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GLOSSARY OF SCIENTIFIC ABBREVIATIONS & TERMS

AA: Amino Acids.

ABW: Average Body Weight.

ADC: Apparent Digestibility Coefficient: measure to assess the proportion of nutrients or energy from
the ingested feed that is efficiently absorbed and utilized by the animal.

Animal Welfare: state of an animal, including its physical and mental state.

ANOVA: Analysis of Variance.

Aquaculture: breeding, rearing and harvesting of aquatic organisms.

Bioactive Compounds: components in feed ingredients with health-promoting properties, such as
antioxidants, antimicrobials and anti-inflammatory agents.

Biomarkers: molecular or biochemical indicators used to assess physiological responses in an animal,
including immune function, oxidative stress and intestinal integrity.

BW: Body Weight.

Carbon Footprint: the total amount of greenhouse gases, including methane and carbon dioxide,
that are generated directly or indirectly by human activities.

cat: Catalase: enzyme that catalyses the decomposition of excessive hydrogen peroxide (H,0,),
providing protection to the cell from the oxidative stress caused by reactive oxygen species (ROS).
CF: Crude Fat.

Circular Economy: an economic model of production and consumption, aimed to reduce and recycle
waste, increase the life time of materials and products, promoting sustainability.

cldn12: Claudin 12: protein involved in the structure and function of tight junctions, maintaining
epithelial barrier integrity and selective permeability across various tissues.

CL: Crude Lipid.

CO,: Carbon Dioxide.

cox2: Cyclooxygenase-2: enzyme induced during inflammation that is involved in the production of

prostaglandins.



CP: Crude Protein.

CPI: Crude Phosphorus Intake.

CV: Coefficient of Variation.

dao: D-amino oxidase: enzyme involved in the metabolism of D-amino acids, which generates H,0,, a
ROS involved in several physiological processes including immune response, cell differentiation and
proliferation.

DM: Dry Matter.

DO: Dissolved Oxygen.

EAA: Essential Amino Acids: amino acids (e.g., methionine, lysine, leucine) that cannot be
synthesized by the body and must be obtained from the diet.

efl-a: Elongation Factor 1: protein involved in protein synthesis.

Environmental Footprint: measure to calculate the environmental performance of a product, service
or organization based on a life cycle approach.

Environmental Sustainability: the ability to maintain an ecological balance and conserve the planet’s
natural resources, to support the wellbeing of current and future generations.

EPA: Eicosapentaenoic Acid.

Eutrophication: the enrichment of water bodies with nutrients (e.g., nitrogen and phosphorus), that
may result in excessive algae growth, which can lead to detrimental effects on aquatic systems.
Extensive Aquaculture: aquaculture systems that rely on natural environmental conditions with
minimal human intervention and often with lower stocking densities.

FCR: Feed Conversion Ratio: measure of an animal's efficiency in converting feed mass into body
mass. A reduced FCR indicates more efficient conversion.

FE: Feed Efficiency: measure of how effectively an animal converts feed typically into body weight

gain.



Feed Digestibility: represents the difference between the amount of feed ingested and the amount
of faeces produced. Used to assess how efficiently nutrients or energy from the feed are absorbed
and utilized by aquatic organisms.

Fishmeal: proteinaceous flour feed ingredient made from ground fish or fish by-products.

Fish Oil: feed ingredient rich in fatty acids derived from fish.

Fish Robustness: ability of fish to thrive in adverse environmental conditions and resist stressors,
including stressful environments and diseases.

FPL: Faecal Phosphorus Losses.

GE: Gross Energy.

Greenhouse Gas Emissions (GHG): gases (e.g., carbon dioxide (CO,), methane (CHa4), and nitrous
oxide (N,0)) that trap heat in the atmosphere, contributing to climate change.

gpx: Glutathione Peroxidase: antioxidant enzyme that protects cells from oxidative damage by
catalysing the reduction of excessive H,0,.

Growth Trials: long term experiments to evaluate the effect of experimental feeds on fish
performance and robustness.

gsr: Glutathione Reductase: antioxidant enzyme that catalyses the reduction of glutathione disulfide
(GSSG) into its reduced state (GSH), protecting cells from oxidative stress.

GWP: Global Warming Potential.

hsp70: Heat Shock Protein 70: molecular chaperone and folding catalyst.

HSI: Hepatosomatic Index: the ratio of liver to animal body weight. Can be used to indicate if animal
has received proper nutrition.

IBW: Initial Body Weight.

igm: Immunoglobin: glycoproteins involved in immune response by neutralizing antigens.

il-18: Interleukin-1B: cytokine mainly involved in immune response and inflammation.

Intensive Aquaculture: aquaculture systems that rely heavily on human intervention, often with high

stocking densities, aimed to maximize production.



K: Condition Factor: parameter used to assess the overall health of an animal based on the ratio of
their body weight relative to length. Can be used to indicate if animal has received proper nutrition.
LAP: Land Animal By-product: residual materials (e.g., blood and bone meal) derived from
slaughtered animals that are often not directed for human consumption.

LCA: Life Cycle Assessment: evaluation tool to calculate the environmental impact of products or
services throughout their entire lifecycle.

MPL: Metabolic Phosphorus Losses.

mucl3: Mucin13: glycoprotein involved in protecting and lubricating epithelial surfaces, playing a
role in cellular signalling and maintaining epithelial integrity.

MUFA: Monounsaturated Fatty Acids.

N: Nitrogen.

nrf2: Nuclear Factor Erythroid 2 — Related Factor 2: transcription factor involved in the regulation of
antioxidant response elements.

Nutrient Utilization: the efficiency with which nutrients from feed are converted into biomass by an
animal.

Nutrient Waste: waste products from aquaculture, primarily as nitrogen and phosphorus, that result
from feed digestion and may contribute to environmental pollution.

ocl: Occludin: transmembrane protein involved in the formation and maintenance of tight junctions
between epithelial or endothelial cells.

Organic Aquaculture: a form of aquaculture that adheres to strict organic standards and emphasizes
animal welfare and environmental sustainability, addressing consumers concerns.

P: Phosphorus.

PCA: Principal Component Analysis.

pcna: Proliferating Cell Nuclear Antigen: protein involved in DNA replication and repair.

PER: Protein Efficiency Ratio: measure to evaluate synthesized protein per protein consumed in the

feed.



PPM: Parts Per Million.

PUFA: Polyunsaturated Fatty Acids.

gPCR: Real-time Polymerase Chain Reaction: molecular biology tool used for a rapid determination
and quantification of nucleic acid in various biological samples, with diverse applications such as
gene expression analysis.

RAS: Recirculating Aquaculture System: type of intensive aquaculture system, where water is
continuously filtered and recycled, to provide a constant and controlled environment for the farming
of aquatic organisms.

Resource Utilization: utilization of natural resources (e.g., water, energy).

RGR: Relative Growth Rate: represents the rate of increase in percentage of an animal body weight
per day.

RNA: Ribonucleic Acid.

ROS: Reactive Oxygen Species: molecules derived from oxygen and formed by redox reactions or by
electronic excitation, that can lead to cellular damage.

Nutrient or Energy Retention: efficiency with which nutrients or energy from feed are retained by an
organism.

SCM: Single-Cell Microorganisms: microscopic organisms (e.g., yeast, cyanobacteria, algae) that
consist of a single cell.

SD: Standard Deviation.

Self-Selection Experiments: experiments where the animal is allowed to freely choose between
different experimental feeds to assess their feeding preferences.

SFA: Saturated Fatty Acids.

sod: Superoxide Dismutase: enzyme that catalyses the dismutation of superoxide radicals (O;) into
oxygen and H,0,, being involved in antioxidant defence.

SPSS: Statistical Package for the Social Sciences.



Sustainability: The ability to maintain or improve environmental, economic, and social conditions,
without jeopardizing the ability of future generations to met their own.

TGC: Thermal Growth Coefficient: measure used to assess how the growth rates of an animal
account for its size and variations in environmental temperature.

tgf-8: Transforming Growth Factor B: cytokine involved mainly in growth, cell differentiation, and
immune function.

tjp2: Tight Junction Protein 2: protein involved in the assembly and function of tight junctions in
epithelial and endothelial cells, contributing to maintain barrier integrity.

tnf-a: Tumour Necrosis Factor a: cytokine involved in inflammation and immune system regulation.
Trophic Levels: Classifies the organisms of a food chain on the basis of their feeding behaviour. Low
trophic level species are often primary consumers, while high trophic level species are secondary or
tertiary consumers.

VFI: Voluntary Feed Intake.

VSI: Viscerosomatic Index: measured used to assess the relative size of visceral organs (e.g., liver,
intestine) compared to the body mass of an organism. Can be used to indicate if animal has received
proper nutrition.

WBC: Whole-Body Composition: the proportion of different components (protein, lipids,
phosphorus, energy, ash) that make up an organism's body. Used to assess if feed was properly
utilized and absorbed.

WG: Weight Gain.

WW: Wet Weight.

18S: 18S Ribosomal RNA: component of the ribosome, involved in decoding mRNA and facilitating

the assembly of amino acids into proteins during translation.
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1. Introduction
1.1. Aquaculture- a necessary and expanding industry

1.1.1. The need for novel animal protein sources

The world population is rising and society’s demand for food is constantly increasing, therefore
novel protein sources need to be provided. It has been estimated that in 2050 the human global
population will reach approximately 9.7 billion people (United Nations, 2019). In addition, the
purchasing power of consumers has increased, meaning that the population has recently been able to
shift its diets to incorporate a higher proportion of animal protein (FAO, 2024; Naylor et al., 2021). In
the future, to fulfil the nutritional requirements of society, the world food supply and production will
need to increase by an average of 60% (Hunter et al., 2017). In the past centuries, agriculture was the
main source of protein for human consumption (Edwards et al., 2019). However, in some production
areas, this sector has reached its limit of intensification and faces several setbacks, such as
deterioration of natural resources, negative impacts on biodiversity, overgrazing, as well as concerns
about animal welfare, food safety, quality and security (Hampton et al., 2021). In this sense, seafood
is a potential complementary protein source for the global population
1.1.2. Fish as a source of human nutrition

Seafood represents a healthy source of food worldwide, which has been gaining interest from

consumers. Recently, scientific evidence has been emphasizing that the food each individual chooses
to eat greatly impacts their health, thus a healthy lifestyle has been promoted, which is mainly based
on a varied and fresh diet (Cena and Calder, 2020). One of the items most advertised and encouraged
to be consumed is fish (Faletar et al., 2016). Fish is an easily digestible protein source, with low calories
and cholesterol, that contains most essential micronutrients, amino acids, minerals (e.g., vitamins A
and D, calcium, iodine, zinc, iron) and fatty acids (e.g., long-chain omega-3) (Basto-Silva et al., 2019;
Chen et al., 2022; Tomié et al., 2016). For these reasons, studies have shown that consuming fresh fish
at least twice a week can help prevent several diseases (e.g., obesity, cardiovascular, nervous and liver)

(Chen et al., 2022). This information has been transmitted to consumers, especially from Western
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societies, making them more aware of fish nutritional value (Saidi et al., 2022). Moreover, consumer
eating habits have been changing towards seafood as a result of increased production and availability,
urbanization, rising incomes and demographic changes (e.g., smaller family size) (FAO, 2024;
Quagrainie and Shambach, 2021). Currently, more than three billion individuals around the globe
depend on fish for at least 20% of their animal protein intake (FAO, 2024). Accordingly, aquatic animal
foods supplies 15% of total animal protein and 6% of total protein consumption (FAO, 2024). The
average world aquatic food consumption per capita has been increasing at around 3% per year, was
roughly 9 kg in 1961, rose to 20.7 kg in 2022 and will likely increase to 21.3 in 2032 (FAO, 2024; Figure
1). In this sense, aquaculture — the farming of aquatic organisms - must rise to contribute to food

security and meet worldwide fish demand.
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Figure 1 — Utilization of world fisheries and aquaculture production from 1950 to 2022. Source: FAO,
2022.
1.1.3. The importance of aquaculture
Compared to other food-producing sectors and fisheries, aquaculture is generally an
environmentally friendly and sustainable alternative to obtain animal protein. Although not all farmed
fish outperform terrestrial animal food products when considering different perspectives of

environmental impacts, in general, aquaculture has a lower environmental footprint (e.g., greenhouse
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gas emissions (GHG), carbon footprint) and uses some fewer resources (e.g., energy, feed) (Carballeira
Brafia et al., 2021; Jiang et al., 2022; Naylor et al., 2021). Indeed, when specifically assessing carbon,
fish protein derived from aquaculture, produces relatively less carbon dioxide emissions (4—75 kg CO,
per kg protein) than beef (45—-640 kg CO, per kg protein) or lamb (51-750 kg CO, per kg protein) (Jiang
et al., 2022; MaclLeod et al., 2020; Parker et al., 2018). Since fish are poikilothermic, have a relatively
lighter skeleton and are buoyant, they can save energy, which in turn generally decreases the feed
conversion ratio, meaning that less feed is required for the organisms to increase their body weight
compared with livestock (Chary et al., 2023; Fry et al., 2018). In the past, wild fisheries captured most
of the seafood for human consumption, but this scenario has been changing (Guillen et al., 2019).
Global fisheries decreased by 30% from 2000, and are expected to reach ecological limits in 2037
(Froehlich et al., 2018; Jannathulla et al., 2019; Tacon, 2020). In 2021, only around 62.3% of worldwide
fish stocks were within biologically sustainable levels (FAO, 2024). Moreover, this activity has become
stagnant, having sourced roughly 92.3 million tonnes (Mt) in 2022 and is expected to stabilize at
around 94 million Mt in 2032 (FAQ, 2024). Consequently, this has resulted in aquaculture production
of animal species to surpass for the first time, in 2022, capture fisheries (FAO, 2024; Figure 2). At a
global scale, 57% of the total aquatic food available for human consumption is farmed and has been
predicted to be 60% in 2032 (FAO, 2024). Thus, aquaculture development and global production have

been increasing constantly.

1.1.4. Aquaculture — global growth, status and production

Aquaculture has experienced a remarkable development and growth globally, being a high-volume
food-producing sector of many species. Although its growth rate has been declining, the industry has
been characterised by an annual average growth rate of 5.2%, from 2000 to 2022 (FAO, 2024). Several
factors have been responsible for its development. From a socio-economic and demographic
perspective, the rising demand and increase in purchasing power from the world population was the
main contributor (Sumaila et al., 2022). From a production and supply chain point of view,

enhancement in feed nutrition and disease management, improved fish genetics and hatchery
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protocols, efficient distribution channels, technological intensification and developments, and labour-
saving technology were the main drivers (Ferfolja et al., 2022; Kumar and Engle, 2016). During the
1950s, the annual global production of aquatic animals (without algae) accounted for less than 1
million Mt, while in 2022, that value rose to approximately 94.4 million Mt (USD 296 billion) (FAO,
2024). By far, Asia is the largest producing continent accounting for a global contribution of more than
88%, followed by the Americas (4.6%), Europe (3.7%), Africa (2.5%) and Oceania (0.2%) (FAO, 2024).
China (56%) is the uncontested global main producer, followed by India (11%) and Indonesia (6%) (FAO,
2024). Meanwhile, the EU merely contributed 1.2% of the total farming of aquatic animals, with 1.1
million Mt produced, with Spain, France, Greece and Italy being the main producers (FAO, 2024).
Globally, 59 million Mt of seafood were produced in inland and 35 million Mt from marine systems
(FAQ, 2024). Finfish farming represented 65% (62 million Mt) of the total production of aquatic animals
(FAO, 2024). From this total, more than 70% was from freshwater (carps, barbel and tilapia — mainly
low trophic species) and around 10% of marine species (salmonids, milkfish — high trophic species)
(FAO, 2024). At the EU level, molluscs and crustaceans are the main produced organisms (49%),
followed by marine (34% with salmonids) and freshwater (10%) finfish species (European Court of
Auditors., 2023). The most farmed organisms include mussels, rainbow trout (Oncorhynchus mykiss),
oysters, gilthead seabream (Sparus aurata), European seabass (Dicentrarchus labrax), carps and clams
(EUMOFA, 2022). However, this global expansion has resulted in some environmental and animal

welfare impacts.
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1.2. Environmental sustainability and animal health concerns in aguaculture

1.2.1. Environmental interactions and implications of aquaculture

Aguaculture's interaction with multiple terrestrial and aquatic ecosystems can result in a range
of ecological implications. The adjacent ecosystems provide resources as inputs (e.g., land, water,
energy, feeds) for aquaculture and receive its outputs (e.g., escaped organisms, pathogens,
chemotherapeutics, greenhouse gases, organic and inorganic nutrients) (Chary et al.,, 2023).
Consequently, these interactions may lead to various environmental and biological impacts (e.g.,
introduction of invasive species, alteration of genetic pools, development of antimicrobial resistance,
disease outbreaks, habitat and land modification, use of natural resources, depletion of biodiversity,
water pollution, eutrophication, climate change), which differ between production sites, especially
regarding feeding (fed and unfed), cultivation systems (extensive and intensive), farming technologies
(e.g., Recirculating Aquaculture Systems) and farmed species (high, medium or low trophic levels)
(Ahmed et al., 2020a; Chary et al., 2023; Xie et al., 2013). A recent report using a FEWC (food-energy-
water-carbon) analysis concluded that aquaculture sustainability worldwide has room for
improvement, especially in developing countries (main contributors to global production) where there

is less resource efficiency and larger environmental impacts (Jiang et al., 2022). Seafood farming
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(hatchery and grow-out) and especially feed production have been reported as the stages and
processes of aquaculture that mostly contribute to ecological impacts (Bohnes et al., 2019; Newton
and Little, 2018). Therefore feeding and nutrition are critical variables that could be optimized to

ensure the sustainable development of the industry, however, there are several concerns associated.

1.2.2. Main concerns related to fish nutrition

Feed ingredients play a key role in aquaculture. Approximately 70% of aquaculture production
of animal species relies on fed organisms, with feed being the main production cost (FAO, 2024; Hua
et al.,, 2019). To meet fish nutritional requirements, particular ingredients, such as marine resources
(e.g., fishmeal and fish oil) and mainly plants (e.g., soy), have been commonly used in farmed species’
nutrition (Glencross et al., 2024; Little et al., 2016). Although marine ingredients are more prevalent
in aquafeeds for high-trophic finfish species (e.g., gilthead seabream), they are also routinely
incorporated (inclusion rates of 2-10%) in the diets of low-trophic finfish (e.g., Nile tilapia), which are
globally produced at larger volumes (FAO, 2022a; Glencross et al., 2024; Sarker et al., 2020). Marine
resources and plants are mainly used due to their availability and particularly regarding fishmeal and
oil, due to their nutritional value (balanced amino acid and fatty acid profiles), high palatability,
digestibility and absence of antinutritional factors (Colombo, 2020; Jiang et al., 2022; Little et al., 2016;
Tacon, 2020). However, these ingredients present questionable environmental concerns (Tacon and
Metian, 2015).

Aquafeeds are a major contributor to the carbon footprint and environmental impacts of
aquaculture. Feed ingredients can represent on average around 60-70% of the carbon emissions of
seafood farming, potentially contributing to climate change (MaclLeod et al., 2020). Most studies
suggest that the majority of environmental impacts, probably over 90%, are feed-related (Little et al.,
2018). The production, processing, and supply chain of feed ingredients are the major contributors to
fuel use and greenhouse gases (GHG) emissions (Glencross et al., 2024; Hilborn et al., 2018; MaclLeod
et al., 2020). Among these parameters, the production (e.g., processing, cooking, drying), blending and

transport of feed contributes most to the carbon footprint (60% of GHG emissions) and environmental
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impacts (e.g., energy and freshwater use, terrestrial land occupation, water acidification) (Carballeira
Brafia et al., 2021; MaclLeod et al., 2020; McKuin et al., 2022; Vasquez-Mejia et al., 2023). Indeed,
these impacts have been accounted, although in different proportions, in marine and plant

ingredients.

