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Abstract

It is estimated that the global populationght reachand overtake the mark of 9
billion people before 2050. Strictly linked tias growing trend is the food demand,
which atcurrentfood production ratecannot satisfguch alargenumber 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 thequality of life of the people. For this purpose, aquaculture, among
the other agriculture and fogatoducing sectorss the onehatis still growing and
expanding worldwidandis the most promising industty meethe future demand

for animal protein. Tachieve this goal, the most important challefayng the
entire sector is the development of new fish feed formulationsfulfdt fish
nutritional requirementghe gold standard ingredients, fish mgaW) and fish oill,
represent finite resources #ey 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 sourcesdaalso to evaluate the administration of a
bacterial probiotic strain. The main focughuf experimentation was to asséssv

novel ingredientsand feedadditives modulate fish gut microbiota composition.
Indeed,the microbial populations that inhabietigastreintestinal tract of animals
play a fundamental role in the host physiology. For this reason, it is also called
the fAextra organo, as | t suthaakearlystagea r t
development, reproductiormmune response and nutiain, which is the primary
interest of this study. Microbiota, dividedto autochthonous and allochthonous
populations, contribute to digestion thankstiie great versatility angotential

metaboligpathways byvhicha plethora of nutritional compoundsich acomplex
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carbohydratesindfiber, which otherwise would remain indigestible for the host
are subject to hydrolysis and dissociatibmaddition, the autochthonous microbial
populations can produce a wide range of bioactive molecules, such aslstiort
fatty acids (SCFA) and vitamins, which have an important impact on host intestinal
physiology, and antinicrobial compoundsyhich alsoguarantee protection against
the colonization of pathogens. Hence, the approach usethis project to
investigde the effect of partial and total substitution of maiti@sed protein with

two different insect larvae meals, and the administration of two doses ofdarttic
probiotic bacteria, on the fish intestinal microbiotayolved seting up three
experimental trials using two species, a freshwater fish, rainbow trout
(Oncorhynchus mykigsand a marine Mediterranean species, gilthead sea bream
(Sparus aurata In the first studyChapter 2), we investigated the effect of partial
repladng dietary FM with 186 insectmeal,specificallyHermetiaillucens on the
microbiota composition of rainbow trout. The resuttsmonstratehow this
experimental diet could effectively modulate the intestinal microbiota of the fish,
reducing Proteobacteria, which include severaihogenic generdor example
Aeromonas sp.while increasing the percentage of beneficial bacteria such as
Lactobacillus and Bacillus In addition, the metagenont analysis clearly
demonstrate how insect diet enhance the metabolic capacity of the trgut
microbiota, improving dietary carbohydrate utilization. In the second @tapter

3), we tested the effects of total replacement of FM with another insect species
larvae mealin particular we used@enebrio molitodarvae, on rainbow trout skin
andgut microbiota. After 22 weeks of experimentations, the results did not reveal
anynegative alterations in the bacterial populations between the two dietary groups,
but only slight differences, mostly detectedta genus and family level both for
skin and gut microbiota. Finally, in the last feeding t(i@hapter 4), we evaluated

the effects of two doses (high and low dose) of laatid bacterial(actococcus

lactis subsplactis), used aa probiotic in gilthead sea bream. Téealyse$ocused
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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 chekmes, and pattern recognition receptors.
Interestingly, theesults showethatthe probioticactually had an effect according

to severalof theaspectsanalysedthe final body weight of the fish fed the higher
dose of probiotic was greater thdrat d the control groupin 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 systeal.. lactisadministration.
Regarding gut microbiota, the analyses revealed a lack of colonization of the
probiotic i n t he ;Howesertbeprobiotctdid swddulateale mu c
fish gut microbiota, confirming that colonization is not alwagsessary to induce

host modification. Data obtained in this Ppibjectcontribute to the knowledge
gainedso far on the application of differestrategesto modulate gut microbiota

