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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 ñextra organò, 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 



Abstract 

3 
 

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 hostôs 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 ñaccess to sufficient, safe, nutritious food to maintain a 

healthy and active lifeò, 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 planetôs 

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 1960ï

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 Chinaôs 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 (ñstaple 

speciesò) 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 ñfeedingò species, 

while the remaining part is composed of ñfilter-feedingò 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 sectorôs 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 ñsustainable developmentò given by the United Nations World 

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

environment and resources that meets the needs of the present without 

compromising the ability of future generations to meet their own needsò (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 
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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 ñsubstances which by themselves, 

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

utilization and affect the health and production of animalsò (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 aquacultureôs pressure on the fi shery 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 óground, 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)ô (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 



Chapter 1 

21 
 

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 (82.4ï97.4) 92.1 (90.0ï94.4) 87.9 (85.0ï92.1) 

Crude protein % DM 66.1 (51.6ï81.0) 75.6 (70.2ï80.7) 51.4 (48.3ï54.5) 

Lysine % protein 4.4 (3.3ï8.2) 6.1 (5.5ï7.5) 6.1 (5.7ï6.6) 

Methionine % protein 1.4 (1.0ï2.0) 2.2 (2.0ï2.6) 1.4 (1.2ï1.6) 

Methionine + Cistine % protein ï 2.9 (2.6ï3.2) 2.9 (2.5ï3.3) 

Tryptophan % protein 0.5 (0ï0.8) 0.8 (0.7ï0.9) 1.3 (1.2ï1.4) 

Threonine % protein 2.8 (1.9ï3.9) 3.1 (2.9ï4.3) 3.9 (3.5ï4.3) 

Leucine % protein 5.0 (3.9ï9.7) 5.9 (5.2ï7.3) 7.5 (6.8ï8.0) 

Isoleucine % protein 2.7 (1.8ï4.7) 3.7 (3.3ï4.4) 4.6 (4.3ï5.0) 

Valine % protein 3.1 (2.2ï5.2) 4.2 (3.9ï4.8) 4.8 (4.3ï5.4) 

Histidine % protein 1.9 (1.2ï5.6) 1.8 (1.7ï1.9) 2.6 (2.4ï2.9) 

Arginine  % protein 5.1 (3.2ï8.8) 4.6 (4.0ï6.0) 7.4 (6.8ï8.1) 

Phenylalanine % protein 2.8 (2.2ï4.0) 5.5 (5.2ï6.5) 8.5 (7.7ï9.4) 

Ether extract % DM 13.8 (6.7ï22.5) 8.1 (2.0ï12.0) 2.1 (2.0ï2.2) 

Crude fibre % DM 1.1 (0.5ï2.1) ï 6.7 (3.5ï10.1) 

Minerals (ash) % DM 15.0 (5.1ï29.7) 16.6 (12.0ï23.3) 6.9 (6.8ï7.0) 

Calcium % DM 5.1 (2.2ï9.9) 36.3 (15.4ï78.3) 3.9 (2.3ï6.3) 

Phosphorus % DM 2.7 (1.6ï5.0) 25.9 (19.0ï40.4) 6.9 (5.8ï8.6) 

Sodium % DM 0.6 (0.5ï1.0) 10.0 (5.9ï14.4) 0.1 (0.0ï0.8) 

Potassium % DM 0.8 (0.4ï1.8) 10.2 (5.9ï14.4) 23.7(21.8ï26.0) 

Gross energy MJ/kg 21.2 (16.2ï24.9) 21.4 (19.6ï23.8) 19.9 (19.8ï20.0) 

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).  
  



Chapter 1 

23 
 

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 








































































































































































