Although there has been some progress, the sourcing of marine resources for feeds can affect
the economic and social strands of aquaculture, and other food producing activities. Marine
ingredients are primarily derived from wild stocks of small pelagic fish (e.g., anchovy, herring), which
are variable (due to El Nifio) and limited, making these ingredients costly and putting pressure on fish
stocks (Hilmarsdottir et al., 2022, 2021; Malcorps et al., 2019). For example, over the past 12 years,
European fishmeal prices have risen by an average of 67% and fish oil by 181% (EUMOFA., 2023).
Although variations between regions/production sites exist, these ingredients are especially used in
developing countries (e.g., West Africa), particularly during the juvenile stages of high trophic level
species (Boyd et al., 2020; Hilmarsddttir et al., 2021; Little et al., 2016; Naylor et al., 2021; Tacon, 2020).
This not only increases the pressure on fishery resources, but it impacts food security, nutrition and
livelihoods, as catches are turned into fishmeal for export purposes, rather than for human
consumption (FAO, 2022a, 2024). Nevertheless, there has been a reduction in the inclusion of fishmeal
and fish oil in aquafeeds (more than 50%), which are now seen as strategic ingredients (inclusion levels
of less than 10%) and their environmental impacts have been reduced (EUMOFA., 2023; Glencross,
2024 unpublished). This has occurred mainly due to economic reasons, augmented market, social
pressure, as well as reduced and/or stabilization of wild fisheries stocks available for fishmeal and oil
production (EUMOFA., 2023; Olsen and Hasan, 2012; Tacon and Metian, 2015). In the EU, most of
these ingredients are derived from well-regulated wild fish stocks, which are under responsible
management practices, certification schemes and regulatory frameworks (EUMOFA., 2023;
Hilmarsdéttir et al., 2021; Little et al., 2016). In Europe, consumption of fishmeal has declined around
40% from 2009 to 2022 (EUMOFA., 2023). However, globally in 2020, from the more than 20 million
Mt of seafood harvested for non-food purposes from fisheries and aquaculture, 17 million Mt were

9
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used for fishmeal and fish oil (FAO, 2024). Approximately 87% of fishmeal and 74% of fish oil supplies
were used to feed aquaculture species, reducing the supply available for other food producing sectors
(e.g., pig farming, pet food, poultry) (FAO, 2024; Froehlich et al., 2018). Accordingly, plants have been

replacing marine resources in feed formulations, being currently the main ingredients included.

Most aquafeeds contain plant-based ingredients (e.g., soy), however, they also have an
environmental impact associated. Although these ingredients may reduce the pressure on fisheries,
they may shift resource demand from the oceans onto land (Carballeira Braia et al., 2021; Glencross
et al., 2024; Malcorps et al., 2019; Newton and Little, 2018). Plants are already used for direct human
consumption and as feed for land animal production (Lathuilliere et al., 2017; Wilfart et al., 2016).
Moreover, plant production is associated with a high risk of deforestation, biodiversity loss, land use
displacement and non-sustainable resource consumption (e.g., water, and energy) (Lathuilliere et al.,
2017; Wilfart et al., 2016; Zortea et al., 2018). Furthermore, the use of fertilisers, pesticides and fossil
fuels are also a concern (Malcorps et al., 2019; Wan et al., 2019). Plant production has been reported
as contributors to acidification (SO, emissions from agricultural production and transportation),
eutrophication/water pollution (fertilizer use), as well as land and water use (crop production,
fertilizers and processing) (Carballeira Braia et al., 2021; Newton and Little, 2018; Vasquez-Mejia et
al., 2023). For example, to produce 1 ton of palm oil is necessary 19.9 m3of water while for fish 0il 9.0
m? are required (Boissy et al., 2011). Moreover, since soy is mainly produced in countries without
aquaculture production, the crop needs to be exported, which requires transportation with a high
carbon footprint (Malcorps et al., 2019). Imported soybeans for aquafeed are responsible for 75% of
aquaculture GHG emissions estimated between 2.9 and 3.8 kg CO%e kg™ live weight of fish at the farm
gate (Ghosh et al., 2020). Therefore, the impacts on the environment and carbon footprint related with
feed ingredients must be minimized, but also the health of farmed species must be maintained or

improved to cope with farming conditions.
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1.2.3. Increased fish stress and detrimental animal health

In a way to increase production to meet the growing demand for seafood, aquaculture
activities have been intensified, which may affect fish health. In aquaculture, fish are subjected to
several stressors, such as handling and transport (Saraiva et al., 2019). A recent paper studied 41
aquaculture species and determined that under current global farming conditions, most fish face stress
across the production cycle (Saraiva et al., 2019). A stressful environment can result in a physiological
and immunological response from the fish, negatively affecting their wellbeing, as seen in many
species such as blunt snout bream (Megalobrama amblycephala), Amur sturgeon (Acipenser
schrenckii), turbot (Scophthalmus maximus), thick-lipped grey mullet (Chelon labrosus), Nile Tilapia
(Oreochromis niloticus) and gilthead seabream (Sparus aurata) (De las Heras et al., 2015; Ellison et al.,
2018; Holhorea et al., 2023; Liu et al., 2016; Ni et al., 2016; Qi et al., 2016). Fish exposed to acute and
chronic stress will generate excessive reactive oxygen species (ROS) that will induce oxidative stress
and consequently may result in several pathologies, such as cataracts, muscular dystrophy and swim
bladder inflammation (Caxico Vieira et al., 2018; Mohanty and Samanta, 2018). Additionally, stress can
also induce changes in gut permeability, integrity and barrier function, leading to inflammation and
intestinal damage (Lin et al., 2021; Sundh, 2009; Zhang et al., 2020). In stressful situations, fish will
need to use energy to cope with the stressors, consequently decreasing growth performance and
immune system functions (Dara et al., 2023; Lieke et al., 2020). Accordingly, consumers have been

advocating for improved fish health.

1.3. A change towards increasing aquafeeds sustainability

1.3.1. The crucial role of the consumer

Seafood consumers’ are more knowledgeable about aquaculture, which should not be ignored
by the sector. Consumers are becoming more aware about the origin of seafood, food safety, as well
as farming conditions, animal welfare, resource utilization, aquafeed production, carbon footprint,

climate change and environmental intervention of aquaculture (Feucht and Zander, 2015; Lopez-Mas
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et al., 2021; Reig et al., 2019; Zander et al., 2018). Consequently, consumers have been criticising
several issues of aquaculture especially the environmental and carbon footprint of aquafeeds and the
farming and health conditions of farmed species (Cao et al.,, 2013; Regueiro et al., 2022). These
criticisms create a negative perception and scepticism about aquaculture, which hampers the
expansion of the sector (Carrasson et al., 2021; Feucht and Zander, 2017; Regueiro et al., 2022). This
is particularly crucial because consumers' purchasing decisions often hinge on whether food
production practices align with their preferences and demands (Campbell et al., 2022). Accordingly,
although better communication and transparency from the industry to the consumer must occur to
better disclose benefits and improve its social acceptance, the sector itself must keep developing while
taking more into account its environmental footprint, farming standards and social perception (Ahmed
et al., 2020a; Gould et al., 2019; Mente et al., 2011). To align with societal demands, there has been a
strong push towards feed concepts within circularity and organic frameworks.
1.3.2. Circular economy-driven and organic principles

Circular economy-driven principles have the potential to reduce some of the environmental
concerns of aquaculture. These practices create a closed-loop system and can be used to valorise and
recycle wastes or side streams, reduce the pressure on natural resources and improve resource and
nutrient efficiency/management (Campbell et al., 2022; Chary et al., 2023; Regueiro et al., 2022;
Roberts et al., 2015). For example, by-products from agriculture and fisheries could be used as feed
ingredients (Newton et al., 2014; Sandstrém et al., 2022). Using circular economy-driven ingredients
in aquafeeds could allow aquaculture and wider food systems to solve waste management issues,
minimize the need for raw material inputs and meet the requirements of sustainable ingredients for
animal farming (Campanati et al., 2022; Chary et al., 2023; Regueiro et al., 2022; Figure 3). Besides
circularity, organic practices may also potentially benefit the environment and the health of farmed

organisms.
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The circular economy model:
less raw material, less waste, fewer emissions
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Figure 3 — Infographic explaining the circular economy model. Source: European Parliament
Research Service.

Organic aquaculture, being derived from organic agriculture and its principles, aims to address
the ethical, environmental and food safety concerns of consumers. Organic aquaculture is
characterized by a vast range of strict standards, along the entire production chain, most of them based
and defined on EU regulations (EC, 2004, 2007, 2008, 2009, 2016; EEC, 1991; EU, 2017, 2018). If the
standards are fulfilled, the farming operation guarantees a certificate, such as the EU organic logo
(Euro-leaf; Figure 4), which assures the consumer the good governance and benefits of the product
(Ahmed et al., 2020a; Bergleiter and Meisch, 2015; EC, 2007; Gould et al., 2019). Consequently, this
transparency builds consumer trust and confidence in the quality and integrity of organic aquaculture
products (Bergleiter et al., 2009; EC, 2007; Ferfolja et al., 2022; Glebova et al., 2019). Some of the main
differences between conventional and organic farming include: lower stocking densities (in most of
the species); no use of artificial fertilizers, pesticides, antibiotics and chemotherapeutics; feed must be
composed of at least 95% of organic, natural and sustainable ingredients (Busacca and Lembo, 2019;
EC, 2007, 2008, 2009; EUMOFA, 2022; Gambelli et al., 2019). All these conditions are expected to solve
some of the environmental and farming challenges faced by conventional aquaculture, such as

improving water quality, animal welfare and reducing some of the feed environmental impacts (Gould
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et al., 2019; Lembo et al., 2018; Prein et al., 2012; Prins et al., 2015). Given the potential benefits of

organic and circular economy principles, they have been mainly promoted at the European level.
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Figure 4 — European Union organic logo (Euro-leaf). Source: EC, 2007.

The EU has prioritized and recognized the need for an environmentally sustainable and animal
welfare-friendly aquaculture development, with a specific focus on circularity and organic approaches
(Campbell et al., 2022; EC, 2019, 2020a). The European Commission introduced several Strategic
Guidelines and actions for a sustainable development of aquaculture and other food-producing
sectors, including the European Green Deal (December 2019), Circular Economy Action Plan (March
2020), OrganicTargets4EU (September 2022 - 2026), as well as the Farm to Fork (May 2020),
Biodiversity (May 2020) and the Blue Farming strategies (May 2021) (EC, 2019, 2020a, 2020c, 2020b,
2021a; EU, 2022). Several policies and regulations have also been implemented at distinct institutional
levels, focusing on environmental, natural resources and biodiversity protection, waste, animal health
and welfare, protection of consumers’ interest and fair practices in the trade of food and feed (Soininen
et al., 2021). In addition, sustainability is becoming a core part of the commercial sector, with many
companies setting up specific environmental sustainability programs and reporting mechanisms to
demonstrate their commitment and setting targets (IFFO, 2024, unpublished). Therefore, companies
have been using a Life Cycle Assessment (LCA) to provide evidence and a comprehensive

understanding of the ecological impacts of their novel feeds (Cao et al., 2013; Philis et al., 2019).
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1.3.3. Life Cycle Assessment (LCA)

A Life Cycle Assessment (LCA) is a well-known complex analytical tool crucial for evaluating and
comparing the environmental footprints throughout the aquaculture supply/value chain, making it an
indispensable guide for decision-making and policy formulation (ISO, 2006; Philis et al., 2019). The LCA
works on the basis of collecting data associated with inputs (resource use)/outputs (emissions),
designated material flows and environmental costs from cradle to grave (Avadi et al., 2015; Ellingsen
and Aanondsen, 2006; Glencross et al., 2024; Smarason et al., 2017). This method can provide critical
information and insights about which processes and areas can be better managed to enhance
environmental performance (Philis et al., 2019). It is often the preferred accounting tool to address
environmental effects assignable to products and services, due to its holistic approach, preventing the
issue of unforeseen consequences in certain situations (Ayer and Tyedmers, 2009). In aquaculture, a
LCA most commonly evaluates the indices of global warming potential (GWP), acidification potential
(AP), eutrophication potential (EP), as well as land, water and energy use (Bohnes et al., 2019). The
GWP is particularly relevant nowadays, given that it has been considered to be the most frightful
aspect of climate change, attributed to the emissions of carbon or greenhouse gases (e.g., CO>), being
currently one of the main hot-topics discussed and considered by society (Delistavrou et al., 2023). For
all these reasons, LCAs can address if feed formulations, particularly those based on organic or
circularity principles, could bring environmental benefits, especially when such feeds incorporate

alternative ingredients.

1.4. Alternative feed ingredients: Research on their effects on fish

1.4.1. Alternative ingredients and their advantages in fish nutrition

The future of aquaculture hinges on incorporating alternative ingredients in its feeds, to mainly
replace marine resources and soy, addressing some of the current aquaculture challenges (Ghamkhar
and Hicks, 2020; Verdegem et al., 2023). The search for feasible alternatives has been one of the main

focus of research since the beginning of the century, especially since there is a high margin for an
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increase in their incorporation levels in aquafeeds (Aragdo et al., 2022). Indeed, different regions
around the world have adapted to include more alternative ingredients with differing levels of success
due to farmed species and available technology (IFFO, 2024, unpublished). Some of the alternative
ingredients include non-traditional plant meals (e.g., sunflower, quinoa, rapeseed, lupins), land animal
by-products (LAPs; e.g., blood-, feather- and poultry meals), seafood by-products (e.g., fish protein
hydrolysates, salmon oil), insect meals (e.g., black soldier fly, Hermetia illucens or meal worm, Tenebrio
molitor) and single-cell microorganisms (SCMs; e.g., bacteria, cyanobacteria, microalgae and yeast)

(Figure 5).

The latest data showed that more than 3.1 billion Mt of crops are produced globally per year, from
which around 965 million Mt were farmed in the EU, thus being widely available (OECD, 2024).
Moreover, the infrastructure and systems for large-scale production and processing of plants are
already well-established (Glencross et al.,, 2024). To improve the use of such ingredients, non-
traditional plant species, ideally that are not used in other food/feed producing sectors, could be

included in aquafeeds.

LAPs are produced as a direct consequence of terrestrial animal production and the associated
meat processing industries (Woodgate et al., 2022). Most LAPs are rendered and originate from lamb,
cattle, pig and chicken, representing 17-35% of the edible live animal weight (Marti et al., 2012). In the
US and EU alone, more than 40 million tonnes of LAPs are unsuitable for human consumption and are
produced yearly, meaning that they are consistently available (Toldra et al., 2016). These low cost
resources make more efficient use of the entire animal carcass and may aid the agricultural and
livestock industries in reducing, reutilising and regenerating their waste and nutrients (Sandstrom et
al.,, 2022; Woodgate et al.,, 2022). After recent legislations and regulations, following the bovine
spongiform encephalopathy outbreak, the use of LAPs in the EU has increased which paved the way

for their wider implementation (EC, 2001, 2005, 2013a, 2017a, 2021b).
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In 2011, FAO estimated that in fisheries and aquaculture, up to 35% of production (around 60
million Mt) was either lost or wasted (including by-products) every year (FAO, 2011). In the EU,
5.2 thousand Mt/year of seafood by-products (trimmings, offal, by-catch) are generated (Boissy et al.,
2011; Lopes et al., 2015; Zhan et al., 2022). Up to 70% of processed fish leftovers (head, fins, scales,
skin, bones, blood and viscera) for human consumption or from unintentionally caught species can be
converted into by-products for aquafeeds (FAO, 2024; Stevens et al., 2018). In turn, this reduces waste
loss, while increasing the value of these products, decreasing economic losses (FAO, 2024; Stevens et
al., 2018). Accordingly, the EU has been promoting and highlighting the importance of valuing marine
co-products with several initiatives, such as the Landing Obligation, to reach “zero-waste” and “no

discards” policies (EC, 2013b; Gasco et al., 2020).

The recent authorization of insect meals in aquafeeds and high consumer acceptance have allowed
these ingredients to be potential candidates for aquafeeds (EC, 2017b; Hua et al., 2019; IPIFF, 2018;
Liland et al., 2021; Makkar et al., 2014). In addition, although the European production of insects
remains low with around 5000 tons produced, it is expected to increase greatly at a growth of
24.4%/year, to at least 1 million Mt produced in 2030 (Gasco et al., 2020; IPIFF, 2018). Insects have
shorter production and life cycles, higher fecundity, can be produced intensively and generally require
fewer natural resources (e.g., arable land, food and water) than other ingredients (Cadinu et al., 2020).
Moreover, they do not enter direct competition for feed with other livestock and can be reared on a
variety of low value side streams, such as by-products and organic waste generated from food systems
(e.g., industry, livestock, crops), efficiently bio-converting by-products and waste into valuable
products (Colombo et al., 2022; Gasco et al., 2020; Hameed et al., 2022; Lu and Serajuddin, 2020;

Sandstrom et al., 2022).

SCMs are a bulk of dried cells mainly produced through fermentation, but also through
photosynthesis (Sharif et al., 2021). These ingredients can rapidly grow due to their short doubling

time (algae and protists, 2—6 h; bacteria and yeasts, 0.33-2 h) (Adarme-Vega et al., 2012; Baji¢ et al.,
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2022; Matassa et al., 2020; Spalvins et al., 2018). SCMs can be intensively produced year-round and its
cultivation systems are amenable to a high degree of automation (Gupta et al., 2022; Sharif et al.,
2021). Additionally, SCMs can be produced using waste thermal energy and a wide range of substrates,
such as recycled nutrient rich waters, derived from industrial waste streams, gasses and by-products
(e.g., municipal waste waters, terrestrial food/feed discards, seafood processing wastes), increasing
the utilisation of raw materials and resource efficiency (Campanati et al., 2022; Colombo et al., 2022;

Gupta et al., 2022).

Despite there are some differences among the alternative ingredients, generally they have a
valuable nutritional profile and may be enriched with functional compounds. Alternative ingredients
can be rich in protein, have balanced amino acid profiles and essential vitamins (Ansari et al., 2021;
Aragdo et al., 2022; Hossain et al., 2024; Little et al., 2016; Turchini et al., 2009). Moreover, some of
the ingredients may contain bioactive components (e.g., carotenoids, vitamins, flavonoids, phytosterol
and polyphenolic compounds), which possess antimicrobial, antioxidant and/or anti-inflammatory
properties (Balakrishnan and Schneider, 2022; Nowak et al., 2016). Nevertheless, the biochemical
composition, digestibility and effects of novel feed formulations with alternative ingredients on fish

must be thoroughly investigated through growth and self-selection experiments.
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Figure 5 — Alternative feed ingredients (quinoa, rendered animal by-products, fish leftovers, black
soldier fly, spirulina). Source: Unsplash.
1.4.2. Classical growth and self-selection experiments for the development of novel aquafeeds
The outcomes of using alternative ingredients in aquafeeds on fish growth, health, utilization
and feed digestibility are often addressed using growth trials (Figure 6). Growth rates directly impact
aquaculture productivity and profitability. Evaluating the health of fish can be used to identify any
adverse effects of the feeds on the immune system or overall well-being (Ciji and Akhtar, 2021; Wang
et al., 2023). The intestine and liver have vital physiological functions such as digestion and nutrient
absorption, being also the main targets of distinct feed formulations (Aragdo et al., 2020, 2022). Thus,
it is important to address if the alternative formulations induce consequences on both tissues. Feed
utilization and digestibility contribute to fish growth, optimal health and the nutritional quality of the
final product (Kokou and Fountoulaki, 2018; Munguti et al., 2020; Teodésio et al., 2020, 2022). The
impacts of alternative ingredients on fish performance and robustness have been assessed by many
authors (Aragdo et al., 2020; Estévez and Vasilaki, 2023; Naya-Catala et al., 2021; Pérez-Pascual et al.,
2020; Petereit et al., 2022; Tefal et al., 2023a; Vale Pereira et al., 2023). Nevertheless, the screening
of potential alternative ingredients could also be tested using less commonly used self-selection

experiments.
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Figure 6 — Classical growth trial where fish can be fed only one diet.