so asto strengthen and enlarge the digestion capacity of fish ianaefvork of
innovatiors in aquaculture thafim 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 thtte worldpopulation iscurrentlymore than three times
largerthan inthe midtwentieth century. Thisénd, however, desnot follow a
linear progressiarOn thecontrary in 2020, the growth rate of the population was
less than 1% per yeéor the first time since 195@nd the projection estimated
that this level will continue to slow in theearfuture (Fig. 1). This phenomenon

is occuring despite the fact that isome countriessuch aghose which compose
CentralSouthern Asia andubSaharan Africa, population sizell continue to
increase In contrast it is estimated that in Europe and Northern ekita the

population will soon start to decline, negatively affecting the global growth rate.
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Figure 1. Global population size and annual growth rate: estimates, 24%?, and
medium scenario with 95 per cent prediction intervals, 20@20 (United Natbns
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, accordingto the different scenarios and riables 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, #sept and the future
challenge of the world of food producers and scientists, in accordance with the 17
Sustainable Development Goals (SDGSs), is to provide food and livelifmmitie
evergrowing human population in a sustainable manner, minimizing the
environmental footprint on the planet and improving thelity of life of the

people that inhabit fGlaser, 2012)Hence, the role of agriculture and in general

food security, defined as fhaccess to s
healtty and acti ve lachfewngtheseigealdfpAD (Foddand f or
Agriculture Organization of the United Nations), 202Cpnsideringthe food

derivad fromanimals our ces, the | ivestock system

ice-free terrestrial surfae areatoday, and, contrary to crop productiowhose
growth is mostly relatetb yield increase, animal husbandry needs geographical
expansion andnincreasdn the number of herds. The combination of these two
factors will generate, in theearfuture,strong competition for the use of the arable
landgThornton, 2010; Flachowsky et al., 201/ addition, as reported l§iyoore

and Nemecek, 201§Fig.2), livestock farming has the greatest impact on the
environment, due to greenhowggeseemissionGHG), disruption of nitrogen and
phosphorus cycteand the impoverishment of biodiversii@ilbert 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 worémtionng that this
pressure is not equally distributed in the population. Income and urbanization are
the two main drivers determining the distribution of the anisoalrce food
demand, and they will continue in thereseeablduture. Livestock products
consumption, divided by the different types (Fig. 3A), is high in the richest
counties (Fig. 3B) and particularly in the wealthier strata of societies, in low



Chapter 1

income countriegpo, and as income will continue to increase in highly populated
and developig countries, demand levels are likely to asewell Urbanization is

the other factor that heavily impacthe patterns of food consumption, also
because it often stimulates improvements in infrastructure, includirgpld
chains,which enableperishdle goods to be traded more widely. It is estimated
that in the next few decades more people will move to urban seftorg rural

areas at an unprecedented rate, particularly in Africa and Asia, determining a
strong increase in demand in the most popdlaegions of the plan€thornton,

2010; Béné et al., 2015)

Greenhouse gas emissions per kilogram of food product

Emissions are measured in carbon dioxide equivalents (CO2eq). This means non-CO2 gases are weighted by the
amount of warming they cause over a 100-year timescale.

99.48 kg

Beef (beef herd)
Lamb & Mutton
Beef (dairy herd)
Prawns (farmed) 26.87 kg
Cheese 23.88 kg
Fish (farmed) 13.63 kg
Pig Meat 12.31 kg

Poultry Meat 9.87 kg

Rice

39.72 kg

Cane Sugar
Tofu (soybeans)
Milk

Tomatoes
Maize

Wheat & Rye
Soymilk

Peas

Potatoes | 0.46 kg

0 kg 20 kg 40 kg 60 kg 80 kg
Figure 2. Global GHG emission of different food product in 2QR08ore and Nemecek,
2018)available aburworldindata.orggenvironmentaimpactsof-food.
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Per capita meat consumption by tvpe, 2017
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Meat consumption vs. GDP per capita, 2017

