

Therefore, in order for ingested bacteria to be useful, continuous consumption of 

probiotics is necessary for a lasting impact. Thus, instead of colonizing, the new 

bacteria may temporarily complement resident microbial communities, forming 

part of a transient (allochthonous) microbiome without displacing the native gut 

microbiota, but nevertheless they can contribute and improve the digestive tract 

function by producing active metabolites that modulate the activity of the gut 

microbiota, or by stimulating the intestinal epithelium directly. Hence, in the 

present trial, although the probiotic did not colonize the host’s intestinal mucosa, 

it did modulate the fish gut microbiota, confirming that colonization is not always 

necessary to induce host modification. Indeed, diets B and C were enriched with 

Actinomycetales, as compared to diet A, which instead showed a higher 

percentage of Pseudomonas, Sphyngomonas, and Lactobacillus genera. These 

results were confirmed by the clear separation of bacterial community of fish fed 

with the probiotic from the bacterial community of control fish group (diet A) in 

the beta-diversity and PLS-DA analyses. Furthermore, the KEGG pathway 

analysis underlined such differences, highlighting several pathways potentially 

affected by the diet. Particularly interesting were those related to protein 

absorption and digestion. The gut microbial analyses also revealed significant and 

controversial differences between fish groups in term of ecological indices. 

Among alpha diversity parameters, fish fed with diet B showed the highest level 

of richness estimator ACE and biodiversity, in comparison to the other two fish 

groups. And in fact, in line with what we found in fish fed diet B, lactic acid 

bacteria supplementation was associated with an increase in bacterial diversity in 

the intestinal mucus of Atlantic salmon (Gupta et al., 2019). In contrast, dietary 

group C, although achieving the best growth performances, showed the lowest gut 

bacterial diversity. A reduction in bacterial diversity is usually considered an 
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adverse outcome, since this could lead to less competition for opportunistic or 

invading pathogens due to a functionally unbalanced ecosystem (Cerezuela et al., 

2013; Li et al., 2014; Rimoldi et al., 2020). However, while an increase in 

intestinal microbial biodiversity following prebiotics (dietary compounds that 

induce the growth or activity of gut microbiota) administration has been frequently 

described, the data currently available on the effects of probiotics in fish are more 

controversial. For instance, in line with our results, the species richness and 

diversity indexes decreased in gilthead sea bream in response to dietary 

administration of the probiotic Bacillus subtilis, either alone or in combination 

with prebiotics or microalgae (Cerezuela et al., 2012, 2013). In addition, it is worth 

to mention that probiotics, such as lactic acid bacteria, are known to produce 

several antimicrobial compounds capable of suppressing the growth of other 

microorganisms, which can alter the gut microbiota in terms of both composition 

and biodiversity (Collado et al., 2007). 

5.2 Conclusion 
 

In summary, the surge that aquaculture is experiencing, dictated by the ever-

increasing global demand for food and the need for transformation towards a more 

sustainable horizon for the entire sector, has led to several developments in fish 

feed technology and applications in recent decades. The great need to reduce or 

even replace the historically marine-based ingredients FM and FO has prompted 

the research world to identify of different possible innovative alternatives and 

strategies. In the present PhD project, the effects of two different insect meals 

(Tenebrio molitor, Hermetia illucens), as partial or total replacement of FM, and 

the influence of administering a lactic acid bacterium (Lactococcus lactis subs 

lactis SL242) as probiotic were evaluated. The analyses conducted, during these 

three years were different, but the guiding thread of the project was evaluating of 

the intestinal microbiota communities and determining how they have been 
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modified as a result of the innovative approaches used. Including 15% of H. 

illucens increased the abundance of beneficial genera, such as Lactobacillus and 

Bacillus, while the number of bacteria assigned to the pathogenic Aeromonas 

genus was drastically reduced in the same fish group. The metagenomic functional 

data provided evidence that dietary IM inclusion can shape the metabolic activity 

of trout gut microbiota by complementing the endogenous digestive enzymes and 

improving dietary carbohydrate utilization. Therefore, H. illucens meal represents 

a promising alternative protein source for trout nutrition, able to modulate the gut 

microbial community. The same conclusions can be drawn for including T. molitor 

in aquafeeds. In fact, even with only slight microbiota changes, the total 

replacement of FM with TM did not cause negative effects or dysbiosis on rainbow 

trout gut and skin microbial communities. Specifically, we were able to reduce the 

relative abundance of Neisseriaceae bacterial family in both gut and skin, whereas 

differences at the genus level were identified only at the skin level with a two-fold 

decrease in Deefgea genus in trout fed with the insect meal diet. In conclusion, 

administering probiotics did modulate the fish gut microbiota, modifying the 

abundance of the taxa and potentially affecting several metabolic pathways related 

to protein absorption and digestion, even without a clear colonization of the host’s 

intestinal mucosa. This confirms that probiotics’ establishment is not always 

necessary to induce host modification. Research such as this highlights the 

interaction between diet and the intestinal microbiota, suggesting that 

manipulating the diet to regulate the gut microbiome may be a promising 

intervention to promote an economic and sustainable transition in the aquaculture 

sector for the future. 
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