Self-selection trials could be used to complement growth experiments, particularly to address
feed preferences. Fish possess "nutritional wisdom," enabling them to selectively choose and regulate
the intake of feeds according to their nutritional needs (Katz, 1937; Raubenheimer and Simpson, 1997;
White et al., 2000). Fish dietary choices are governed by a set of mechanisms associated with
physiological, behaviour and learning processes (Comesafia et al., 2020; Fortes-Silva et al., 2016;
Otero-Rodino et al., 2016; Richter, 1943; Simpson and Raubenheimer, 2001). Since in self-selection
experiments fish have at their disposal several feeds (Figure 7), such methodology could be used to
allow fish to freely and voluntarily choose their preferred diet while taking into account mainly fish
feeding behaviour and learning processes (Fortes-Silva et al., 2016). This methodology can be
particularly useful for investigating the acceptance/rejection of ingredients, detecting dietary
unbalances (e.g., amino acid deficiencies) and addressing dietary preferences based on the feed intake

(Costa et al., 2022; Fortes-Silva et al., 2016).
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Figure 7 — Self-feeding trial where fish can “choose” which type of diet to feed on. In this example,

three distinct feeds are offered per tank, using three self-feeders.
1.4.3. Feed intake regulation

Given its crucial aspect for aquaculture production, feed intake of novel feeds should be

addressed, as it is regulated through complex pathways and affected by several feed-related variables.
Feed intake can directly influence fish performance, health, nutrient waste and overall farm
profitability (Assan et al., 2021; Jobling et al., 2012; Sun et al., 2016). The regulation of feed intake and
feeding behaviour is a complex process, driven by two complementary mechanisms: the homeostatic
and hedonic pathways (Volkoff, 2019). The homeostatic pathway operates on the basis of physiological
needs, with the hypothalamus playing a central role in receiving, integrating, and transmitting internal
and external signals related to energy balance and feed intake (Bertucci et al., 2019; Delgado Saavedra
et al.,, 2017). Orexigenic signals (e.g., neuropeptide Y (NPY) and agouti-related peptide (AgRP))
stimulate feeding, while anorexigenic signals (e.g., pro-opiomelanocortin (POMC) and cocaine- and
amphetamine-regulated transcript (CART)) suppress it (Kulczykowska and Sanchez Vazquez, 2010). The

hedonic pathway operates based on sensory perception and pleasure, related to the brain's reward
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system, and leads to a feeding behaviour based on previously learned experiences, independent of the
energy requirements (Rossi and Stuber, 2018). This pathway involves monoamine neurotransmitters
(e.g., dopamine, noradrenaline), opioids (e.g., beta-endorphin), and endocannabinoids (e.g.,
anandamide) (Bojanowska and Ciosek, 2016). Feed intake is influenced by various factors, including
nutritional composition and feed palatability (Fortes-Silva et al., 2016; Jobling et al., 2012; Peng et al.,
2016). Fish have evolved sophisticated sensing mechanisms to address feed biochemical composition,
particularly amino acid availability and detect feeds with inadequate nutritional profiles or with
deficiencies in specific amino acids (Calo et al., 2021; Forbes, 2001; Fortes-Silva et al., 2016). This is of
high relevancy given the critical role of amino acids in energy metabolism and growth, as an
imbalanced amino acid profile can impair protein synthesis, resulting in excessive amino acid
catabolism, augmenting nitrogen outputs to the environment (Teoddsio et al., 2020, 2022). Feed
palatability is particularly relevant to identify if the alternative ingredients manufacturing process or
inclusion levels were above a certain threshold tolerable for the fish, which could have affected the
orosensory properties (e.g., taste, texture, smell) (Glencross, 2020; Jiang et al., 2022; Lamb, 2001;
Morais, 2017; Pérez-Pascual et al., 2020). Therefore, given that each feed formulation is unique and
since their effects on fish depend on the rearing conditions, fish developmental stage and species,
feeds need to be tested on a case-by-case basis, which is particularly relevant when considering two
commercially relevant aquaculture species — freshwater, Nile tilapia — Oreochromis niloticus and

marine, gilthead seabream — Sparus aurata.

1.5. Aquaculture and nutrition of model species

Nile tilapia and gilthead seabream were chosen as model species in this PhD Thesis. Both species
make significant contributions to global (tilapia) and European (seabream) aquaculture. Additionally,
given their distinct natural environmental conditions (freshwater and marine) and trophic roles (low
and high trophic levels), they have different nutritional requirements and physiological characteristics.
These differences allow the effects of novel feed formulations to be tested across two diverse
scenarios.
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1.5.1. Nile Tilapia (Oreochromis niloticus)

Nile Tilapia (Figure 8) is one of the most robust and main farmed species globally, with its
production being fundamental for many livelihoods. The warm freshwater cichlid is indigenous to
eastern, central and western Africa and at least one coastal river in the Middle East (McAndrew and
Beveridge, 2000; Philippart and Ruwet, 1982; Trewavas, 1983). Nile tilapia is highly adapted to tropical,
subtropical and temperate environments, being tolerant to a wide range of environmental conditions
(temperature, salinity, pH, dissolved oxygen) (El-Sayed and Fitzsimmons, 2023). Moreover, tilapia is
characterized by several cultivation advantages, such as high growth rates, stress and disease
resistance, robustness to handling procedures, early sexual maturation, high prolificacy, short
generation time, trophic plasticity and great acceptance of feeds (Assefa, 2015; El-Sayed, 2019a; Pullin
and Capili, 1988). For all these reasons, they have been introduced in several other regions of the
globe, especially in Southeast Asia and the Americas, mainly for fisheries and aquaculture
enhancement (El-Sayed and Fitzsimmons, 2023). Globally, Nile tilapia is the third most farmed
freshwater fish species in aquaculture, accounting for roughly 10% of total finfish production
corresponding to around 5 million metric tonnes farmed (FAO, 2024). More than 100 countries are
producing this species, from which China and Indonesia (Asia), Egypt (Africa) and Brazil (South
America) are the main producers (FAO, 2022a). Traditionally, tilapia was farmed in extensive and semi-
intensive systems in Egypt since 4000 BC (El-Sayed and Fitzsimmons, 2023). Currently, due to advances
in culture systems, nutrition and market demand, intensive farming is often more used using ponds,
raceways, tanks, recirculating aquaculture systems (RAS) and cages (El-Sayed, 2006; El-Sayed and
Fitzsimmons, 2023). In Africa, it is often the most important food-fish in inland aquaculture production
(FAO, 2020). Furthermore, in the developing and least developed countries, tilapia is an affordable
protein source and has played a significant role in rural development and poverty alleviation,
addressing food security (El-Sayed, 2019a; El-Sayed and Fitzsimmons, 2023). In general, to achieve
optimum growth, commercial feeds used for tilapia farming have crude protein (CP) and crude fat (CF)

contents that range from 25% to 45% and 5 to 15%, respectively (Abdel-Ghany et al., 2021; Sayed,
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2018). In 2017, aquafeeds for the farming of tilapia represented 17.9% of the total aquafeed
production, with most feeds having low (<10%) or no inclusion of marine resources (Boyd et al., 2020;
Sarker et al., 2020; Teodésio et al., 2020). When screening for alternative ingredients for tilapia
farming, one must consider their environmental integration and costs given the important role of
tilapia as a food source and rural development in the communities (El-Sayed and Fitzsimmons, 2023).
Therefore, the identification of environmentally-friendly and affordable feed ingredients would
improve the long-term sustainability of tilapia culture, concerning resource utilisation and lowering
feeding costs (Mmanda et al., 2020). Although it does not have the same role globally, gilthead

seabream is particularly relevant in Southern Europe.

Figure 8 — Nile tilapia (Oreochromis niloticus). Source: Kee Sau Suan.
1.5.2. Gilthead seabream (Sparus aurata)

Gilthead seabream (Figure 9) farming is well-established and the species is fundamental for the
Mediterranean (aqua)culture. The marine subtropical fish inhabits the warm coastal waters of the
Black and Mediterranean seas, as well as the North and Eastern Atlantic Ocean (Mhalhel et al., 2023).
Its a species with fast growth, high robustness and plasticity, able to resist diet changes and microbial
outbreaks (Mhalhel et al., 2023). Additionally, gilthead seabream presents high survival, reproductive
success and a reliable supply of juveniles (Manchado et al., 2016). In the Mediterranean, intensive
gilthead seabream production began in the early 1980s mainly after improving reproduction
techniques (e.g., using light control), disease prevention and knowledge regarding larval rearing
conditions and nutritional requirements (Laird, 2001; Moretti et al., 1999). Gilthead seabream farming
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sector is currently one of the main Mediterranean aquaculture species, with an annual global
production of approximately 280 thousand metric tonnes (FAO, 2022a). The leading six producers
worldwide are Turkey, Greece, Egypt, Tunisia, Spain and Italy (EUMOFA, 2023). Currently, the species
is part of the gastronomic culture and seafood economy of Mediterranean countries (Pérez-Lloréns et
al., 2021). Although extensive and semi-intensive production in coastal lagoons and earthen ponds
occurs, most of the production is in intensive systems using sea cages, land-based tanks or RAS
(Sanches-Fernandes et al., 2022). Given its feeding habits and physiology, the species require a high
inclusion of dietary crude protein and fat in the diets (Wilson, 1991). The CP content in seabream feeds
can range from 40% to 55%, while CF between 15% and 25% (Makled et al., 2017). Moreover, its feeds
rely on traditional sources, especially on a high inclusion of marine resources, thus it can be challenging
to incorporate higher percentages of alternative ingredients, although there is more room for

improvement (Aragdo et al., 2020; Estruch et al., 2018).

Figure 9 — Gilthead seabream (Sparus aurata). Source: Unknown.
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Objectives
2. ObjeCﬁveSThis PhD Thesis aims to develop a set of circular economy-driven (eco-efficient) or

organic frameworks fish feeds, aligned with societal demands, that include non-traditional plants
(e.g., sunflower, quinoa, rapeseed, lupins), land animal by-products (e.g., blood-, feather- and poultry
meals), seafood by-products (e.g., fish protein concentrate, salmon oil), insect meals (e.g., black
soldier fly, Hermetia illucens or meal worm, Tenebrio molitor) and single-cell microorganisms (e.g.,
bacteria, cyanobacteria, microalgae and yeast). Furthermore, the global warming potential, as well as
the acceptance and effects (e.g., on feed intake, performance, gut health, immune condition and
oxidative status) of these innovative feeds was investigated, using two commercially relevant
aquaculture species, Nile tilapia (Oreochromis niloticus) and gilthead seabream (Sparus aurata). For

this purpose, the following specific goals were pursued (Figure 10):

1) Formulate a new generation of organic or eco-efficient fish feeds that align with societal
concerns, concomitant with reducing the use of traditional feed ingredients (e.g., marine resources

and soy) (Chapters I, Il and III).

2) Investigate Nile tilapia and gilthead seabream feeding behaviour and feed preferences for the
new generation of organic or eco-efficient feeds using the self-selection methodology (demand-

feeders) (Chapter I).

3) Assess the digestibility of such novel diets and the effects on key performance indicators (e.g.,
weight gain, feed conversion ratio, feed intake), fish robustness (e.g., gut health, immune condition
and oxidative status) and feed utilization (whole-body composition, retention) in juvenile Nile tilapia

and gilthead seabream, through long-term experimental studies (Chapters Il and Iil).

4) Evaluate the global warming potential (GWP) of the novel feeds through an LCA with economic

allocation (Chapter Ill).

This PhD Thesis has been accomplished with the support of an Industrial ITN (EASYTRAIN) with

the major supervision of an industrial partner (SPAROS), which ensured the direct application of the
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results. The findings of this research will provide a comprehensive evaluation of the acceptance, effects
and environmental impacts of socially-acceptable aquafeeds. Overall, this PhD Thesis will shed light on

aquaculture fish’ nutrition, fish feeding behaviour, physiology, health and feeds carbon footprint.
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Figure 10 - Schematic overview of the thesis objectives and experimental chapters.
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ABSTRACT

Classical assessments of new fish feeds are anthropocentric, focusing mainly on growth.
Although this methodology is accurate, it does not consider the fish’ perspective. This study aimed to
investigate the behavioural responses and feed preferences of Nile tilapia - Oreochromis niloticus and
gilthead seabream - Sparus aurata, through a self-selection trial using self-feeders. Both species were
offered three feeds: a control (PD) commercial-like feed and two diets (ORG1 and ORG2) formulated
with different inclusions of alternative ingredients to address some of the current environmental
concerns and/or ethical issues often associated with commercial formulations. Three groups of tilapia
with an average weight of 163.0 g + 4.3 g (mean % SD) and four groups of seabreams with 174.7 g +
27.0 g were tested. Tilapia exhibited a preference for ORG2 (46.5%), influenced by the sensory
properties of the feed and post-ingestion signals. Seabream did not show a preference for any feed.
These findings highlight the effectiveness of self-selection experiments in allowing fish to express their
feeding behaviour and preferences. Therefore, this approach should be considered in the initial
screening and design of new aquaculture feeds and ingredients.
Keywords: Animal Behaviour; Fish Physiology; Self-selection; Alternative Feeds; Nile tilapia; Gilthead

seabream.
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INTRODUCTION

In the wild, since no single feed supplies all essential nutrients, most fish show dietary
selection and pick up different items to create a complete and balanced diet according to their
physiological needs to survive (Huntingford, 2020). Fish are able to select and regulate the intake of
macronutrients and energy through a process known as “nutritional wisdom” (Luz et al., 2018;
Raubenheimer and Simpson, 1997; Simpson and Raubenheimer, 2001). In order to restore the
metabolic balance as a result of a nutritional challenge, “specific hungers” have the ability to sense
and ingest particular nutrients and/or substances in diets (White et al., 2000). Therefore, fish select
their feed based on a series of complex regulatory mechanisms, associated with physiological,
learning, and behavioural processes, involving hormonal and neural activities in the brain,
gastrointestinal tract and liver (Comesafia et al., 2020; Forbes, 2001; Fortes-Silva et al., 2016; Otero-
Rodino et al.,, 2016; Richter, 1943; Simpson and Raubenheimer, 2001). Accordingly, fish feeding
behaviour is a relevant characteristic that should be considered when farming aquaculture species.

Aquaculture plays a major role in society by providing to the growing world population a vital
source of animal protein, however its development can be hampered by its feeds (FAO, 2022a).
Although aquafeeds have been commonly based on marine (e.g., fishmeal and fish oil) and plant-based
sources (e.g., soy), these ingredients often encompass questionable environmental implications (e.g.,
resource consumption, global warming) that concern consumers (Hilmarsdéttir et al., 2022; Little et
al., 2016). The inclusion rates of these ingredients have dropped considerably over the past years and
varying degrees of success in reducing their environmental impacts have been achieved (Colombo et
al., 2022; Glencross et al., 2024; Little et al., 2016). Nevertheless, research has focused on finding more
alternative ingredients (e.g., single-cell microorganisms - bacteria, cyanobacteria, microalgae and
yeast- and non-traditional plant meals - sunflower, quinoa, rapeseed, lupins) that could address
societal demands and potentially reduce some of the negative environmental impacts of the sector
(Glencross et al., 2024; Hilmarsdéttir et al., 2022; Newton et al., 2023). Therefore, when developing

feeds with alternative ingredients, it is necessary to address their effects on fish.
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The classic approach to investigate the effects of new diets occurs through growth experiments
mainly based on physiological mechanisms, however solely this method might not totally reveal the
full picture (Roy et al., 2020). Although this methodology is accurate and have yielded considerable
knowledge on animal production, it has several disadvantages (e.g., time-consuming, expensive) and
does not consider fish preferences (Brannas and Strand, 2015; Filho et al., 2018; Fortes-Silva et al.,
2016). Conversely, self-selection methods allow fish to freely and voluntarily accept the given diet,
while taking into account fish feeding behaviour and learning processes (Fortes-Silva et al., 2016).
Furthermore, this methodology allows fish to choose which feeds better suits their nutritional and
energetic needs (Fortes-Silva et al., 2016). Additionally, it can also be used to investigate the detection
and acceptance/rejection of feed additives, toxic substances and antinutritional factors (e.g., as phytic
acid and phytate) (Costa et al., 2022; Fortes-Silva et al., 2016). Therefore, to provide a more complete
perspective on the potential of novel diets, growth experiments could be complemented with self-

selection methods.

Self-feeders have proven to be useful to investigate fish feed intake regulation and dietary
preferences. This methodology allows fish to evaluate and sense the organoleptic properties (e.g.,
taste, texture, smell), nutritional and ingredient composition of the feeds (Filho et al., 2018; Fortes-
Silva et al., 2016; Raubenheimer et al., 2012). Self-feeders have been used and validated for Nile tilapia
(Oreochromis niloticus) and gilthead seabream (Sparus aurata), but also for several other species, such
as goldfish (Carassius auratus), sharpsnout seabream (Diplodus puntazzo) and rainbow trout
(Oncorhynchus mykiss) (Atienza et al., 2004; Fortes-Silva and Sanchez-Vazquez, 2012; Montoya et al.,
2012; Pratiwy and Kohbara, 2018; Puchol et al., 2022; Sanchez-Vazquez et al., 1998; Yamamoto et al.,
2001). However, knowledge about fish behaviour and its controls have not yet been totally understood
and should be further explored, especially when considering the initial screening and design of
potential new aquaculture feeds (Fortes-Silva et al., 2012; Pratiwy and Kohbara, 2018; Puchol et al.,

2022).
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The present work aimed to investigate the acceptability, behavioural response, feed intake
regulation and dietary preferences of two commercially important fish species - freshwater (Nile
tilapia) and marine (gilthead seabream) — using self-feeders, to test the acceptance of non-
conventional diets.

MATERIALS AND METHODS

Formulation and analysis of the diets

Three experimental diets (PD, ORG1 and ORG2; pellet size: 4mm) for each species (Nile tilapia
and gilthead seabream) were formulated and produced by SPAROS Lda (Olhao, Portugal). A control
diet (PD) was formulated to mimic current commercial feeds. The remaining two diets (ORG1 and
ORG2) were formulated to include alternative non-traditional ingredients (e.g., single-cell
microorganisms, sunflower, quinoa, rapeseed, lupins) to address some of the current environmental
concerns and/or ethical issues often associated with ingredients present in traditional commercial
formulations. The ingredient selection (Tables 1 and 2) was chosen based within an organic framework
(ingredients that can be found on the market as organic), on market availability and nutritional
composition. The inclusion levels were adjusted for each species, according to existing knowledge on
tolerance to different ingredients as well as their nutritional and especially amino acid requirements,
without compromising fish growth, development, and welfare. Initially, a pilot-scale twin-screw
extruder (CLEXTRAL BC45, France) equipped with a screw diameter of 55.5 mm was used to
manufacture the feeds. A temperature range of 105-110 °C was used for the extrusion process. All
batches of extruded feeds were dried in a convection oven (OP 750-UF, LTE Scientifics, United
Kingdom).

Feed samples were grounded and analysed for dry matter (105 °C for 24 h), gross energy in an
adiabatic bomb calorimeter (Werke C2000, IKA, Germany), crude protein by the Kjeldahl method
(automatic flash combustion; Leco FP-528, Leco, St. Joseph, USA) (N x 6.25%), lipid content by diethyl
ether extraction (Soxtherm Multistat/SX PC, Gerhardt, K&nigswinter, Germany; 150 °C) and ash by

heating in a muffle furnace (Nabertherm L9/11/B170, Germany) at 450 °C for 24 h. All diets were
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formulated to be isonitrogenous (crude protein of ~ 33.8% and 41.7% as fed, for tilapia and seabream,
respectively) and isoenergetic (gross energy of ~ 18.9 kl/g and 22.2 kJ/ as fed, for tilapia and seabream,

respectively) (Tables 1 and 2).