Average meat consumption per capita, measured in kilograms per year versus gross domestic product (GDP) per
capita measured in constant international-$. International-§ corrects for price differences across countries. Figures do
net include fish or seafood.
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Figure 3. a Per capita meat ogsumption divided for 6 different types of anirsalurce
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 NationsRome). Available at faostat.fao.organd
ourworldindata.orfineatproduction
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1.2 Modern Aquaculture

Among thedifferent animal productionindustries that must meet the future
growing demand of foodisheries and aquaculture representrtiast promising
fields, asthisis thefastest expandingourceof animal proteirin the world today.
The global supply has grown by a factor of 8 since 1950, gkeaterthan the
improvemend in rice production that followed the Green Revolutitm 2010 it
was estimate that fish overshadowed the other anumaductive systemslouble
that of poultry and even triple that cdttle (Fig. 4a)(Béné et al., 2015)n 202Q
the average per capita consumption of fishs around 20.2 kg year and
represerd the end poinbf an ongoing growtln demand (1.5% per year) since
the1960swhenconsumption onlyamounted t®.9 kg. Moreover, thdistribution

is not equathroughouthe world. It is estimated that for 3.2 billion people capture
fisheries and aquaculture provide akh20% of their per capita intake of animal
protein otherwise, in some African and Asian countrisech as Cambodia,
Bangladesh, Mozambique and Sierra Learfeen characterized by leimcome
andfood-deficiercy, this share can exceed-60% (Fig 4bXFAO, 2022)

“Cattle Chicken ====- Pig ====Sheep ====rFish

200,000,000
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160,000,000
140,000,000
120,000,000
100,000,000

80,000,000

World Production (t)

60,000,000

40,000,000

20,000,000

0
1960 1970 1980 1950 2000 2010

Figure 4. aWorld Production of thenain sources of animal protemwrer the period 1960
2010(Béné et al., 2015)
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Animal protein consumption, 2017

This is messured &5 the average daily supply per paraon.
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Figure 4. b Animal Proteinconsumption of different countries (FAO (2020) FAOSTAT
database collections (Food and Agricult@neyanization of the United Nations, Rome).
Available at faostat.fao.or@ndourworldindata.orffish-andoverfishing

In 2020 the global production of aquatic animals reached 178 millios) o6
which 63%camefrom marine waterdyut only 37% from inlandvaters which is
slightly lower than the twgreviousyears (Fig. 5). This modest stagnation is
mostly linked with a decline in capture fisheriefichis due to different factors,
such as the fluctuation catches of pelagic spefiesxampleanchoved, but also
because of the recent reduction in Chi
COVID-19 on the production sector. Nevertheless, fishery production remains the
largestpart (51% of the total volume, 90 millionrtg), with a stable fluctuation
between 9386 million tonsper year since the late 198F5A0, 2022) It is worth
mentionng that, althoughaquaculture volume production is slightly inferior to
thatof capturefishery (88 million tanes excluding algae production), it accounts
for almog twice (65%) the value of capture over total estes@tiSD 406 billion).
Hence, aquaculture represgitte main driverof total productiongrowth, also

because increasing the exploitation from oceans couldaggravate the

10
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environmental status of numerousidangered stocks. It is estimated that
nowadays around 334% ofall fish populations are overexploiteagyondtheir
natural biological sustainabilitiHilborn et al., 202Q)As evidence of the boost
that aquaculture gave to the total uistty productio, owing mostly to the
development of inland production, growth production gradually increased from
12.6 (18%) in the 1990s to 54.4 milliom&in 2020, representingnore than half

of thetotal (62.2%) as shown in Fig..5

180
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100
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40 -

20
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Capture fisheries - B Capture fisheries — Agquaculture - B Aquaculture -
marine waters inland waters marine waters inland waters