The total amino acid content of the experimental feeds was determined through a series of
analytical procedures. Initially, samples underwent hydrolysis in aqueous hydrochloric acid. For
cysteine, cystine, and methionine, prior oxidation with hydrogen peroxide and formic acid at cold
temperature was performed. Following this, sample pH adjustment, volume adjustment with loading
buffer, and filtration were carried out. Amino acid separation occurred using an amino acid analyzer,
with detection facilitated through post-column derivatization with ninhydrin reagent and
measurement at wavelengths of 440 nm and 570 nm. Tryptophan quantification involved high-
performance liquid chromatography (HPLC), with preliminary exposure to alkaline hydrolysis.
Separation on AAA occurred via a sodium cation exchange column, with post-column derivatization
using O-Phtahalic aldehyde (OPA) and detection through fluorescence at wavelengths of 338/425 nm.
Amino acid profiles of the experimental diets given to both species are presented in Tables 3 and 4.
Although in ORG1 the diets exhibited lower methionine levels, the amino acid requirement was

fulfilled.
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Table 1 — Diet formulation (% inclusion levels) and proximate composition (% as fed) of the

experimental diets (PD, ORG1 and ORG2) for Nile tilapia (Oreochromis niloticus).

Ingredients (% inclusion levels) PD ORG1 ORG2
Fishmeal 5.00

Poultry meal 5.00

Brewer's yeast 5.00 10.00 10.00
Spirulina 3.50 7.00
Pea protein concentrate 5.50 2.25
Wheat gluten 3.50 7.00
Corn gluten meal 11.60

Soybean meal 18.00 18.00

Rapeseed meal 6.50 6.50 13.00
Sunflower meal 3.25 7.50 15.00
Wheat meal 27.75 6.70 9.35
Rice bran full fat 10.00 10.00 10.00
Corn meal 6.95 6.95
Quinoa 5.00 5.00
Faba beans 9.00 7.00
Vitamin and mineral premix 1.00 1.00 1.00
Choline chloride 0.20 0.20 0.20
Antioxidant powder (Verdilox) 0.20 0.20 0.20
Mono-calcium phosphate 1.80 2.15 2.05
L-Lysine 0.30

DL-Methionine 0.10

Fish oil 0.90 1.00 1.00
Soybean oil 3.40 3.30 3.00
Proximate Composition (% as fed) PD ORG1 ORG2
Dry matter (DM) 92.10 91.74 90.58
Ash 6.27 6.33 6.22
Crude protein 33.50 34.06 33.75
Crude fat 8.43 7.63 6.75
Gross energy (kJ/g?) 19.33 19.24 18.18

All values are reported as mean of duplicate analyses.
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Table 2 — Diet formulation (% inclusion levels) and proximate composition (% as fed) of the

experimental diets (PD, ORG1 and ORG2) for gilthead seabream (Sparus aurata).

Ingredients (% inclusion levels) PD ORG1 ORG2
Fishmeal Super Prime 20.00 20.00 20.00
Poultry meal 10.00

Brewer's yeast 5.00 5.00

Spirulina 3.50 7.00

Pea protein concentrate 16.50 11.50
Wheat gluten 3.00

Corn gluten meal 8.00

Soybean meal 16.00 16.00

Rapeseed meal 3.30 3.30

Sunflower meal 6.00 10.00
Wheat meal 5.90 5.55

Wheat bran 5.00 5.00

Quinoa 5.00 5.00

Faba beans 7.00 7.00 7.00

Whole peas 7.00 7.00

Vitamin and mineral premix 1.00 1.00 1.00

Choline chloride 0.20 0.20 0.20

Antioxidant powder (Verdilox) 0.20 0.20 0.20

Mono-calcium phosphate 0.70 1.05 1.00

L-lysine 0.30

DL-methionine 0.10

Fish oil 4.60 4.60 4.60

Soybean oil 9.70 9.40 9.20

Proximate Composition (% as fed) PD ORG1 ORG2
Dry matter (DM) 94.22 95.11 91.50
Ash 7.07 6.36 6.33

Crude protein 40.91 43.03 41.01
Crude fat 18.43 16.63 15.22
Gross energy (kJ/g?) 22.20 22.47 22.00

All values are reported as mean of duplicate analyses.
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Table 3 — Amino acid profile (g/100g fed basis) of the experimental diets for Nile tilapia

(Oreochromis niloticus).

Amino Acids (g/100g fed basis) PD ORG1 ORG2
Arginine 1.77 2.19 2.01
Histidine 0.74 0.77 0.76
Lysine 1.79 1.77 1.46
Threonine 1.24 1.25 1.27
Tryptophan 0.36 0.41 0.40
Isoleucine 1.32 1.36 1.30
Leucine 3.11 2.42 2.36
Valine 1.55 1.58 1.60
Methionine 0.75 0.52 0.59
Phenylalanine 1.62 1.55 1.53
Cysteine + Cystine 0.52 0.53 0.54
Tyrosine 1.14 1.16 1.12
Aspartic Acid 2.68 2.98 2.54
Glutamic Acid 6.46 6.32 6.95
Alanine 1.95 1.55 1.60
Glycine 1.63 1.48 1.54
Proline 2.22 1.93 2.04
Serine 1.62 1.61 1.60

All values are reported as mean of duplicate analyses.
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Table 4 — Amino acid profile (g/100g fed basis) of the experimental diets for gilthead seabream

(Sparus aurata).

Amino Acids (g/100g fed basis) PD ORG1 ORG2
Arginine 2.80 2.75 2.69
Histidine 0.93 1.01 0.94
Lysine 2.69 2.84 2.55
Threonine 1.59 1.61 1.63
Tryptophan 0.47 0.49 0.50
Isoleucine 1.62 1.78 1.68
Leucine 3.36 3.15 2.96
Valine 1.97 2.07 2.08
Methionine 0.96 0.74 0.92
Phenylalanine 1.88 1.88 1.77
Cysteine + Cystine 0.52 0.51 0.49
Tyrosine 1.39 1.42 1.34
Aspartic Acid 3.69 4.31 3.74
Glutamic Acid 6.63 6.66 6.76
Alanine 2.41 2.17 2.15
Glycine 2.36 2.00 2.02
Proline 2.18 1.74 1.82
Serine 1.81 1.88 1.84

All values are reported as mean of duplicate analyses.
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Fish and husbandry conditions

Fish were reared and handled by trained scientists and following the Spanish legislation on Animal
Welfare and Laboratory Practices, while the experimental protocol was approved by the National
Committee of the University of Murcia on Ethics and Animal Welfare under the Guidelines of the
European Union Council on the protection of animals used for experimental purposes (Directive
2010/63/EV).

Nile tilapia (Oreochromis niloticus) were provided by the University of Murcia from a mono-
sex male population (offspring tilapia, GMT®). The experiment was carried out in the chronobiology
laboratory at the University of Murcia. At the start of the study, 33 fish were randomly distributed in
three homogeneous groups (CV < 4%), with an average initial body weight of 163.0 g + 4.3 g (mean +
SD), into indoor fiberglass tanks of 300 L in a recirculating aquaculture system (RAS). Each tank
contained 11 tilapia and was equipped with a protein skimmer, as well as mechanical, biological, UV
filtered and aerated water. Fish were allowed to acclimate to laboratory conditions for at least 2 weeks,
during which time they were fed a commercial diet (Skretting TI-3 (3.2mm); with % DM: 32.0% crude
protein, 6.0% crude fat and 5.8% crude fibre), which was supplied by hand until visual satiation once a
day. Abiotic parameters, feed intake and mortality were measured and recorded daily. A photoperiod
of 12h:12h (09h00 to 21h00 lights on) light/dark period was maintained during the study. Average
water temperature was 29.0 + 1.0 °C, pH of 7.2 £ 0.2, dissolved oxygen of 6.9 + 0.4 ppm and ammonic

nitrogen of 0.7 + 1.0 mg/I. The experiment lasted for 36 days.

Gilthead seabream (Sparus aurata) were provided by IMIDA from San Pedro del Pinatar
(Spain). The experiment was performed at the Aquaculture Laboratory located in Algameca
(Cartagena, Spain). Four groups (CV ~ 15%) of 8 fish with an average initial individual weight of 174.7
g + 27.0 g were maintained in indoor fiberglass tanks of 150 L in a in a flow-through system. Each tank
was equipped with a protein skimmer, as well as mechanical, biological, UV filtered and aerated water.
Fish were allowed to acclimate to laboratory conditions for at least 2 weeks, during which time they
were fed a commercial diet (Skretting L-4 Alterna 2P; with % DM: 46.5% crude protein, 20.0% crude
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fat and 3.4% crude fibre), which was supplied by hand until visual satiation once a day. Abiotic
parameters, feed intake and mortality were measured and recorded daily. The animals were kept with
a photoperiod of 12h:12h (09h00 to 21h00 lights on) light/dark period at an average water
temperature of 27.0 £ 1.0 °, salinity of 37 + 1.0 ppm, pH of 7.6 + 1.0 for pH and dissolved oxygen of 6.3
1 0.5 ppm. The experiment lasted for 67 days.

Experimental setup

The experimental setup of both experiences is present in Figures 1 and 2. The experiments
were performed in accordance with Fortes-Silva et al. (2012). Three self-feeders provided by the
University of Murcia were equipped in each tank. The position of each diet (PD, ORG1 and ORG2) on
the feeders also varied between tanks, to avoid a possible positional effect. The feeding systems were
connected with an electric transformer (one for five self-feeders). Each of them was composed of a
trigger (a switch with rubber tip), actuated by the fish, placed 2 cm above the water surface, connected
to an electromagnet, and a feeder (EHEIM 3581, Deizisau, Germany) that delivered a predetermined
amount of feed (1 pellet= 0.04 g) after each trigger actuation and electromagnet activation. To
determine the daily intake, every day the feed remaining in the feeder was weighed at the same time
(11:30) and subtracted with the total number of grams given the previous day, before refilling the
feeder recipient for the next day. After percentages of the offered diets exhibited a statistically
significant difference for one feed, diets were switched between feeders to provide a challenge for the
fish, reduce the possible preference and influence for a particular string sensor or relative position of
the self-feeders. In the case of seabream, on day 50 a fasting period of 10 days started as a challenge

test to motivate the fish to choose a diet.
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Figure 1 - Experimental setup using Nile tilapia (Oreochromis niloticus). Each of the three

feeders inside each tank, contained a specific feed (PD, ORG1 and ORG2).

Figure 2 - Experimental setup using gilthead seabream (Sparus aurata). Each of the three

feeders inside each tank, contained a specific feed (PD, ORG1 and ORG2).
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Data analysis and statistics

The statistical analysis was performed with the IBM SPSS software, version 23.0. The
experimental unit considered was the tank (n = 3 for tilapia and 4 for gilthead seabream). The relative
selection of each diet was expressed as a percentage of the total feed consumed, considering the total
diets as 100%. The feed intakes were expressed as total grams of feed ingested/% of body weight.
Arcsine transformations of feed intake percentages were performed. In the days where a specific diet
was significantly selected, the percentages of feed consumed were compared by one-way ANOVA,
followed by a Tukey’s post-hoc test to examine significant pair-wise comparisons, before meeting
criteria for normality and homogeneity using Shapiro — Wilk and Levene’s test, respectively. The
statistical significance was considered at P < 0.05.

RESULTS

Nile tilapia reached a final body weight of 194.7 £ 3.9 g, all fish survived and on average feed
consumed daily represented 0.75% of average body weight/day. Uneaten and wasted feed was
negligible, only around 2% of the total given feed, thus the amount of feed demanded by the fish was
almost entirely ingested. The dietary preference (Fig. 3) in self-feeders initially demonstrated an
adaptation period to the feeders of around 5 days. During this time, fish preferred the position of
specific feeders, rather than the feed itself, but quickly changed their behaviour. All diets were chosen
similarly for several days before an increase in preference for diet ORG2 was observed during three
consecutive days (with an average of 46.5%; p < 0.05). Throughout the same period diets PD and ORG1
were preferred on average 28.9% and 24.7%, respectively. After diets were switched between feeders
on day 22, another period of equal preference remained, while from day 30 until the end of the

experiment, diet ORG2 was once again mainly chosen (between 40.7% and 56.0%; p < 0.05).

Diets PD (0.24 grams/% BW) and ORG1 (0.21 grams/% BW;) were consumed 38.5% and
46.2%, respectively, less (p < 0.001) than diet ORG2 (0.39 grams/% BW;) during days with statistically

significant differences (Fig. 4).
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Figure 3 - Evolution of average daily intake (% total grams of feed ingested) of three diets (PD,
ORG1 and ORG2) by Nile tilapia over 36 days. Diets were changed between feeders on day 22.
Lines represent the mean counts  SD (n = 3 tanks). Stars represent significant differences (one-

way ANOVA, p < 0.05).
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Figure 4 - Average daily intake (total grams of feed ingested per percentage of body weight)
of three diets (PD, ORG1 and ORG2) by Nile tilapia only during days with statistically
significant differences. Bars represent the mean counts = SD (n = 3 tanks). The star represents

significant differences (one-way ANOVA, p < 0.0001).
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Gilthead seabream final weight was 264.4 + 29.5 g, no mortality was recorded and average
feed consumption was 1.21% of the animal’s biomass. Compared to tilapia, seabream wasted slightly
more feed (<5%). From the initial days of the study, fish exhibited a clear preference for diet ORG1
(between 65.50% and 83.45%; p < 0.05). However, after diets were switched between feeders, the
preference for diet ORG1 fell, while for diet PD and ORG2 increased (Fig. 5). For several days, no
statistically significance was achieved. Then, fish were fasted for 10 days, starting on day 50, as a
challenge test to motivate them to choose a diet, according to Aranda et al. (2001). Nevertheless,

even after this approach, a consistent preference was not achieved (p > 0.05).
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Figure 5 - Evolution of average daily intake (% total grams of feed ingested) of three diets (PD,
ORG1 and ORG2) by gilthead seabream over 67 days. Diets were changed between feeders on
day 22. Fish were fasted for 10 consecutive days starting on day 50 . Lines represent the mean

counts £ SD (n = 4 tanks). Stars represent significant differences (one-way ANOVA, p < 0.05).

DISCUSSION

Fish can choose which feed items to ingest mainly based on size, palatability, ingredients and
proximal composition (Raubenheimer et al., 2012). Fish are also able to identify and evaluate distinct
amino acid profiles between diets (Fortes-Silva et al., 2012). All feeds were formulated to contain the

minimum requirements of every essential amino acid (EAA). However, diet ORG1 presented the lowest
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levels of methionine. Although methionine was near the lowest requirement, it was enough to fulfil
the species physiological state for normal growth (NRC, 2012). Nevertheless, it is possible that this
decrease in methionine could have affected fish dietary choice, particularly in tilapia, coupled with diet
palatability and ingredient composition, as all feeds had the same size, were isonitrogenous and
isoenergetic.

Tilapia consistently preferred ORG2 feed, influenced by learning-reward behaviour, post-
ingestion signals and the orosensory properties of the diet. In a population, there may be only one
dominant fish that is curious enough to pull the trigger, but if rewarded, this information may be
socially transmitted, learned and repeated by all individuals (Millot et al., 2014). On the initial days of
the experiment tilapia showed a preference for one feeder, which changed after some time after
assessing the content of the other feeders, demonstrating their exploratory and learning behaviour, as
shown by Figueiredo et al. (2023). A similar situation was recorded using European seabass
(Dicentrarchus labrax), which exhibited a preference for one of the self-feeders (Aranda et al., 2000).
Nile tilapia chose diet ORG2 with an intake 0.75% of fish weight/day and most pellets were consumed
(less than 2% of the total given feed was wasted). Similarly, Fortes-Silva et al. (2012) reported a
negligible food waste of 1% with tilapia. Pratiwy et al. (2017) tested the growth performance of Nile
tilapia reared under self-feeding systems and showed feed intake values of around 1.85%/body weight.
Fish had to evaluate the quality and nutritional composition of the feeds, based on a wide range of
physiological processes. Accordingly, the choice for diet ORG2 was presumably based on tilapia
nutritional needs (post-ingestive and/or post-absorption) coupled with feed organoleptic
characteristics (texture, flavour and odour), which after evaluation, was probably more able to satisfy
their physiological state (Brannas and Strand, 2015; Fortes-Silva et al., 2016). Likewise, other studies
with European seabass and tilapia reported a similar behaviour (Fortes-Silva et al., 2016, 2012; Rubio
et al., 2006). It is important to note since fish required almost three weeks to exhibit a preference and
no feed was predominantly chosen from the beginning of the study, it can reflect the less clear

differences between feeds. In a study by Carlberg et al. (2015), Arctic charr (Salvelinus alpinus) took 9
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days to define a pattern. Fortes et al. (2010) noted that tilapia clearly preferred, since the beginning of
the experiment, diets containing phytase and that after switching feeds, the pattern was re-established
only after 3 days. In the present study, after feed was switched between feeders, tilapia also resumed
and sustained the previous pattern of selection of diet ORG2, while maintaining a constant
consumption of other diets, meaning that the fish established levels of consumption for each feeds.
However, once again they took some time (9 days), pointing out the effect of the minor differences
between the diets. These findings are in accordance with Fortes et al. (2010), who reported that a diet
with 1500 IU kg™! phytase was preferred throughout the trial, even after switching feeders. Conversely
to tilapia, gilthead seabream was not able to select a feed.

Gilthead seabream did not show a consistent preference for any particular feed, which can be
due to several factors. The experiment was performed with rapidly growing juveniles at a high water
temperature during summer. Since it was a flow-through aquaculture system, in this scenario, the
homeostatic system, which is associated with high energetic demands, may have overridden the
hedonic regulation of feeding behaviour, preventing seabream from efficiently discriminating between
diets (Puchol et al., 2022). Another possible explanation for the lack of diet discrimination is because
all three experimental diets were nutritionally similar to the previously fed commercial feed, meaning
that fish were familiar with it and did not notice enough differences (Pulido-Rodriguez et al., 2021).
There was a higher variation on the daily intake of feeds compared with tilapia, which could be related
with the more curious and aggressive behaviour of seabream towards feed (Puchol et al., 2022). There
are few studies available regarding seabream using self-feeders. Nevertheless, it was shown that fish
with around 250g could select a diet with distinct oxidation levels of dietary lipids after 10 days with a
preference of 82% and 7 days after switching feeders with an average intake of 1.57%/body weight
(Montoya et al., 2011). Similarly to what occurred with tilapia, it is possible that on the initial days
seabream were preferring a specific feeder on each tank that, by coincident, contained diet ORG1. A
specific feeder was also selected on the initial experimental days with European seabass and gilthead

seabream by Aranda et al. (2000) and Montoya et al. (2011), respectively. Therefore, it was necessary
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to change the positions of the feeders to assert dietary preferences and avoid any preference for a
specific position as it was noted by Puchol et al. (2022). Indeed, after changing the position of the
feeders, seabream decreased their intake for ORG1 and never achieved a clear preference for any of
the given feeds (Montoya et al., 2011). Montoya et. al. (2011) observed two selection patterns after
changing the position of the feeders: some fish groups resumed their selection for a specific diet, while
the other groups did not show a clear preference for any diet until they were subjected to a 3-week
fasting period. In the present study, seabream were also fasted, during 10 days, aiming to define a
feeding pattern as the physiological state of fish caused by oxidative stress due to fasting would
reinforce their selection behaviour (Montoya et al., 2011). However, seabream were not observed to
define a preference, as the compensatory bite activity increase was not enough. Conversely, after a
fasting period of 6 and 15 days, European seabass increased the intake for diets richer in protein and
energy to recover their metabolic status (Aranda et al., 2001; Vivas et al., 2003). Although there was
not a defined pattern, the general performance of the fish was not a concern.

The feed intake and growth rates obtained in our trials were in general lower compared to
performance experiments, as it was expected. It should be noted that fish sizes differ among
experiments, which in turn directly affects their intake requirements and growth rates. Moreover, the
diets were not formulated with the goal of optimizing fish growth but rather to study fish behaviour.
Indeed, experiments on dietary selection do not necessarily correlate the most selected diet with
optimal performance (Fortes-Silva et al., 2012; Gélineau et al., 1998; Montoya et al., 2011; Santos et
al., 2019; Tidwell et al., 1991). Moreover, a lower fish performance can be related with the adaptation
of fish to use self-feeders, where some animals in the same group may better assimilate the self-
feeding system than others (Ferrari et al., 2014; Tidwell et al., 1991). Even in growth experiments,
although a diet is formulated to provide maximum performance, when given the opportunity, fish
might not prefer that formula and reduce their intake (de la Higuera, 2001). Nevertheless, the lower
performance indicators obtained in our experiments were not a concern, especially as no mortality

occurred and fish still gained weight.
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CONCLUSIONS

The main purpose of this research was to assess the feeding behaviour and ability of Nile
tilapia and gilthead seabream to self-select their preferred diets. In one hand, tilapia was able to show
a preference and selected one of the given feeds by sensing its orosensory properties and formulation
and as well as based on post-ingestion and absorption signals, confirming their ability to choose a
specific feed. On the other hand, gilthead seabream did not show a consistent preference for any diet.
Accordingly, self-selection studies based on fish “nutritional wisdom”, allow fish to exhibit their
behaviour, thus they may be considered in the initial screening of potential new aquaculture feeds,
with alternative, ingredients before being used commercially.
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ABSTRACT

Society is becoming more demanding with aquaculture environmental footprint, resource
usage and animal wellbeing. In order to potentially mitigate these concerns, feed formulations could
be based on eco-efficient (circular economy-driven), or organic ingredients. This study aimed to
investigate the performance, feed utilization, and health status of juvenile Nile tilapia (Oreochromis
niloticus) when fed with such novel feeds. The growth trial lasted for 8 weeks, and fish had an initial
weight of 31.0 £ 0.5 g (mean % SD). Fish were fed until visual satiation, in quadruplicate, with one of
three isonitrogenous and isoenergetic experimental feeds: a commercial-like feed without fishmeal
(PD), a diet based on ingredients compatible with organic certification (ORG) or a feed formulated
using circular economy-driven subproducts and emergent ingredients (ECO). Fish fed ECO showed a
tendency for decreased feed intake, while ORG fish significantly reduced their intake compared to
those fed PD. Consequently, fish fed ECO exhibited almost half the growth than those fed PD, while
ORG fish almost did not increase their weight. ECO and ORG diets had a lower digestibility for protein,
lipid and energy when compared to PD. Feed utilization of fish fed ECO or ORG was also lower than
those fed PD. From the health-related genes analysed, only glutathione reductase (gsr) showed
statistically significant differences, being more expressed in fish fed ECO than those fed PD. Thus, even
when such novel formulations induced extreme effects on voluntary feed intake, their impact is noted
only in fish growth, but not in its robustness.

Keywords: Feed Intake; Palatability; Eco-efficient Feeds; Organic Feeds; Fish Welfare; Nile

Tilapia.
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INTRODUCTION

Aquaculture provides a vital source of animal protein to the world population. In 2020, 56% of
the total aquatic food available for human consumption production was farmed, and has been
predicted to increase to 59% by 2030 (FAO, 2022b). Nile tilapia (Oreochromis niloticus) is one of the
most cultivated finfish worldwide and an affordable protein source, being highly relevant for
addressing food security, especially in developing countries (El-Sayed, 2019b). To ensure that future
aquatic food global demand is met, the industry must intensify its production (Cottrell et al., 2020).
However, this process can be hampered by ingredient availability and is facing challenges related with
its social sustainability.

Environmental sustainability and animal welfare are pivotal concerns in aquaculture to reduce
the risk of pathogen outbreaks, improve societal perceptions, and empower consumer choices.
Consumers are increasingly aware of issues such as resource depletion and environmental intervention
(Feucht and Zander, 2015; Lopez-Mas et al., 2021; Zander et al., 2018). Moreover, there are ethical
concerns about animal welfare and health in seafood production, which lead to a strong reduction in
the use of antibiotics and other therapeutic drugs in many countries (Ellingsen et al., 2015; Reig et al.,
2019; Zander et al., 2018). Society expects organisms to be farmed in a responsible manner, with
transparent and sustainable practices, that minimize negative environmental impacts, prioritize
aquatic animals well-being, as well as promote sustainable resource use and circularity principles
(Bjgrhusdal and Haugen, 2023; Ellingsen et al., 2015; Regueiro et al., 2022; Stentiford et al., 2020).
Accordingly, optimizing fish nutrition presents one of the potential approaches to improve aquaculture
environmental performance and ethical treatment of animals, also enhancing consumer trust and

confidence in the industry.

Although nutrition plays a crucial role in ensuring the welfare and health of farmed organismes,
fish feeding has always an associated environmental impact. Approximately 70% of farmed aquatic

animals must be fed, thus most of aquaculture relies on formulated feeds (FAO, 2022b). Though marine

64



Chapter Il

ingredients are more prevalent in aquafeeds for high-trophic finfish species (e.g., gilthead seabream),
they are also routinely incorporated (inclusion rates of 2—10%) in the diets of low-trophic finfish (e.g.,
Nile tilapia), which are globally produced at larger volumes (FAO, 2022b; Sarker et al., 2020). While
common feed ingredients, including marine and plant-based sources, continue to play a significant role
in the environmental footprint of the industry, variations exist among regions and production sites
(Malcorps et al.,, 2019; Newton et al., 2023). The degree of success in addressing environmental
impacts varies due to the implementation of responsible management practices, certification schemes
and regulatory frameworks (e.g., European Union (EU) policies) (EUMOFA, 2023; Hilmarsdadttir et al.,
2021; Little et al., 2016). Nevertheless, there is still room for improvement and novel aquafeed
formulations must be based on environmentally friendly concepts, while reducing the use of

ingredients that present questionable environmental concerns.

To address some of the challenges of aquaculture, there is a growing emphasis on integrating
eco-efficient (circular economy) or organic principles to develop socially-acceptable feed formulations.
Eco-efficiency strategies prioritize resource conservation, waste management and by-product
valorisation (Chary et al., 2023; Do Vale Pereira et al., 2023; Hoerterer et al., 2022; Petereit et al., 2022).
Similarly, circular economy principles aim to close resource loops, while organic production addresses
ethical, environment and food safety concerns, guided by strict standards, regulations and certification
schemes (Ahmed et al., 2020; Regueiro et al., 2022). Accordingly, several countries and the EU have
been emphasizing aquaculture environmental sustainability through various initiatives, including the
European Green Deal and Farm to Fork strategy (EC, 2020b, 2021a). In addition, these approaches
address criticisms from researchers, activists and NGOs, while fulfilling the requirements of
knowledgeable consumers (Cao et al., 2013; Regueiro et al., 2022). One possible way to implement
this framework, could be through the identification of alternative ingredient formulations that would

generate novel fish feeds.
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Alternative ingredients, such as land animal by-products (LAPs; blood-, feather- and poultry
meals), insect meals (e.g., black soldier fly, Hermetia illucens or meal worm, Tenebrio molitor), single-
cell microorganisms (e.g., bacteria, cyanobacteria, microalgae and yeast) and non-traditional plant
meals (e.g., sunflower, rapeseed, lupins) rise as possible solutions to mitigate some of the current
bottlenecks of aquaculture (Aragdo et al., 2022; Hoerterer et al., 2022; Petereit et al., 2022; Vale
Pereira et al., 2023). These alternative ingredients generally present environmental advantages for the
sector, but often need a more thorough evaluation (Gephart et al., 2021; Stevens et al., 2018). They
align with principles of circularity, contribute to waste reduction, may require minimal resource
consumption, promote resource regeneration and valorise side streams (Little et al., 2016; Newton
and Little, 2018). For instance, the cyanobacteria spirulina (Arthrospira platensis) can be produced in
low-cost open pond technologies using nutrient-rich wastewater or carbon dioxide emissions from
nearby industries, aligning with circularity (Mosha, 2019; Viswanaathan et al.,, 2022). Quinoa
(Chenopodium quinoa) can be cultivated without the need for synthetic fertilizers or pesticides and
using minimal water, reducing the use of resources (Valdivia-Cea et al., 2021). While the nutritional
composition of alternative ingredients in aquafeeds can vary significantly, some may offer valuable
nutrients such as high crude protein content, balanced amino acid profiles and essential vitamins (Han
etal., 2021; Hossain et al., 2024). Moreover, these ingredients may contain bioactive components (e.g.,
carotenoids, vitamins, flavonoids, phytosterol and polyphenolic compounds), which possess
antimicrobial, antioxidant and/or anti-inflammatory properties (Balakrishnan and Schneider, 2022;
Nowak et al., 2016). All these characteristics can promote fish health, immune function and weight
gain, as demonstrated by Ahmed et al. (2020), Aragdo et al. (2020), Tippayadara et al. (2021), Velasquez
et al. (2016a) and Zhang et al. (2014). Despite these theoretical benefits and potential, it is important
to note that the inclusion of alternative ingredients may not be well accepted by the fish affecting feed

intake.

66



Chapter Il

Feed intake is a crucial aspect of aquaculture production, directly influencing growth
performance, fish health and overall farm profitability. Fish have the ability to regulate their feed
intake, which is influenced by various factors, including environmental conditions, feed palatability,
orosensory properties, and nutritional composition (Fortes-Silva et al.,, 2016). A nutritionally
imbalanced feed will be avoided and can negatively impact fish performance, health or welfare (Assan
et al., 2021; Conceicdo et al., 2012; Fortes-Silva et al., 2016; Teoddsio et al., 2020). Antinutritional
factors (ANFs; protease inhibitors, tannins, lectins, phytates), commonly present in plants, can
interfere with feed intake, but also in nutrient absorption and utilization, leading to reduced growth
and impaired immune function (Conceicdo et al., 2012; Jannathulla et al., 2019; Krogdahl et al., 2010;
Magbanua and Ragaza, 2024). Studies have shown that some ingredients and combinations, above a
certain threshold, may lead to lower feed intake. For example, inclusions of rapeseed meal of more
than 7% in the diets of Oreochromis niloticus fingerlings resulted in a decrease in weight gain and feed
intake (Sallam et al., 2021). Indeed, reduced feed intake may result in insufficient nutrient intake and
impact fish intestine, which is one of the primary targets of dietary changes and has a pivotal role in
fish metabolism/digestion (Aragdo et al., 2020; Segner et al., 2012). In turn, these consequences can
affect fish vital physiological functions, impair growth performance, result in abnormal behaviour,
negatively impact welfare, stress response and increase fish susceptibility to diseases (Assan et al.,
2021). Accordingly, as aquafeed formulations evolve to address sustainability concerns, understanding

if feeds are well accepted by the fish becomes of high relevancy.

The present work aimed to investigate the impact of novel diets, without fishmeal and wild
fish oil (replaced with salmon oil as a by-product from salmon processing industry), and formulated
within eco-efficient (circular economy-driven), or organic frameworks, on performance, feed utilization

and health of juvenile Nile tilapia (Oreochromis niloticus).
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MATERIALS AND METHODS

Experimental diets

Three experimental diets: practical (PD), organic (ORG) and eco-efficient (ECO) were formulated
and produced by SPAROS Lda (Olhdo, Portugal). The formulation concept and ingredient selection
(Table 1) was based within an eco-efficient and organic framework (ingredients that can be found on
the market as organic), on market availability and nutritional composition. A commercial-like feed,
without fishmeal (practical diet, PD) served as control. The organic (ORG) feed was based on
ingredients compatible with organic certification (including spirulina and quinoa). The eco-efficient
(ECO) was formulated using circular economy-driven subproducts (e.g., poultry and feather meal) and
emergent ingredients (e.g., spirulina, insect meal, quinoa). In particular, spirulina had inclusion levels
of 10% and 2.5%, quinoa 5% and 2.5%, rapeseed meal 26% and 13%, and brewer’s yeast 10% and 5%,
in ORG and ECO, respectively. All diets were formulated to be isonitrogenous (crude protein of ~39.4%
as fed) and isoenergetic (gross energy of ~19.2 kl/g as fed) (Table 1). Amino acid profiles are presented
in Table 2. The dietary treatments (PD, ORG and ECO) were randomly assigned to replicate tanks (n =

4 replicates per dietary treatment).
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Table 1 — Diet formulation (% inclusion levels) and proximate composition (% as fed) of the

experimental diets (PD, ORG and ECO) for Nile tilapia (Oreochromis niloticus).

Ingredients (% inclusion levels) PD ORG ECO
Poultry meal?® 5.00 2.50
Porcine blood meal® 5.00
Feathermeal hydrolysate® 5.00
Insect meal® 7.50
Microbial biomass® 5.50
Brewer's yeastf 10.00 5.00
Spirulina® 10.00 2.50
Soy protein concentrate" 5.00

Pea protein concentrate’ 5.00

Corn gluten meal’ 12.00

Soybean meal* 25.00 12.50

Rapeseed meal' 13.00 26.00 13.00
Sunflower meal™ 7.50 15.00 15.00
Wheat (whole)" 13.90 15.61
Rice bran® 9.78 9.78

Quinoaf 5.00 2.50
Whole peas“ 11.00
Vitamin and mineral premix’ 1.00 1.00 1.00
Choline chloride® 0.20 0.20 0.20
Antioxidant powder* 0.20 0.20 0.20
Mono-calcium phosphate" 2.55 2.00 2.75
L-Lysine¥ 0.30 0.30
DL-Methionine"” 0.15 0.22
Yttrium oxide* 0.02 0.02 0.02
Salmon oil¥ 2.00 2.00 2.00
Rapeseed oil* 2.40 1.30 3.20
Proximate Composition (% as fed) PD ORG ECO
Dry matter (DM) 94.77 93.49 93.93
Ash 7.07 7.32 6.86
Crude protein 38.63 39.65 40.02
Crude fat 8.60 8.58 8.95
Total phosphorus 1.41 1.54 1.48
Gross energy (kJ/g?) 19.24 19.14 19.32

All values are reported as mean of duplicate analyses.
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2 Poultry meal: 62.4% CP, 12.5% CF; SAVINOR UTS, Portugal.
b Porcine blood meal: 89.1% CP, 0.4% CF; SONAC BV, The Netherlands.
¢Feathermeal hydrolysate EM’PAQ: 88.8% CP, 1.6% CF; Empro Europe, The Netherlands.
4 Insect meal (Hermetia illucens), PROTE-IN HP55: 57.8% CP, 8.5% CF.

€ Microbial biomass (Corynebacterium glutamicum), Aminopro NT70: 74.1% CP, 3.1% CF, MAZZOLENI SPA,

Italy.
f Brewer’s yeast: 38.9% CP, 4.5% CF; Premix Lda, Portugal.
8 Spirulina (Arthrospira platensis): 72.1% CP, 1.0% CF, Sopropéche, France.
h Soy protein concentrate, Soycomil P: 62.2% CP, 0.7% CF; ADM, The Netherlands.
'Pea protein concentrate, Lysamine GPS: 78.1% CP, 8.3 % CF, Roquette, France.
ICorn gluten meal: 61.2% CP, 5.2 % CF, COPAM, Portugal.
k Solvent extracted soybean meal: 43.8% CP, 3.5 % CF, Ribeiro & Sousa Lda., Portugal.
'Solvent extracted rapeseed meal: 34.3 %CP, 2.1 % CF, Ribeiro & Sousa Lda., Portugal.
™ Solvent extracted dehulled sunflower meal, HiPro: 42.9 % CP, 3.8% CF, AGP Slovakia, s.r.o, Slovakia.
"Wheat (whole): 11.7 % CP, 1.6% CF, Molisur, Spain.
°Rice bran full-fat: 12.6% CP; 15.5% CF, Casa Lanchinha, Portugal.
PQuinoa seeds (Chenopodium quinoa): 14.0% CP, 5.6% CF, Comfeipas Lda., Portugal
9Whole peas: 19.6% CP, 2.2% CF, Ribeiro & Sousa Lda., Portugal.

"Vitamin and mineral premix, WISIUM MIX AQUA 1.5%: PREMIX Lda, Portugal. Vitamins (IU or mg/Kg
diet): DL-alphatocopherol acetate, 100mg; sodium menadione bisulphate, 25mg; retinyl acetate, 20000 IU;
DL-cholecalciferol, 2000 IU; thiamine, 30 mg; riboflavin, 30mg; pyridoxine, 20mg; cyanocobalamin, 0.1 mg;
nicotidin acid, 200 mg; folic acid, 15mg; ascorbic acid, 1000 mg; inositol, 500mg; biotin, 3 mg; calcium

panthotenate, 100mg; choline chloride, 1000 mg, betaine, 500 mg. Minerals (g or mg/kg diet): cobalt
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carbonate, 0.65 mg; copper sulphate, 9 mg; ferric sulphate, 6 mg; potassium iodide, 0.5 mg; manganese
oxide, 9.6 mg; sodium selenite, 0.01 mg; zinc sulphate. 7.5 mg; sodium chloride, 400 mg; calcium carbonate,

1.86 g; excipient wheat middlings.

$Choline chloride 50%: ORFFA, The Netherlands.

t Antioxidant powder, VERDILOX: Kemin Europe NV, Belgium.

Y“Mono-calcium phosphate, ALIPHOS MONOCAL: 22.7% P, 17.5% Ca, ALIPHOS, Belgium.

VL-Lysine 99%: Ajinomoto EUROLYSINE S.A.S, France.

Y DL-Methionine 99%: Rhodimet NP99, ADISSEOQ, France.

*Yttrium oxide, Amperit: Hogands Germany GmbH, Germany.

YSalmon oil: 98.3% CF, 4.6% EPA; 5.2% DHA, Sopropéche, France.

ZRapeseed oil: 98.2% CF, JC Coimbra, Portugal.
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Table 2 — Amino acid composition (g/100g fed basis) of the experimental diets (PD, ORG and ECO)

for Nile tilapia (Oreochromis niloticus).

Amino Acids (g/100g fed basis) PD ORG ECO
Arginine 2.24 2.57 2.33
Histidine 0.97 0.95 0.89
Lysine 2.03 2.00 2.12
Threonine 1.43 1.60 2.16
Tryptophan 0.42 0.51 0.46
Isoleucine 1.60 1.62 1.62
Leucine 3.54 2.89 2.93
Valine 1.88 1.98 2.13
Methionine 0.80 0.70 0.87
Phenylalanine 1.94 1.75 1.74
Cysteine + Cystine 0.66 0.65 0.70
Tyrosine 1.37 1.30 1.21
Aspartic Acid 3.36 3.48 3.08
Glutamic Acid 7.38 6.77 5.93
Alanine 2.10 2.02 2.11
Glycine 1.82 1.92 2.12
Proline 2.35 1.92 2.20
Serine 1.86 1.82 1.99
Taurine 0.02 <0.002 0.01

All values are reported as mean of duplicate analyses.