Figure 5. World Capture Fishrad Aquaculture Productioaver the period 1950020
(FAO, 2022)

Regarding the main producers, F@clearly showshat Asia overwhelmingly
dominates world aquaculture, producing approximately 91% of global aquatic
animals and algae. However, therelaunge differences within the continent, with
many developing countries improving their infrastructoeenarkablyto fully
express their potential. China produces more farmed aquatic orgahemthe

rest of the world, anth addition the overall situatio is characterized by a small
number of other aquaculture producers. Many of thaeoluding Chile, Brazil,
Egypt, Bangladesh, and Vietm, are highly populated developing countries

However Norway also represerd an example of great pralucerowing toits

11
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large areas of fjordsndcan boast a huge production of finfish in sea cages, mostly
represented by salmofirAO, 2022) For the aquatic species currenthging
cultivated, the conditions in which aquaculture is carriedvany highlyandan
enormousnumber of speciearefarmed,but al i mi t ed group of
s p e ¢ doenmaie) globaproductionby far. Although it is difficult to makean
exhaustive assasent the totalnumberof units that aquaculture has produced
worldwide was calculated toe around52in 202Q including a certain level of
taxonomic uncertainty and hybrids. However, as already mentioned, carp, Atlantic
salmon, milkfish, tilapia and catfishrepresentonly a few examples of the
approximatel\20-25 dominant finfish speciesgutuced that account for over 75%

of the total production. In addition, it is worth menimthat althoughmarine

and diadromous fish species and crustaceans are the main organisms farmed in
certain geographical aredsy examplethe Mediterranean basi atthe global

level their number is dwarfed by the liveeight volume of freshwater aquaculture
products, bivalvesand also seaweeds (Fig.(Raylor et al., 2021; FAO, 2022)

12
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Aquaculture production, 2018

Aquaculture is the farming of aquatic organisms including fish, molluscs, crustaceans and aquatic plants.
Aquaculture production specifically refers to output from aquaculture activities, which are designated for final harvest
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Figure 6 The distribution ofthe main aquacultursh farmingproducersby country

Available at datacatalog.worldbank.org/search/dataset/0037712/World-Development-
Indicators & ourworldindata.orffish-and-overfishing
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1.3 Aquaculture Feeds

As already mentioned, aquacultundichis the fastesgrowing food commodity
sectorand today accoustor an average of 17% of the total amount of animal
protein intakeglobally, it is estimated that it will play an even more pivotal inle
meeting the increasing demand of faadthe future To achieve this goal, the
challenge will be fought opolitical, economic, and technologiqalayingfields.
Hence, the entire sector must accomplish the tasks of optgand introduig

new reformsdiversifying the market demand amglobal scale, andven more
importanty, developingandimplementingsustainable feed formulasdbreeding
techniqueqCostello et al., 2020)The production of aquatic aninsak largely
dependent upon the external administration of feeds. Accordinipetdast
estimates about 70% of the farmed ani mal s
while the remaining part is composedf Af i-fl d @di ngo speci e
manufactured dietsn addition tobeing one of the highest expenses for the
farmers, constitute the vectorfor providing a propety 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, 2015Mistorically, fish meal (FM) andgh oil (FO)
constitutethe gold standarfbr feed production ingredients, as they have been
used for decades, not onlg the aquaculture sector, but also, in different
proportions, for all the others animaoducing industries, such as pig farming
(9%), pet food (4%) and poultry (1%) (Fig. 8) wasestimatedor 2020that, from

all the fisheries and aquaculture production (178 milliamstoabout 89%was

used for direct human consumption, and the remaining part (over 20 miltign to
was converted fomonfood purposesConcerning thdatter, excluding a small
amountof about4 million tons that is commonly utilizin ornamental fish trade,

in pharmaceutical preparations, for pet fpod as adirect feeding source in

aguaculture, the greatpart isused to produceM and FO FM is a very protein

14
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rich flour, obtained by milling and drying fish, whereas FO is madpressing
cooked fish and theextracting oilby centrifugation. The typical fish species used
for these purposes are mainly small peldgb such asanchoveta, mackerel,
herring, sardine etcin the recent pasthe annual fluctuation in the catches of
those animals, together with the increasing demand for FM and FOrdwaght
abouta highfluctuationin marketpriceswith a progressiely rising scenaripa

trend which presumably will continue in the foreseeable future
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Figure 8. Fishmeal ) and Fish oil If) global utilizationover the period 1962020.*