Initially, all powder ingredients were mixed accordingly to target formulation in a double-helix
mixer (model 500L, TGC Extrusion, France) and grounded (below 4.00 mm) in a micropulverizer
hammer mill (model SH1, Hosokawa-Alpine, Germany). Diets (pellet size: 4.0 mm) were
manufactured with a twin-screw extruder (model BC45, Clextral, France) with a screw diameter of
55.5 mm. Extruded pellets were dried in a vibrating fluid bed dryer (model DR100, TGC Extrusion,
France). After cooling, oils were added by vacuum coating (model PG-10VCLAB, Dinnissen, The
Netherlands). Coating conditions were: pressure (700 mbar); spraying time under vacuum
(approximately 90 sec) and return to atmospheric pressure (120 sec). Immediately after coating, feeds

were packed in sealed plastic buckets and shipped to the research site where they were stored at
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room temperature, in a cool and aerated emplacement. Representative samples of each diet were
taken for proximate composition and amino acids analyses.
Fish husbandry
Growth trial

The trial was carried out at the University of Tras-os-Montes e Alto Douro (UTAD, Vila Real,
Portugal), by trained scientists (following category B FELASA recommendations) according to the
European Parliament and European Union Council guidelines on the protection of animals used for
scientific purposes (Directive 2010/63/EU, 2010).

Male juvenile Nile tilapia (Oreochromis niloticus) were transferred to the experimental facilities
by a duly authorized carrier. During the acclimation period fish were fed by hand, ad libitum, twice a

day, with a commercial diet (Standard 4 Orange, Sorgal, Portugal; 43% CP, 17% CF).

At the start of the study, the animals were randomly distributed into 12 homogeneous groups (CV
< 2%), with an initial weight of 31.0 £ 0.5 g (mean £ SD) and condition factor (K) of 1.8 £ 0.2, in indoor
fiberglass tanks of 300 L in a recirculating aquaculture system (RAS). Each tank had an initial stocking
density of 3.4 kg/m? and contained 30 fish. Further, 8 fish from each replicate tank (n = 32 fish per
dietary treatment) were anaesthetised (400mg/L of 2-phenoxyethanol; Sigma-Aldrich, Spain) and
carefully PIT-tagged under the dorsal muscle to allow identification of individuals for further
measurements. All tanks were covered with a net to prevent escapes. The RAS was equipped with a
mechanical filter, a submerged biological filter, UV sterilizer and an aeration mechanism for
oxygenation. Abiotic parameters, feed intake and mortality were measured and recorded daily, with
further removal of dead fish. Average dissolved oxygen in water was 4.2 + 1.1 mg/L and temperature
24.4+1.3°C. A 12h:12h (08h00 to 20h00 lights on) light/dark photoperiod was maintained during the
study. Experimental diets were supplied daily by hand until apparent visual satiation two times per day

(10h00 and 15h00). Distributed feed was quantified throughout the study. The trial lasted for 55 days.
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Digestibility trial

For the digestibility trial, five homogeneous groups of 10 fish (49.4 + 0.5 g) were distributed in five
cylinder-conical tanks of 50 L. Fish were fed by hand, twice a day, during the morning (09h00 and
10h00), until apparent satiation. After an adaptation period of three days, faeces collection started.
Each day after feeding, tanks were thoroughly cleaned to remove any uneaten feed and fish left
undisturbed until afternoon with clean water (24 °C) and aeration. Further, a recipient was placed in
the water outlet at the bottom of the tank, which collected faeces through settling decantation. At the
end of the day (17h00) the recipient was removed, the faeces collected and stored at -20 °C until
analysis. All feeds were formulated to contain 0.02% of yttrium oxide (Y,03) as an inert marker, which
allowed to determine the apparent digestibility coefficients (ADC’s) of the dietary nutrients by an
indirect method, according to the following formula:

Apparent digestibility coefficients (%), ADC’s of dietary nutrients and energy (Maynard et al., 1979):

dietary marker (%) _ faecal nutrient or energy content

ADC (%) = 100 x [1 -

faecal marker (%)  dietary nutrient or energy content

ADC (%) of dry matter (DM):

dietary marker (%)

ADC (%) = 100 x [1 -

]

faecal marker (%)

Sample collection

In all samplings, fish were previously fasted for 24 h, before being individually weighed, measured,
and euthanised with a lethal dose of anaesthetic (900mg/L of 2-phenoxyethanol; Sigma-Aldrich,
Spain). Prior to the beginning of the experiment, 10 fish (30.1 + 8.9 g) from the initial stock were
pooled and frozen at — 20 °C for subsequent whole-body composition analysis. At the end of the study,
a pool of 6 fish from each replicate tank (n = 4 pools per dietary treatment) was sampled and frozen
at - 20 °C for whole body composition analysis. Further, the viscera and liver of 3 PIT-tagged fish per
replicate (n = 12 fish per dietary treatment) were carefully sampled and weighed for determination of

viscerosomatic (VSI) and hepatosomatic (HSI) indexes. From the same fish, anterior intestine was also
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carefully dissected and preserved in RNA /ater (Sigma Aldrich, Spain) at -80 °C until further genetic
analysis.

Key Performance Indicators

At the start of the experiment, after five weeks and at the end, fish were counted and bulk
weighted to determine growth performance, feed utilization and nutrient retention indicators as
follows:

Weight gain (%IBW; WG) = 100 x wet weight gain (g) x initial biomass (g)*

Where wet weight gain (g) = final biomass (g) — initial biomass (g)

Relative growth rate (%.day; RGR) (Ricker, 1958) = 100 x (e —1)

Where g = [In (final body weight (g)) — In (initial body weight (g)) x number of feeding days™]

Feed conversion ratio (FCR) = apparent feed intake (g) x wet weight gain (g)*

Voluntary feed intake (%ABW'.day; VFI) = relative growth rate x feed conversion ratio™

Protein efficiency ratio (PER) = wet weight gain (g) x crude protein intake (g DM)™*

Viscerosomatic index (%; VSI) = 100 x viscera weight (g) x body weight (g)*

Hepatosomatic index (%; HSI) = 100 x liver weight (g) x body weight (g)*

Condition factor (K) = 100 x body weight (g) x total length3(cm)?

Nutrient retention (% digestible intake; NR) = 100 x (final whole-body protein, lipid or energy
content — initial whole-body protein, lipid or energy content) x (crude protein, crude lipid or gross
energy intake x ADC% of protein, lipid, or energy)

Analytical Procedures

Analysis of the diets, whole-fish and faeces were made in duplicates and following the

methodology described by AOAC (Association of Official Analytical Chemists, 2007). All samples were
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freeze-dried and ground until a homogeneous powder was obtained. Dry matter after drying at 105 °C
for 24 h; total ash by combustion (550 °C during 12 h) in a muffle furnace (Nabertherm L9/11/B170,
Germany); crude protein (Nx6.25) by a flash combustion technique followed by a gas chromatographic
separation and thermal conductivity detection with a Leco N Analyzer (Model FP-528, Leco
Corporation, USA); crude lipid by petroleum ether extraction (40-60 °C) using a Soxtec™ 2055 Fat
Extraction System (Foss, Denmark), with prior acid hydrolysis with 8.3 M HCIl; gross energy in an
adiabatic bomb calorimeter (Werke C2000, IKA, Germany); total phosphorus according to ISO
27085:2009 by ICP-AES methodology; phosphorus in the feeds was determined by a colorimetric
method involving a wet ashing step followed by phosphorous measurement with 1-amino-2-naphthol-
4-sulfonic acid-molybdate in a microplate reader at 660 nm (Brooks et al., 2001); yttrium concentration
in feed and faeces was determined by atomic absorption spectrometry (SpectrAA 220 FS, Varian) (Reis
et al., 2008).

To determine the total amino acid content of the experimental feeds, samples were initially
hydrolysed in aqueous hydrochloric acid. For cysteine and cystine, and methionine, samples were
previously oxidized with hydrogen peroxide and formic acid at cold temperature. Subsequently, the
sample pH was adjusted, brought to volume with loading buffer and filtered. Amino acids were
separated in an amino acid analyzer and the detection was carried out using post column derivatisation
with ninhydrin reagent and 440 and 570 nm. Tryptophan was quantified using high-performance liquid
chromatography (HPLC), before being exposed to alkaline hydrolysis. Extraction of free taurine was
performed with metaphosphoric acid and protein precipitation with centrifugation. Separation
occurred on AAA by sodium cation exchange column, post column derivatisation with O-Phtahalic
aldehyde (OPA) and detection by fluorescence at 338/425 nm.

Reverse transcription—quantitative real-time PCR (qPCR)

Samples from the anterior intestine from two fish per replicate (n = 7-8 per dietary treatment)

were analysed. To extract total RNA, samples were initially thawed and homogenised using a
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Tissuelyser |l (Star-Beater, VWR, USA) with 1 ml of Tri Reagent (Sigma-Aldrich, Spain), according to
manufacturer’s instructions.. Total RNA quality and integrity was determined by denaturing agarose
gel electrophoresis, while concentration and purity were based on absorbance at 260 nm and ratios
at 260:280 and 260:230 nm, using a Nanodrop OneC (Thermo Fisher Scientific, USA). Complementary
DNA (cDNA) synthesis was performed by reverse transcription of 1000 ng of total RNA using the
RevertAid H Minus First Strand Kit (Thermo Fisher Scientific), according to the manufacturer’s
protocol. Real-time PCR (RT-PCR) was performed in a CFX384 Real Time PCR detection system (Bio-
Rad, Hercules, USA) with PowerTrack™ SYBR™ Green chemistry (Thermo Fisher Scientific), using
specific primers (Table 3). Primers for each gene were designed using the Geneious Prime version

2023.1 (https://www.geneious.com) based on sequences from the GenBank database (NCBI; Clark et

al., 2016). PCR efficiency was determined using five-point standards curves of 3-fold dilution series
(1:3 to 1:243) of pooled cDNA. For the intestinal epithelial integrity, the expression levels of several
genes were analysed: D-amino oxidase (dao), occludin (oc/) and tight junction protein 2 (tjp2). The
biomarkers for oxidative status/stress were catalase (cat), glutathione peroxidase (gpx), glutathione
reductase (gsr), nuclear factor erythroid 2 — related factor 2 (nrf2) and heat shock protein 70 (hsp70).
Genes analysed for immune condition were tumour necrosis factor (tnf-a), interleukin-1p (il-16) and
transforming growth factor B (tgf-8). The RT-PCR assays were run in duplicates in a 10 pl volume
containing 2 ul of cDNA, 0.625 pul of each specific forward and reverse primers at 10 uM, 5 ul of
PowerTrack™ SYBR™ Green Master Mix (Thermo Fisher Scientific) and 1.75 ul of nuclease-free water.
The amplification protocol was set as follows: an initial denaturation step of 2 min at 95 °C, followed
by 40 cycles of denaturation for 5 sec at 95 °C and 30 sec at 58 °C for annealing/extension. Negative
controls without sample templates were consistently executed for each primer set. The specificity of
reactions was confirmed through the examination of melting curves, using ramping rates of 0.5 °C/5

sec, across a temperature span of 60-95 °C. Gene expression levels were normalised using a reference
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housekeeping gene, the elongation factor 1 a (efl-a). The relative mRNA expression of the target
genes was calculated according to the Pfaffl method (Pfaffl, 2004).

Table 3 - Sequences of primers used in gPCR.

NCBI GenBank
Gene  Forward Primer Sequence (5’ - 3’)  Reverse Primer Sequence (5’ - 3’)

Accession Number

dao CAACCTTTGCAGTGAACCCG TCACTCCCCTCTTTCGCAAC XM_005473333
ocl TCAGATGAGCAGCGCAGAAA TTCCAGTGCGTCCAACTCTC XM_005476075
tjp2 GCTACATGGACTCCGGCTAC GCGATCTGGGCTGTACTCTC XM_025908597
cat TCCATTCCCAGAAGCGCAAT ATTCATGTGACGGTGGCCAT XM_019361816
gpx ACTTCCATTCCCCTGCGATG GCTTGTAAGGTTCCCCGTCA NM_001279711
gsr CAGCAGGAAGAGTCAGTGCA ACCCATCTTGATGGCCACAG XM_013271309
nrf2 TCTCAGCCCGATGACAGAGA GTGCTGACCACTGCTCTCTT XM_003447296
hsp70 CCAAAAGGTGTCCAACGCTG CCCCACCCAGGTCAAAGATC NM_001279671
tnf-a ATGGCAGAAGGATGTGGACC GACCATGGGATGCGAAGACA XM_013266976
il-18 CATGTCTTGCCGCATGGAAG GTTCAACGGGCTGGTTTTCC XM_005457887
tgf-6 CACGCTGAAGGACAAATGGC TCACAGTACCGCCGAAGTTC NM_001311325
efl-a TTGAGAAGGAAGCCGCTGAG GCTGGTCTCGAACTTCCACA AB075952

Abbreviations: dao: D-amino oxidase; ocl: occludin; tjp2: tight junction protein 2; cat: catalase; gpx:
glutathione peroxidase; gsr: glutathione reductase; nrf2: nuclear factor erythroid 2 — related factor 2; hsp70:
heat shock protein 70; tnf-a: tumour necrosis factor; il-18: interleukin-1B; tgf-8: transforming growth factor
B; ef1-a: elongation factor 1 a.

Data analysis and statistics

All statistical analyses were performed using the computer package IBM SPSS version 26.0.
Results are expressed as mean * standard deviation (mean + SD). When needed, data were previously
transformed using arcsine (Ennos, 2007) or added an arbitrary value to ensure values were positive
(retention data), and after tested for normality and homogeneity using Shapiro — Wilk and Levene’s
test, respectively. Thereafter, data was analysed by one-way ANOVA followed by Tukey post hoc test

or by non-parametric Kruskal-Wallis followed by Dunn’s post hoc test (if ANOVA assumptions were not
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met), to identify differences among the experimental dietary treatments. The level of significance used
was P < 0.05 for all statistical tests.
RESULTS

Apparent digestibility coefficients of diets

Apparent digestibility coefficients (ADCs) of dry matter, nutrients and energy of experimental
diets are presented in Table 4. There were significant differences (p < 0.05) regarding all analysed
parameters, except phosphorus (p = 0.247), with diet PD presenting higher ADCs particularly for
protein (p = 0.018), lipids (p = 0.005) and energy (p = 0.043). Conversely, diet ECO exhibited the lowest
values for dry matter (p = 0.040), protein and energy.

Table 4 — Apparent digestibility coefficients (ADCs; %) of nutrients and energy of experimental diets

(PD, ORG and ECO) given to Nile tilapia (Oreochromis niloticus) for 55 days

Diets
PD ORG ECO p value
Dry matter (DM; %) 66.0 £ 0.8° 64.0 £2.3% 59.0 +4.7° 0.040
Protein (%) 85.3+0.6° 81.0 £ 0.4% 75.4 +4.5° 0.018
Lipids (%) 95.6 £+ 0.2° 92.8 +0.8° 93.8+1.2° 0.005
Phosphorus (%) 67.8+2.0 68.8 2.2 70.8+2.6 0.247
Energy (%) 74.8 £0.9° 73.4 +1.5% 67.1 +4.0° 0.043

Data are presented as mean + standard deviation (n = 4 for diet PD and n = 3 for diets ORG and ECO). Different
superscripts within the same row indicate significant differences (one-way ANOVA; p < 0.05) between dietary

treatments.

Growth performance, feed utilization and somatic indices

The performance indicators of fish fed the experimental diets are presented in Table 5. Fish
did not respond in the same way to the diets offered. Although fish were fed until satiation, the
voluntary feed intake (VFI) was lower and feed conversion ratio (FCR) was higher in fish fed ORG
compared with those fed PD (p = 0.010 for VFI and p = 0.012 for FCR). Diet PD was well accepted, but
diet ECO and especially ORG received a negative response from the fish, which directly affected their

performance. Accordingly, final body weight (FBW) and relative growth rate (RGR) were significantly

79



Chapter Il

affected by the different experimental diets (p = 0.007 for FBW and p < 0.001 for RGR). Fish that were
fed diet PD exhibited the highest weight gain (3.5 - fold increase), those fed with ECO roughly doubled
their initial body weight, while fish fed ORG did not show a noticeable growth. Similarly, the final body
weight of fish fed PD was 1.7-fold and 3.3-fold higher than ECO and ORG fish (p = 0.007), respectively.
Moreover, the RGR was much higher in fish fed diet PD than the other two dietary treatments (p <
0.001). The protein efficiency ratio (PER) also presented significant differences (p < 0.001), being higher
in PD fish, followed by ECO and ORG. The viscerosomatic (VSI) and hepatosomatic indices (HSI) were
similar in all dietary treatments (p = 0.273 and p = 0.092, respectively), while the condition factor (K)
differed (p < 0.02), being lower in ORG fish compared to those fed PD. During the study, average
survival was high (~¥99%) and unaffected by the dietary treatments (p = 0.368).
Table 5 - Growth performance, feed utilization and somatic indices of Nile tilapia (Oreochromis

niloticus) fed with three different experimental diets (PD, ORG and ECO) for 55 days.

Diets

PD ORG ECO p value
FBW (g) 107.8 +6.1° 32.7+1.3° 62.7 + 5.4 0.007
RGR (%.day™) 2.3+0.1° 0.1 +0.0° 1.3+0.2° <0.001
VFI (%ABW.day) 2.1+0.2° 0.02 +£0.01° 0.9 +0.3% 0.010
FCR 1.1+0.1° 7.1+£2.3° 1.5+ 0.4% 0.012
PER 2.3+0.2° 0.3+0.3¢ 1.7 +0.4° <0.001
VSI (%) 7.8+0.7 7.2+0.6 8.1+0.7 0.273
HSI (%) 1.8+0.1 1.0+0.2 1.2+0.5 0.092
K 1.9+0.12 1.7+0.2° 1.8+0.0% 0.014

Data are presented as mean * standard deviation (n = 4 replicates per dietary treatment, except in RGR, VFI
and FCR for ORG, where n = 3). Different superscripts within the same row indicate significant differences
(Kruskal-Wallis ANOVA; p < 0.05) between dietary treatments. Abbreviations: FBW: Final body weight; RGR:
Relative growth rate; VFI: Voluntary Feed Intake; FCR: Feed conversion ratio; PER: Protein efficiency ratio; VSI:

Viscerosomatic index; HSI: Hepatosomatic index, K: Condition factor.
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Whole body composition and retention

Data on the whole-body composition of fish at the beginning and end of the study are
presented in Table 6. In all analysed parameters, except ash, the dietary treatments had an impact on
the body composition, where fish fed diet PD exhibited higher concentrations of all nutrients, dry
matter and energy (p < 0.004).

Table 6 - Whole-body composition (% wet weight) of Nile tilapia (Oreochromis niloticus) fed with

three different experimental diets (PD, ORG and ECO) for 55 days.

Diets
(% WW) Initial PD ORG ECO p value
Dry matter (DM; %) 26.0+0.8 29.8+1.6° 22.0+1.6° 253+1.9° <0.001
Protein (%) 14.8+0.3 16.7+1.1° 13.8+0.5° 15.0+0.8° 0.003
Lipid (%) 6.3+0.2 9.2+1.4° 3.1+£1.0° 5.9+0.6° <0.001
Ash (%) 4.1+0.3 34+0.3 3.9+0.3 3.2+0.7 0.174
Energy (ki/g) 6.1+0.1 7.3+0.3° 4.4 +0.4° 5.8 £ 0.4° <0.001

Data are presented as mean + standard deviation (n = 4 pools per dietary treatment). Different superscripts
within the same row indicate significant differences (one-way ANOVA; p < 0.05) between dietary treatments
(without considering initial values).

Ash, protein, lipid and energy retentions of fish fed with the different diets are shown in Figure
1. The rates reflect the tendency of the distinct feed intakes between feeds, thus all values where
higher in fish fed diet PD and lower in those fed ORG (p = 0.018 for ash, p = 0.007 for protein, p = 0.007
for lipids and p = 0.007 for energy). The latter revealed negative results, in particular -1.7% for protein,

-16.5% for energy and -78.5% for lipid.
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Figure 1 — Nutrient or energy retentions (% digestible intake) of protein, lipid and energy of
experimental diets (PD, ORG and ECO) given to Nile tilapia (Oreochromis niloticus) for 55 days. Data
are presented as mean * standard deviation (n = 4). Different letters indicate significant differences
(Kruskal-Wallis; p < 0.05) between dietary treatments.