Mainly pet feed? Pet food, biofuel, cooking oil in Viet NartFAO, 2022)
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One of the consequences of this situation is the worldwide leustlatlingthese
ingredients in feed formulatispwhich has decreasesdithin the past fevdecades,
even for those diets designed for marine piscivorous finéigblh asea bream,

sea bas, rainbow troytand Atlantic salmon, which require 4% of crude
protein anda high level of longchain fatty acids (FAsfNaylor et al., 2009)
Nevertheless, FM and FO are still used and considered the most nutritious and
digestible source of proteiand lipids for farmed fish, as well akeal resource

to meet the essential amino a¢EAA) requirementand the major supply of
omega3 FAs (eicosapentaenoic acid [EPA] and docosahexaewiidDHA]). In

fact, some specific production stagesich ashatchery, broodstock or in the
finishing period before harvesting, continue to use them massively, due to their
metabolic and nutritional importanf€AO, 2022) FM and FQoil represent ideal
feedingredients for aquacultureebause they are not ordy excellent source of
dietary proteinEAAS, and essential FAs, but they possess a profile that can satisfy
the nutritionalrequirements ofmost farmed aquatic specidadeed, hey are a
goodsourceof nucleotidesphospholipids, minerals, and trace elerséntluding
calcium, phosphorus, magnesium, zinc, manganeselenium, iodine,
molybdenum, and chromium), fabluble and watesoluble vitamins (including
vitamin A, D, E, choline, inositolandB vitaming, andunique nutrients such as
taurine togetherwith other components thdtave not beenidentified yet In
addition, they have no antinutritional factors, limited carbohydrates, and fiber
content(Tacon and Metian, 2015; Turchini et al., 2Q1Bpwever, as already
mentioned, although FM and R@ereoriginally used because theyere, at the
time, inexpensive and palatable sourcepmitein and lipid today, the rate of
including themn fish feedis decreasing on averabg 1.7 per yeardue to their

high fluctuating market value, but also tbeawareness of environmental issues
underlying the production of these valuable ingredi€B@ndara, 2018)The
sustainability goal of modern aquacultwanverges here witthe need to reduce

16
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thesectords dependence on maarfinita supplye sour

with at most a very small furthexploitationfor only some species, amdth the
aim ofidentifyingvalid and nutritionally adequate alternatiyBsyd et al., 2020)
Theefforts that will have to be made in the name of sustainabijtge with the

definition of t he a A s the tUnitad Natidns Worldl e v e |

Commission on Environment and Developmenmhich defineitasius e of
environment and resources that meets the needs of the present without
compromising thebility of future generations to meet theiwn  n @\ordds o
Commission on Environment and Development, 19B1ing thepast several
years numerous alternatives to the conventional marine ingredients have been
implemented in feed formulatienThe choce of candidatéhatrepresent a viable
alternative is related to certain characterissogh astritional suitability, ready
availability, easy handling, shipping, storage etc. In addition, is very important that
these new ingredients benefit the fishterms of health maintenance, growth
performanceand lower environmental impactend finally, the price must be
competitivein orderto overtake the other replacements. Nowadays, the principal
sources currently included are vegetable meals, oilseadsrend animal by
products, not only from fisheries and aquaculture sector, but also from other fields
such agpoultry livestock. Furthermore, more recenthterest inother organisms

and biotechnological applicatiohsis beerarousedor fish nutrition Those new
sources are insects, which possess very interesting metabolic abilities, but also
Singlecell Ingredients (SCI), proteins and oils (SCP; SCO), produced and
extracted from algae, bacteria, and yeasighase new possibilities are discussed

extensivelyin thefollowing paragraphs

1.3.1Vegetable meals and oils
Vegetablaneals and oilsepresent the oldeahd the principadlternatives tested

as a basis for the animéded in the last decadeNlowadays, the commonly
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available commercial fishekds, designed for most farmed aquatic animals,
include a fair percentage of vegetable stuffhe advantag®f beng readily
available globally and the relatiyelow costs compared to products of animal
origin, especially FMrepresent strong points their favor. The range of plant
feedstuffs that are usually implemented in aquaculture commercial diets include
barley, canola, corrtottonseed, peas/lupins, soybeamiseat oilseeds (soybean,
sunflower, rapeseeds, cottonseett) (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 fibemonsolublecarbohydratesand antinutrients. In
addition, they must provide a high amount of protein, withvaifable amino acids
profile, and an elevated digestibility and palatability. Unfortunatehgluding
considerable levelof vegetable meals and oils colldveadverse effestin fish,

asthis may affect feed intake, nutrient digestibility, immune resgomstress, and
histological alterations, expressed as enteffifisurente et al., 2007; Torrecillas

et al., 2017) The negative consequences are the results of an imbalanced amino
acid profile, insufficient to totally compensdte the EAAs,such asnethionine,
lysing, or cysteine,which are required by the animals, together with a lower
concentration of omega FAs, and insteathese planbased ingredients ahigh

in mediumchaintriglycerols (MCT), saturatedatty acids(SFAs),andomega6

and omeg® FAs,such a®leic (18:1r9) andlinoleic (18:2r6) acids. In addition

to that, the most challenging constraintsising aplantbased diet is the presence

of antknutritional factors, which represent the ultimate defense of the plants
against predatsy but whichonce consumeaould negatively affect the digest
capacity of the fish. They arefact definedagi sub st ances whi ch
or through their metabolic products arising in living systems, interfere with food
utilizationand affect he heal t h and gMakkdrueoB)ihese o f
compounds are chemicalheterogenouandthus also havedifferent mods of
action, but they can be dividedtanheatlabile and heastable molecules. The

18



Chapter 1

former, such akectins, protease inbitors, and amylase inhibitqrare heatabile
proteins which can be inactivated by heat, while the latter, whiemnot be
destroyedoy the high temperature, are typicallyypb acids,saponinsphenols,
and tannins(Francis et al., 2001)Although ®veral undesirable featurese
associated with vegetable ingredienit®y have largely been implemented in the
diet formulations foraquaculturen the recent past.he strategy to circumvent
theseobstacls can be achieved by technological procedures.intrease the
protein content, the carbohydrate fraction is remofrech soybean, corn, or
gluten meal in order to obtain protaoncentrated ingredients. As previtus
mentioned, some antiutritional factors are hedtbile; thus, they can be
eliminated by increased temperatg,esuch aduring the extrusion process, with
preliminary heat treatment®r by fractioning the crops. Finally, hestable
compoung are eliminatedy usingenzymatic treatmesr solvent purification

to enhance the nutritionalalue of the feeds, avoiding the adverse effects
(Bandara, 2018)In conclusion, terrestrial plant ingredients noamprisethe
largest FM and FO partial or total replacement used in fish feed formulations,
mostly implemented not asunique source, buatherin combination, to supply

a correct balance of EAAs and FAdich arefundamental for the specispecific

fish requirements. In addition, the value of vegetable feedstisiisesides in the
possibility to r educ dshaygnduaty,adiregardings pr
human healtlas well to avoid the consumption dfoxinsand PCBswhich are

completely absent in terrestrial plants derivates.