Relative gene expression

Figure 2 shows the relative expression of genes from the anterior intestine of Nile tilapia
juveniles at the end of the experiment. Dietary treatments did not show statistically significant
differences between them (p > 0.05; ranging from 0.196 to 0.780), with the exception of glutathione

reductase (gsr), which was more expressed in fish fed diet ECO than the control group (p = 0.014).
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Figure 2 — Relative expression (mRNA relative expression) of genes encoding for intestinal epithelial
integrity (dao, ocl and tjp2), oxidative status/stress (cat, gpx, gsr, nrf2 and hsp70) and immune
condition (tnf-a, il-18 and tgf-8) in juvenile Nile tilapia (Oreochromis niloticus) fed with three diets
(PD, ORG and ECO) over 55 days. Data are presented as mean * standard deviation (n = 7 for CTRL
and n = 8 for ORG and ECO). Different letters indicate significant differences (one-way ANOVA; p <
0.05) between dietary treatments. Abbreviations: dao: D-amino oxidase; ocl: occluding; tjp2: tight
junction protein 2; cat: catalase; gpx: glutathione peroxidase; gsr: glutathione reductase; nrf2:
nuclear factor erythroid 2 — related factor 2; hsp70: heat shock protein 70; tnf-a: tumour necrosis
factor; il-16: interleukin-1pB; tgf-8: transforming growth factor B.

DISCUSSION

Diet formulation and fish performance

All feeds were formulated without fishmeal and wild fish oil (replaced with salmon oil as a by-
product from salmon processing industry),as they may raise environmental concerns and/or ethical
issues, which mirrors farming practices of tilapia and usually does not compromise feed utilization.

Thisis in line with commercial tilapia feeds, that have low or no inclusion of both ingredients, especially
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with the goal of limiting production costs and to keep tilapia an affordable food item mainly in
developing countries (Zhou and Yue, 2010). Such formulations have been tested previously without
adverse impacts on tilapia performance, as seen by El-Saidy and Gaber (2003) and Teoddsio et al.
(2020). All diets were formulated with a mix of distinct inclusions of plant ingredients. A mixture of
plant sources can decrease the nutritional imbalances of individual species and improve the
nutritionally profile of the feeds (Aragdo et al., 2022; Conceicdo et al., 2012; Oliva-Teles et al., 2015;
Soltan et al., 2023). Several studies reported partial or full replacements of fishmeal with a plant
mixture in tilapia feeds without a negative effect on fish performance and robustness (Agbo et al.,
2015; El-Saidy and Gaber, 2003; Gonzalez-Félix et al., 2010). Since soy may lead to environmental
concerns (e.g., deforestation), soy inclusion was reduced in ORG and ECO diets and replaced with

alternative ingredients.

To replace traditional ingredients with alternative ingredients based on organic and circularity
frameworks, the inclusion of several constituents from PD diet had to be modified in ORG and ECO
diets. This change has considered the known species nutritional requirements, while maintaining a
balanced amino acid profile and proximal composition. Since diets were isonitrogenous and
isoenergetic, the dietary macronutrient profiles were most likely not responsible for the distinct
performance results. The tested inclusion levels of some alternative ingredients differed between ORG
and ECO diets, which was likely the main cause for the lower fish performance results. Furthermore,
while the digestibility of ORG was similar to PD and although ECO exhibited slightly lower digestibility
than the other feeds, the differences were marginal and within normal ranges. In this sense, we
hypothesize that the lower intake and consequent decreased growth rate of fish fed ORG and ECO
diets, were mainly related with palatability due to high inclusion levels of (a) particular ingredient(s)

above a tolerable threshold for the fish.
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Diet palatability

Since most the ingredients were included within known tolerable inclusion levels, the lower
palatability was likely affected by specific ingredients. According to the literature, it seems minimal and
unlikely that brewer’s yeast, peas and sunflower meal inclusion levels have affected ORG or ECO
palatability, as these ingredients area often palatable and their inclusion levels were below the limits
by which fish intake can be negatively affected (Christopher et al., 2020; Desouky et al., 2023; Madalla
An, 2014; Nogales Mérida et al., 2010; Ozdrio et al., 2012; Pereira-da-Silva and Pezzato, 2000; Schulz
et al., 2007). For the same reasons and due to the extensive use in aquafeeds, a possible effect of
exclusive ingredients from the ECO diet, including LAPs, insect meal and microbial biomass, was most
likely marginal (Alves et al., 2019; Bertini et al., 2023; Bureau, 2010; Colombo et al., 2022; Hua et al.,
2019; Tacon et al., 2009; Vale Pereira et al., 2023). Regarding spirulina, a recent work showed that
tilapia preferred feeds with spirulina included at 7% rather than at 3.5% (Mendes et. al. submitted).
Other studies reported no differences or an increase in tilapia intake when spirulina was included
between 2.5 to 12% (Abdel-Warith and Elsayed, 2019; AIMulhim et al., 2023; Al-Zayat, 2019; Youssef
et al., 2023). Since spirulina was included at 2.5% and 10% in diets ECO and ORG respectively, the
effects of this emergent ingredient are unlikely to have affected palatability. Therefore, rapeseed meal
and/or quinoa were likely the main responsibles for the lower ECO and ORG palatability.

The inclusion levels of rapeseed meal could have affected ORG palatability. Rapeseed meal
was present at 26% on diet ORG, double the inclusion from ECO and PD. Literature has shown that
rapeseed meal contains ANFs, precisely sinapine and glucosinolates (e.g., progoitrin), that give a bitter
taste, decreasing palatability (Clandinin, 1961; Enami, 2010; McCurdy and March, 1992; Montoya-
Camacho et al., 2019). Consequently, this may led to fish avoiding diets with a higher inclusion of this
ingredient as they can discriminate the presence of bitter flavours (Morais et al., 2019; Puchol et al.,
2022). Zhou and Yue (2010) reported that an inclusion of more than 19% of rapeseed meal in hybrid

tilapia (Oreochromis niloticus x Oreochromis aureus) feeds, reduced intake, performance and feed
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utilization, likely due to the toxic impacts of ANFs. Replacement of fishmeal by rapeseed meal higher
than 10% or 20% in the diets of O. niloticus fingerlings resulted in a significant decrease in weight gain
and feed intake (Sallam et al., 2021). Indeed, due to feed intake limitations, some authors proposed
that rapeseed meal to be included in fish diets at levels ranging from 10 to 20% (Nemati Shizari, 2014;

Piedad-Pascual, 2000). Apart from rapeseed, quinoa also has a bitter nature.

Quinoa was present in both diets ORG and ECO, at an inclusion of 5% and 2.5% respectively,
which could have been above the tolerable limit for the fish. The seed is rich in ANFs (e.g., quinine and
saponins), particularly found in the outer coating that serve as a natural mechanism against pests
(Trigo et al., 2018). These compounds are often associated with having a bitter nature and can be highly
aversive, deterrent, toxic and harmful for the fish, interfering with quinoa’s palatability, significantly
limiting the sensory acceptance of quinoa (Molina-Poveda et al., 2017; Rigos et al., 2013; Song et al.,
2024). However, in some cases quinoa was not detrimental for the farmed species. Supplementation
up to 30% did not significantly changed the FCR in tilapia (Timana Morales et al., 2022). Feed intake
was not significantly affected by the inclusion of quinoa to replace oat grains in goldfish (Carassius
auratus) (Degirmencioglu, 2023). Distinct results can be related with different quinoa varieties and
processing methodologies, such as pressure cooking, that can be used to inactivate ANFs (Adeniji et
al., 2007; Degirmencioglu, 2023). Although in the present study quinoa was heat treated, the
temperature used may have not eliminate completely the ANFs, thus a possible impact of quinoa in
palatability must be considered (Mhada et al., 2020; Sharma et al., 2022).

Diet digestibility

The ADCs of protein, energy and lipid were all slightly lower in diet ECO compared to PD and
although it can be difficult to identify a single cause to justify these values, they are unlikely a concern.
The lower digestibility can be attributed to varying proportions of different ingredients. ECO had lower
plant sources than PD, which was likely the main reason for the lower ADCs of energy and protein, as

lower trophic level finfish species, such as tilapia, have a well-adapted long gastrointestinal tract to
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digest plants (Fetahi and Getahun, 2020). The lower ADCs of lipids may be related to several factors,
such as phospholipids and fatty acid composition (e.g., chain length, level of incorporation in dietary
fat, degree of unsaturation, melting points), as well as proportion of saturated and unsaturated
(monounsaturated (MUFA) and polyunsaturated (PUFA) - docosahexaenoic acid (DHA) and
eicosapentaenoic acid (EPA)) fatty acids. Although the fatty acid profile was not evaluated, the values
of MUFA, PUFA and EPA+DHA were all estimated and considered during formulation to be similar
between dietary treatments. In order to provide more precise reasons for the lower ADCs, it would
be needed to analyse the dietary carbohydrates and fatty acid profiles, as well as address the
digestibility of raw individual ingredients (Hoerterer et al., 2022; Tefal et al., 2023a; Telles, 2021).
Nevertheless, the protein and lipid ADCs of ECO, ORG and PD diets were all above 75% and 90%,
respectively, which are in line with the recommended values of 75%—95% and 85%-95% (National
Research Council, 1993). Hence, the reduced digestibility observed in the ECO diet was unlikely a
major factor for the reduced performance, and possibly, it also did not significantly affect feed
utilization.

Whole-body composition and retentions

Whole-body composition and retentions were negatively affected in fish fed ORG and ECO
compared to those fed PD, which are likely related with the distinct feed intakes (Ahmed, 2007). Since
feed intake was reduced, fish oxidized their lipid storages to obtain energy and maintain their vital
processes, structure and functionality of cell membranes (Adebayo et al., 2000; Gallardo-Colli et al.,
2020; Marais and Kissil, 1979). Since energy was being obtained from fat, it also decreased.
Consequently, moisture increased as lipids were replaced with water in the muscle (Wang et al., 2000).
Similar patterns in body composition were observed in tilapia and other fish species when their intake
was reduced (Dong et al., 2017; Lui et al., 2020; Rodde et al., 2021; Sarsangi Aliabad et al., 2022; Xiao
et al., 2013). However, in most of the studies, body protein composition was not affected, meaning

that in the present study particularly the slight decrease in protein in fish fed ORG was an indication
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that the feed intake was close to maintenance level and that the animals were only eating to survive
(Dong et al., 2016; Salze et al., 2014). As a result, there could have been some impacts on fish health
and condition.

Fish health and somatic indices

Given that from the molecular biomarkers assessed for intestinal epithelial integrity, immune
condition and oxidative status, only glutathione reductase (gsr) was significantly affected by the dietary
treatments, the overall health status of the fish does not seem to have been compromised. The
expression of gsr, an important biomarker for oxidative status, was upregulated in fish fed ECO
compared to those fed PD. Glutathione reductase is a crucial enzyme that plays a pivotal role in
maintaining cellular redox homeostasis and antioxidant defence systems in fish (Couto et al., 2016).
From the formulation of this feed, the inclusion levels of spirulina and quinoa could have had a higher
impact on the antioxidant activity, as both are rich in bioactive compounds with antioxidant properties
(e.g., carotenoids, saponins, phycoerythrin and phycocyanin) (Abdelkhalek et al., 2017; Fischer et al.,
2017; Kumar et al., 2022). Quinoa increased the antioxidant status when included at 10% and 31% in
tilapia and rats, respectively (Ahmed et al., 2020; Pasko et al., 2010). Spirulina at inclusion levels
ranging from 0.5% to 45%, improved the antioxidant capacity of several fish species (Abdelkhalek et
al., 2017; Abdel-Warith and Elsayed, 2019; Kim et al., 2013; Rosas et al., 2019). The suggestion that
fish health was likely not affected in ORG and ECO, despite their lower feed intake, based on gene
expression results, is also supported by the somatic indices.

VS| and HSI were similar between dietary treatments, while K was slightly lower in ORG fish,
meaning that fish robustness was likely not compromised. VSI and HSI are often used to evaluate the
nutritional and physiological state of fish metabolism (Dawood, 2016; Velasquez et al., 2016b). Since
these indexes did not differ between dietary treatments, it indicates that the capacity for nutrient
absorption and fish metabolism were not significantly affected, also suggested by the absence of

different expressions in health-related genes. The condition factor provides insights into the wellbeing,
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nutritional status and growth of fish (Paredes-Trujillo et al., 2021). Although K differed between dietary
treatments, the differences were small and the values were considered normal, when compared to
the ones reported by Asmamaw et al. (2019), Ighwela et al. (2011) and Keyombe et al. (2017).
Therefore, it is interesting to note that although fish fed diet ECO and particularly ORG ate much less
than those fed PD, their health condition was not affected, meaning that in the case of ORG, they were
eating to maintain their body weight and survive.
CONCLUSIONS

Clearly, more detailed studies are still necessary to optimize organic and eco-efficient
formulations frameworks before they are to be implemented commercially for tilapia. When
addressing societal concerns on feed formulations, one must consider the balance between
environmental and social sustainability with fish performance and wellbeing. Despite being fed until
apparent satiation, the three aquafeed formulations had significantly distinct impacts on juvenile Nile
tilapia performance, whereas fish fed ORG and ECO showed considerably lower growth. Diet ORG
exhibited reduced palatability likely due to the inclusion levels of specific ingredients on the feeds,
most likely quinoa and rapeseed, or their combination with the other ingredients used, which greatly
decreased feed intake. Still, fish appeared to have voluntarily chosen feed intake levels close to those
required for maintenance as there was no weight loss. The evaluation of the impacts of the diets on
gut epithelium integrity, immune condition, oxidative status and somatic indices revealed no major
impacts. Therefore, despite the decreased feed intake, and reduced feed utilization, the alternative
feed formulations affected tilapia growth but not robustness.
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ABSTRACT

To align with societal demands, aquaculture needs to enhance the environmental
performance of its feeds, while ensuring the health of farmed organisms. Accordingly, novel
formulations could be based on organic or circular economy-driven ingredients. This study aimed to
evaluate the global warming potential (GWP) and digestibility of such feeds and their effects on
performance, feed utilization and health status of juvenile gilthead seabream (Sparus aurata) under
grow-out conditions and after exposure to a challenge event (overcrowding). Three isonitrogenous and
isoenergetic experimental diets were formulated: a control (CTRL) commercial-like feed; an organic
(ORG) diet based on ingredients compatible with organic certification, with limited inclusion of animal
proteins; an eco-efficient (ECO) feed using circular economy-driven subproducts, with limited inclusion
of fishmeal. The GWP of each feed was calculated using the Life Cycle Impact Assessment
methodology. Seabream were fed three times daily, in triplicate, according to a feeding table during a
growth period of 9 weeks and challenge period of 2 weeks, with an initial density of 12.5 kg/m3 (from
8 kg/m?3at the end of the growth stage). Although at the end of the growth period final body weight
was higher in fish fed diets CTRL and ECO than ORG fish, all dietary groups increased their initial body
weight at least three-fold. Fish health and overall robustness to stress was maintained in the growth
and challenge periods based on the performance results and relative expression of molecular
biomarkers for gut health, oxidative status and immune condition. All feeds were efficiently utilized
and highly digestible. Despite having a higher GWP, ORG and ECO feeds may provide societal benefits,
and particularly ORG fish can increase phosphorus retention. Organic and circular economy-driven
feeds have potential to address consumer concerns and decrease some of the environmental impacts

of aquaculture, while ensuring good fish performance and robustness.

Keywords: Aquafeeds; Global Warming Potential; Fish Performance; Fish Robustness; Gilthead

Seabream.
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INTRODUCTION

Nowadays, society is more demanding with the sustainability of food and aquaculture products
(Feucht and Zander, 2015; Lépez-Mas et al., 2021; Reig et al., 2019; Zander et al., 2018). Consumers
are particularly concerned with interventions in the environment (e.g., the organic food movement),
carbon footprint and the health of farmed aquatic animals (Cao et al., 2013; Regueiro et al., 2022).
Consumers' purchasing decisions often hinge on whether food production practices align with their
preferences and concerns (Campbell et al., 2022). In this respect, aquaculture must promote its
societal perception, improve its environmental performance and enhance farming conditions (Mente
et al., 2011). Particularly, this goes in accordance with the objectives of the European Union (EU),
which aim to increase aquaculture production focusing on environmental sustainability, food safety
and ethical standards, while considering and meeting consumer demands (Campbell et al., 2022; EC,
2019, 2020). Accordingly, the industry needs to address several concerns, including the environmental

sustainability of aquafeeds.

Aquaculture is focused on reducing the environmental impacts of its feeds, which remains a
serious issue. There has been some progress to reduce the reliance and environmental footprint of
commonly used feed ingredients (e.g., marine and soy-based sources), mainly through the
implementation of responsible management and sourcing practices, certification schemes, regulatory
frameworks and technological advancements (Glencross et al., 2024; Newton et al., 2023). However,
the progress in adopting environmentally sustainable practices varies across different regions. Despite
notable advancements, aquafeeds production continue to play a significant role in contributing to the
industry’s environmental impacts, particularly in terms of resource consumption and/or global
warming (Hilmarsddttir et al., 2021; Little et al., 2016; Malcorps et al., 2019; Newton et al., 2023). Feed
ingredients can represent around 60-70% of the carbon emissions of seafood farming (MacLeod et al.,
2020). Soybean usage in aquafeeds has been estimated to account for up to 75% of aquaculture

greenhouse gases (GHG) emissions, estimated to be between 2.9 and 3.8 kg CO, eq kg™ live weight of
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fish at the farm gate (Ghosh et al., 2020). Hence, a possible strategy to enhance consumer perception
and potentially reduce some of aquaculture environmental impacts, could be through the

development of alternative feed formulations.

Organic and circular economy (eco-efficient) based feed ingredients are well perceived by society
and may provide some environmental benefits. Organic formulations address environmental, ethical
and food safety concerns, widely regarded by society (Altintzoglou et al., 2013). Especially circular
economy feed concepts may reduce forage fish demand, promote system-wide performance and
enhance resource efficiency (Cottrell et al., 2020; Gephart et al., 2021; Stevens et al., 2018). However,
these benefits vary significantly from production sites and need a thorough evaluation, particularly

regarding the global warming potential (GWP).

The GWP is a relevant measure to indicate the environmental friendliness of aquafeeds.
Nowadays, the GWP is particularly relevant, as it is considered a good indicator of climate change due
to carbon or greenhouse gas emissions (e.g., CO,) (Delistavrou et al., 2023). The GWP can be assessed
through a Life Cycle Assessment (LCA), similar to what has been done by Basto-Silva et al. (2022) and
Bergman et al. (2024) with gilthead seabream (Sparus aurata) and rainbow trout (Oncorhynchus
mykiss) feeds, respectively. This assessment is particularly relevant when feed formulations are based

on distinct types of alternative ingredients.

Potential alternative ingredients must be widely available, while promoting fish performance and
considering the environmental footprint and animal welfare. Suitable alternatives could include land
animal by-products (LAPs; e.g., blood-, feather- and poultry meals), single cell microorganisms (SCMs;
e.g., microalgae, yeast, bacteria) and some vegetables (e.g., potato, pea, sunflower, rapeseed, wheat,
corn). LAPs are affordable, widely available and can reduce waste generation while valorising side
streams (Colombo et al., 2022; Glencross et al., 2024; Sandstrom et al., 2022; Toldra et al., 2016). SCMs
have rapid growth, can be intensively produced year-round and its cultivation systems are amenable

to a high degree of automation (Gupta et al., 2022; Sharif et al., 2021). Methods, infrastructure and
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systems for large-scale production and processing of vegetables are already well-established
(Glencross et al., 2024). All these ingredients and their combinations have shown positive results in
fish performance and robustness (Aragdo et al., 2020; Estévez and Vasilaki, 2023; Naya-Catala et al.,
2021; Pérez-Pascual et al., 2020; Petereit et al., 2022; Tefal et al., 2023a; Vale Pereira et al., 2023).
However, the effects of feed formulations in fish, must be monitored on a case-by-case basis. This is
especially important since some ingredients and combinations, at certain inclusion levels, may bring
disturbances and malfunctions that can affect nutrient absorption and immune response (Aragdo et
al., 2020, 2022). Particular attention should be given to the intestine, as the tissue is one of the primary
targets of dietary changes and given its key role in fish digestion/metabolism (Aragdo et al., 2020,
2022). This is relevant in commercially important species, such as gilthead seabream (Sparus aurata),
a pivotal farmed fish part of the gastronomic culture and seafood economy of the Mediterranean, with
an annual global production of approximately 280 thousand metric tonnes (FAO, 2022; Pérez-Lloréns

et al., 2021).