1.3.2Animal by-products

Another interesting source pfoteins and lipids currentlyeingusedto partialy
substitute=M and FO in aquaculture is represented by the valorization of rendered
products from terrestrial and aquatic animals. Commercially, the principal

available ingredients areeat and bonmeal, feather meal, blood meBk\Ps,and
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sedood by-product meal.The importance otheseresourcesalso lies in the
framework ofmitigating the environmental impaof the industriesin fact, the

animal byproducts industry fitperfectlyin the concept o# circular economy,
whererefusefrom oneindustryis regeneratedbr other industries for feed and
energy reducing waste losthe carbon footprintand GHG emissia(Woodgate

et al., 2022)Regardingerrestrial animal protein sources, animaldrgducts have

a more balanced amino acid plefthan the previously discussed vegetable
feedstuffs with higher conterst of lysine and a considerable digestibility
contrast althoughthe price of terrestrial animalerived oils isvery competitive
compared to FO, these lipids sources are richHASs,which strondy redue the
digestivecapacity of the fish, especially at cold temperauféus, as complete
substitution cannot be achieved, they must be blended with polyunsaturated FAs
(PUFASs) to be nutritionally adequate for the fish requiresebtespite this,
animal lipids can surely contribute teducingthe overexploitation of natural
resources due to the use of marine ingredi@ylor et al., 2009)The principal
terrestrial animaproducing fieldprovidingsuchby-producsis surelythe poultry
industry.The Association of American Feed Control Officials defiResltry By
ProductsPBM)as t he &6ground, rendered, <c¢cl ean
poultry such as necks, heads, feet, undeveloped eggs, gizzards and intestines
(providedtheir content is removed), exclusive of feathers (except in such amounts
as mightoccur unavoidably in @AFCA 20p0) oces s
Although PBM meal can change in nutritional value and quality due to the
materials used and the prodoctiprotocols, an average level of protein content is
around 5181% of dry matter, with a relatively good amino acid profile. However,

as reported bgasco et al(2018)(Tab. 1), incomparingPBM, FM andsoybean

meal (SBM), majorconcernsare related tohe low level of EAA such adysine

and methionine, but alsepmparedo FM, the lower content of taurine, which,
thoughnot properlyconsidered to ban EAA, it is fundamental for maintaining
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good growth performance and avioiglsusceptibility to disese and high mortality
(Salze and Davis, 2015k addition, as previouslymentioned PBM, like other
land animal ingredientias a range of 6.22.5% of lipids, but a very low content
of omega 3 FAs, which can cause severe prablaostly for juveniler marine
fish species at high percentagef FM substitutions.NeverthelessPBM are
largely considered a cosffective feed ingredient in fish feed formulaticenrsd

can constitute a valid alternatit@FM, and partially FO, for a very large number
of fish speciedn parallel to the terrestrial animal {products, the othemportant
group of rendered ingredients derives from theated seafood bproducts. It

is estimated that around 20 and 80% of fish is considered as waste by industries,
dependingon the fish species and the type of proregsand elaboration of the
resource. In thisontext the refuse includehead, viscera, skin, bones, and scales
(Fig. 9)(Caldeira et al., 2018As a consequence mmovingthe fillet, thetotal
amount of potein in theresulting meais lowerthat ofFM, but still presergta rich
source of EAA such aslysine 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 fisfuch asherring
andmackere| but valorization of the waste from other species atititributeso

the total FO productigrthoughwith a with lower market value due tieereduced
amount of omega 3 FAs. Fish wagtealso an important source whlueadded
compounds These molecules agematter of intereshot only for the fish feed
industry, but also for the healtklated sectorfor example,cosmetics,the
pharmaceutical industrand medical caréSome exampleare ollagen gelatin,
obtained by thermal denaturation of collagen, &nmshctive peptideswhich
consist in sequensef 2-20 amino acids and possess multiple biological activities,
based on their compositioAnotherimportant molecule extractdtbm shellfish

waste is chitinithe secondnost abundanpolysaccharide in the world, after
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celluloge, and carotenoids, also used in figled as functional ingredient or
additive(al Khawli et al., 2020)

Unit PBMa FMb SBMc

Dry Matter (DM) % as fed 93.7 (2.4i97.4) 92.1(90.094.4) 87.9(85.092.1)

Crude protein % DM 66.1 (51.681.0) 75.6 (70.280.7) 51.4 (48.354.5)
Lysine % protein 4.4 (3.38.2) 6.1(5.57.5) 6.1 (5.716.6)
Methionine % protein 1.4 (1.62.0) 2.2(2.02.6) 1.4(1.21.6)
Methionine + Cigtine % protein T 2.9(2.63.2) 2.9(2.53.3)
Tryptophan % protein 0.5(00.8) 0.8 (0.70.9) 1.3(1.21.4)
Threonine % protein 2.8(1.93.9) 3.1(2.94.3) 3.9(3.54.3)
Leucine % protein 5.0(3.99.7) 5.9(5.27.3) 7.5(6.88.0)
Isoleucine % protein 2.7(1.8/4.7) 3.7(3.34.9) 4.6 (4.35.0)
Valine % protein 3.1(2.25.2) 4.2 (3.94.8) 4.8 (4.35.4)
Histidine % protein 1.9(1.25.6) 1.8(1.71.9) 2.6(2.42.9)
Arginine % protein 5.1(3.28.8) 4.6 (4.06.0) 7.4(6.88.1)
Phenylalanine % protein 2.8 (22i4.0) 5.5(5.26.5) 8.5 (7.19.4)
Ether extract % DM 13.8(6.722.5)  8.1(2.012.0) 2.1(2.02.2)
Crude fibre % DM 1.1(0.52.1) i 6.7 (3.510.1)
Minerals (ash) % DM 15.0(5.129.7) 16.6 (12.023.3) 6.9 (6.87.0)
Calcium % DM 5.1(249.9) 36.3(154783)  3.9(2.36.3)
Phosphorus % DM 2.7 (1.65.0) 25.9 (19.040.4) 6.9 (5.88.6)
Sodium % DM 0.6 (0.51.0) 10.0 (5.914.4) 0.1(0.00.8)
Potassium % DM 0.8(0.41.8) 10.2 (5.914.4) 23.7(21.826.0)
Gross energy MJ/kg 21.2(16.224.9) 21.4(19.623.8) 19.9 (19.820.0)

Table 1. Nutrient compaosition and nutritive value of poultry-psoduct meal (PBM)
comparedo fishmeal (FM) and soybean meal (SBM). Values are reported as mean of
values found in théterature(with minimum and maximum valuegpasco etl., 2018)
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Figure 9. Fish byproducts and main compounds obtained from tkankKhawli et al.,
2020)

1.3.3 Singlecell Ingredients

Anotherinnovative strategy to reduce FM and FO in the diet of farmed fish is to
use microbial feed ingredientsh@se products have gained wider attention in the
last few decades, as their production and ug@ermuman food industry is far

older than application in the aquaculture sedtofact, these alternative sources
have been used since the edr®0s mosty with the purposeof finding anew

way to produce protein, but only if966the name Single Cell Protein (SCiFas

coined to describe the protein content obtained from a biomass compébsed
unicellular organisms, with few rare exceptions. The micraaatces commonly
utilized to produce SCP amicroalgae, yeast and other fungi, and bact&ah

of them possesses unique advantages and challenges (Tab. 2), but generally, the
goal of production is the maximization of cellular growth angmducts yidds,

with an economically and environmentally sustainable approach. Although the
cellular harvest varies, the main advantages in using microbes to produce proteins
over traditioral methodsdlies in their short generation and duplication tsnthe

easy trasformation of the yieldsand the ability and efficiency in use and
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