This study aimed to evaluate the digestibility and effects of feeds formulated within circular
economy-driven (eco-efficient) or organic frameworks, on performance, feed utilization and health
status of juvenile gilthead seabream (Sparus aurata) under grow-out conditions. At the end of the
growth period, fish were exposed to a chronic challenge event (overcrowding) to assess their

resilience. The global warming potential of the feeds was also evaluated.
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MATERIALS AND METHODS

Experimental diets

Three experimental diets: control (CTRL), organic (ORG) and eco-efficient (ECO) were
formulated and produced by SPAROS Lda (Olhdo, Portugal). Powder ingredients were mixed
accordingly to a target formulation in a double-helix mixer (model 500L, TGC Extrusion, France) and
grounded (below 2.0 mm) in a micropulverizer hammer mill (model SH1, Hosokawa-Alpine,
Germany). Diets (pellet size: 2.0 mm) were extruded with a twin-screw extruder (model BC45,
Clextral, Firminy, France) and dried in a convection oven (OP 750-UF, LTE Scientific, Oldham, UK). After
cooling, oils were added to the pellets by vacuum coating (model PG-10VCLAB, Dinnisen, Sevenum,
The Netherlands). Throughout the duration of the study, experimental diets were stored inside plastic
buckets at room temperature in a cool and aerated storage room. Representative samples from each

diet were collected and analysed for proximate composition and amino acid profile analyses.

The formulation concept and ingredient selection (Table 1) was based within a circular economy
or organic framework (ingredients that can be found on the market as organic), on market availability
and nutritional composition to fulfil the known nutritional requirements of juvenile gilthead
seabream. The control feed (CTRL) was formulated to mimic a commercial formulation, being soy-free
and with medium levels of LAPs. The organic (ORG) feed was designed to include ingredients
compatible with organic certification, SCMs (microalgae, yeast) and with limited inclusion of fishmeal
and LAPs, which were replaced with plant sources (e.g., pea protein, potato protein, rapeseed meal
and oil). The eco-efficient (ECO) feed was formulated with ingredients similar to those used in the
CTRL feed, but with higher inclusion levels of LAPs (feathermeal hydrolysate, poultry meal and poultry
blood meal) and limited fishmeal. All diets were formulated to be isonitrogenous (crude protein of
~51% as fed) and isoenergetic (gross energy of ~22.2 kl/g as fed) (Table 1). The global warming

potential (GWP) of each feed is presented in Table 1. Amino acid profiles are presented in Table 2. The
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dietary treatments (CTRL, ORG and ECO) were randomly assigned to replicate tanks (n = 3 replicates

per dietary treatment).

Table 1 - Diet formulation (% inclusion levels), proximate composition (% as fed) and global
warming potential (GWP; kg CO, eq/ton feed) of the experimental diets (CTRL, ORG and ECO) for

gilthead seabream (Sparus aurata).

Ingredients (% inclusion levels) CTRL ORG ECO
Fishmeal Super Prime! 15.00 15.00

Fishmeal? 5.00 5.00
Fish protein hydrolysate? 3.00 3.00
Poultry meal* 15.00 20.00
Poultry blood meal® 3.00 5.00
Feathermeal hydrolysate® 5.00 10.00
Microbial meal’ 4.00 4.00
Brewer's yeast? 5.00

Arthrospira platensis® 5.00

Potato protein concentrate®’ 8.90

Pea protein concentrate!! 11.00

Wheat gluten'? 11.00

Corn gluten meal®® 8.00 5.70
Guar korma* 5.00 9.50 5.00
Rapeseed meal®® 4.50

Sunflower meal®® 3.00 6.00
Wheat meal’ 13.48 7.58 12.63
Whole peas®® 5.50 5.50 5.50
Vitamin and mineral premix*® 1.00 1.00 1.00
Choline chloride? 0.20 0.20 0.20
Antioxidant?! 0.20 0.20 0.20
Mono-calcium phosphate? 1.10 1.65
L-Lysine? 0.50
DL-Methionine? 0.05
Yttrium oxide®® 0.02 0.02 0.02
Algae meal (Schyzochytrium spp)*® 1.30
Rapeseed lecithin?’ 0.50 0.50 0.50
Fish oil?® 4.45 7.00 4.45
Salmon oil*® 8.65 8.30
Rapeseed o0il*° 7.00
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Proximate Composition (% as fed) CTRL ORG ECO
Dry matter (DM) 94.31 96.91 95.56
Ash 7.76 7.03 5.76
Crude protein 50.61 51.05 51.40
Crude fat 17.66 17.93 17.80
Total phosphorus 1.10 1.02 1.31
Gross energy (kJ/g?) 21.80 22.2 22.54
GWP (kg CO; eq/ton feed) 1407 1961 1550

Proximate composition values are reported as mean of duplicate analyses.

!Fishmeal Super Prime, Diamante: 66.3% CP, 11.5% CF; Pesquera Diamante, Peru.

2 Fishmeal, CONRESA: 61.2% CP, 8.4% CF; Conserveros Reunidos S.A., Spain.

3Fish protein hydrolysate, CPSP90: 82.6% CP, 9.6% CF; Sopropéche, France.

4 Poultry meal: 62.4% CP, 12.5% CF; SAVINOR UTS, Portugal.

> Poultry blood meal: 90.0% CP, 1.0% CF, ECB COMPANY SRL A S.U, Italy.

6 Feathermeal hydrolysate EM’PAQ: 88.8% CP, 1.6% CF; Empro Europe, The Netherlands.

7 Microbial meal (Corynebacterium glutamicum), Aminopro NT70: 74.1% CP, 3.1% CF, MAZZOLENI

SPA, ltaly.

8 Brewer’s yeast: 38.9% CP, 4.5% CF; Premix Lda, Portugal.

° Arthrospira platensis: 72.1% CP, 1.0% CF, Sopropéche, France.

10 potato protein concentrate, Protamyl: 77.0% CP, 1.4% CF, AVEBE, The Netherlands.

11 pea protein concentrate, Lysamine GPS: 78.1% CP, 8.3 % CF, Roquette, France.

2\Wheat gluten, VITAL: 80.4% CP, 5.8 % CF, Roquette, France.

13 Corn gluten meal: 61.2% CP, 5.2 % CF, COPAM, Portugal.

14 Guar korma, Seah International, France.

15Solvent extracted rapeseed meal: 34.3 %CP, 2.1 % CF, Ribeiro & Sousa Lda., Portugal.
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16 Splvent extracted dehulled sunflower meal, HiPro: 42.9 % CP, 3.8% CF, AGP Slovakia, s.r.o, Slovakia.
7Wheat meal: 11.7 % CP, 1.6% CF, Molisur, Spain.
18Whole peas: 19.6% CP, 2.2% CF, Ribeiro & Sousa Lda., Portugal.

¥ vitamin and mineral premix, WISIUM MIX AQUA 1.5%: PREMIX Lda, Portugal. Vitamins (IU or
mg/Kg diet): DL-alphatocopherol acetate, 100mg; sodium menadione bisulphate, 25mg; retinyl
acetate, 20000 1U; DL-cholecalciferol, 2000 1U; thiamine, 30 mg; riboflavin, 30mg; pyridoxine, 20mg;
cyanocobalamin, 0.1 mg; nicotidin acid, 200 mg; folic acid, 15mg; ascorbic acid, 1000 mg; inositol,
500mg; biotin, 3 mg; calcium panthotenate, 100mg; choline chloride, 1000 mg, betaine, 500 mg.
Minerals (g or mg/kg diet): cobalt carbonate, 0.65 mg; copper sulphate, 9 mg; ferric sulphate, 6 mg;
potassium iodide, 0.5 mg; manganese oxide, 9.6 mg; sodium selenite, 0.01 mg; zinc sulphate. 7.5

mg; sodium chloride, 400 mg; calcium carbonate, 1.86 g; excipient wheat middlings.

20 Choline chloride 50%: ORFFA, The Netherlands.

21 Antioxidant, VERDILOX: Kemin Europe NV, Belgium.

22 Mono-calcium phosphate, ALIPHOS MONOCAL: 22.7% P, 17.5% Ca, ALIPHOS, Belgium.
B L-Lysine 99%: Ajinomoto EUROLYSINE S.A.S, France.

24 DL-Methionine 99%: Rhodimet NP99, ADISSEO, France.

2 Yttrium oxide, Amperit: Hoganas Germany GmbH, Germany.

26 Algae meal (Schizochytrium spp.): 11% CP, 49.4% CL, 16% DHA, Allmicroalgae, Portugal.
2’Rapeseed lecithin, CANOLECITHIN F60: 94% CL, Novastell, France.

2 Fish oil: 98.1% CL, 16% EPA; 12% DHA, Sopropéche, France.

29Salmon oil: 98.3% CL, 4.6% EPA; 5.2% DHA, Sopropéche, France.

30Rapeseed oil: 98.2% CL, JC Coimbra, Portugal.
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Table 2 - Amino acid composition (mg AA g™ dry weight) of the experimental diets (CTRL, ORG and

ECO) for gilthead seabream (Sparus aurata).

Amino Acids (mg AA gl dry weight) CTRL ORG ECO
Arginine 31.20 33.79 33.01
Histidine 11.26 11.60 10.97
Lysine 26.33 29.11 27.86
Threonine 23.82 21.23 24.76
Isoleucine 21.86 24.23 22.08
Leucine 39.16 38.54 39.47
Valine 25.84 26.66 27.77
Methionine 8.61 10.27 10.31
Phenylalanine 22.78 25.25 23.66
Cystine 8.42 8.93 10.94
Tyrosine 15.91 19.91 18.17
Aspartic Acid + Asparagine 38.34 44.84 37.48
Glutamic Acid + Glutamine 71.44 94.45 70.44
Alanine 29.29 24.96 28.91
Glycine 33.14 27.15 34.78
Proline 30.36 31.40 33.61
Serine 25.02 25.13 30.65
Taurine 1.95 0.97 1.64

All values are reported as mean of duplicate analyses.

Life Cycle Impact Assessment (LCA)

Global Warming Potential (GWP) was calculated using the Life Cycle Impact Assessments (LCA)
methodology with economic allocation. Agribylase, Ecoinvent and Global Feed LCA Institute (GFLI)

databases, as well as information present in literature and CarbonCloud (www.carboncloud.com;

CarbonCloud, Sweden) were used as sources of background data regarding raw materials. Although
this data can present some level of uncertainty, the most accurate information was used. The system
boundary was set to include the grow-out, fishery activities or production of feed ingredients
(including energy usage), as well as processing and transportation from production to processing
locations and final product from factory to markets. Ingredient mixing and pelletization were not

considered.
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Fish husbandry
Fish feeding

Before starting the experiment, a tailored feeding table was generated according to the species
requirements, with the goal of ensuring optimum fish performance under summer temperature

conditions and avoid overfeeding. The FiT Feeding Tables™ (www.sparos.pt/products/#fit) tool

developed by SPAROS and RIASEARCH’ was used. As input data, the experimental conditions (fish body
weight, water temperature) from a previous study (Ramos-Pinto et al., 2019) performed in the same
fish facilities and season (summer) with gilthead seabream were considered. This choice was made
because the experimental conditions were expected to be similar to those of the present trial. Data
on diet proximate composition and digestibility were defined based the feeds used. Subsequently, the
table was generated using the Energy and Protein fluxes (EP model) defined by Nobre et al. (2019) and
derived from the bioenergetic factorial approach (Lupatsch, 2003). The same table was used for all
feeds (CTRL, ORG and ECO) since the differences in proximate composition were marginal. The daily
feeding rate values obtained were then applied to the thermal growth coefficient (TGC) model, using
the formula provided by Besson et al.(2016), in order to estimate fish growth and thereby determine
the amount of feed that would be given to each tank daily. The TGC model allows to predict fish daily
body weight based on the relationship between water temperature and fish weight allometry (Sun
and Wang, 2024). Therefore, to obtain accurate estimations of the feed that would be given, water
temperature was measured daily, and two intermediate sampling points were performed to adjust
the fish biomass on each tank.
Growth period

The trial was carried out at the Ramalhete Experimental Research Station of the Centre of Marine
Sciences of Algarve (CCMAR, Faro, Portugal). Trained scientists performed the trial, following the
European Directive 2010/63/EU of European Parliament and of the Council of European Union on the

protection of animals used for scientific purposes, being approved by the Committee of Ethic and
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Animal Experimentation of CCMAR. The CCMAR facilities and their staff are certified to house and
conduct experiments with live animals (‘group-1'license by the ‘Dire¢do Geral de Veterinaria’, Ministry

of Agriculture, Rural Development and Fisheries of Portugal).

Gilthead seabream (Sparus aurata) juveniles were supplied from a commercial farm and
transported to the to the Research Station by an authorized carrier. No mortality or pathological signs
were observed in association to transport. During the acclimation period of three weeks, fish were fed
twice a day using a commercial diet (Standard 4 Orange, Sorgal, Portugal; 43% CP, 17% CF, according

to manufacturer data).

At the start of the trial, fish with an average initial weight of 14.1 + 0.02g (mean * SD), were
randomly distributed to form 9 homogenous groups (CV < 5%) in outdoor cylinder fiberglass tanks of
500 L. Each replicate tank had 90 fish and an initial stocking density of 2.5 kg/m3. From the initial stock,
42 fish, that resembled the experimental population, were measured and weighed individually to
obtain the initial condition factor. Tanks were supplied with flow-through, gravel-filtered, aerated
seawater and subjected to natural photoperiod changes through summer conditions (April-August).
Abiotic parameters (temperature: mean 23.5+2.1°C, ranging from 27.3°C to 18.8 °C; salinity:
37.8 £ 0.4 %o; oxygen saturation: 96.3 + 1.4 %), feed intake and mortality were measured and recorded
daily. Fish were fed by hand one of the experimental diets (CTRL, ORG or ECO) using a feeding table
as guideline, three times per day from Monday to Saturday (09h45, 11h45, 16h00) and twice on
Sundays (09h45, 11h45). If fish were satisfied before all the predetermined feed was given, the
leftover weight was recorded. The growth period lasted for 65 days.

Challenge period

Using the same experimental setup and fish that remained on each tank (average n = 68 fish/tank)
at the end of the growth period, gilthead seabream with an initial weight of 45.9 + 3.0 g were exposed
to chronic crowding stress for two weeks. This was achieved by decreasing the tank water volume to

250 L, consequently increasing the density to 12.5 kg/m? (from 8 kg/m? at the end of the growth

120



Chapter Il

period). The feeding regimes were kept, and fish were fed similarly to the growth period. Abiotic
parameters (temperature: 23.9 + 0.9 °C; salinity: 38.4 + 0.4%o; oxygen saturation: 93.7 + 1.8 %), feed
intake and mortality were measured and recorded daily.

Digestibility trial

Nine cylinder-conical fiberglass tanks (n = 3 per dietary treatment) of 100 L with homogeneous
groups of 20 fish (~25 g each) were fed by hand with the experimental diets (CTRL, ORG and ECO),
twice a day (09h45 and 12h00), to apparent satiety. After an adaptation period of three weeks, faeces
collection started. Every day, half an hour after feeding, tanks were thoroughly cleaned to remove any
uneaten pellets and a recipient, covered with ice packs, was inserted at the water outlet channel at
the bottom of the tank to collect faeces by a settling decantation system. On the following day, faeces
were collected from each tank and frozen at — 20 °C until analysis. Further, the faecal samples were
analysed to indirectly determine the apparent digestibility coefficients (ADCs) of the dietary nutrients
using yttrium oxide (Y.0s), an inert marker, according to the following formula:

Apparent digestibility coefficients (%), ADC’s, of dietary nutrients and energy (Maynard et al.,

1979):

dietary marker (%) _ faecal nutrient or energy level

ADC (%) = 100 x [1 -

faecal marker (%)  dietary nutrient or energy level

ADC (%) of dry matter (DM):

dietary marker (%)

ADC (%) = 100 x [1 -

]

faecal marker (%)

Sample collection

All samplings were performed within 24 h following the last meal and fish euthanised with a lethal
dose of anaesthetic (1000 mg/L; 2-phenoxyethanol, Sigma-Aldrich, Spain). At the beginning of the
growth period, 15 fish from the initial stock were pooled and stored at — 20 °C for subsequent analysis
of whole-body composition. At the end of the growth period, sampled fish (n = 12 fish per replicate
tank) were individually measured and weighted, before their viscera and liver were carefully sampled
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and weighed for determination of the somatic indices. From these fish, 6 were pooled (n = 3 pools per
dietary treatment) and frozen at - 20 °C for analysis of whole-body composition. At the end of both
growth and challenge periods, 6 fish from each replicate tank (n = 18 fish per dietary treatment) were
dissected for the anterior intestine. A small section of the tissue was preserved in RNA /ater (Sigma
Aldrich, Spain) until analysed for gene expression. Further, all samples were kept at — 80 °C until
further analysis.

Key performance indicators

At the start of the experiment, on day 19, 40 and at the end of the growth and challenge periods,
fish were counted, and bulk weighted to monitor growth performance, feed utilization and retention

indicators as follows:

Weight gain (%IBW; WG) = 100 x wet weight gain (g) x initial biomass (g)*

Where wet weight gain (g) = final biomass (g) — initial biomass (g)

Relative growth rate (%.day*; RGR) (Ricker, 1958) = 100 x (e? — 1)

Where g = [In (final body weight (g)) — In (initial body weight (g)) x number of feeding days™]

Feed conversion ratio (FCR) = apparent feed intake (g) x wet weight gain (g)*

Voluntary feed intake (% BW.day; VFI) = relative growth rate x feed conversion ratio™

Protein efficiency ratio (PER) = wet weight gain (g) x crude protein intake (g DM)*

Viscerosomatic index (%; VSI) = 100 x viscera weight (g) x body weight (g)*

Hepatosomatic index (%; HSI) = 100 x liver weight (g) x body weight (g)*

Condition factor (K) = 100 x body weight (g) x total length3(cm)?

Crude phosphorus intake (mg.kg™.d™%; CPI) = 1000 x (phosphorus intake (g DM) x biomass weight
(kg)* x number of feeding days )
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Phosphorus (P) gain (mg.kg™*.d™}; PG) = 1000 x (final whole-body P content (% DM) — initial whole-
body P content (%DM) x biomass weight (kg)* x number of feeding days™)

Faecal phosphorus (P) losses (mg.kg™.d™%; FPL) = crude P intake (mg.kg™.d™) x apparent digestibility

coefficient of P (%)

Metabolic phosphorus (P) losses (mg.kg™2.d™1; MPL) = crude P intake (mg.kg™.d™) — (P gain
(mg.kg™t.d™1) + faecal P losses (mg.kg™*.d™?)

Nutrient or energy retention (% digestible intake; NR) = 100 x (final whole-body protein, lipid, or
energy content — initial whole-body protein, lipid or energy content) x (crude protein, crude lipid, or
gross energy intake™ x ADC% of protein, lipid, or energy)

Analytical procedures

Diet samples, faeces and whole-fish were freeze dried and grounded until a homogeneous
powder was obtained. Chemical analyses were made in duplicates and following the methodology
described by AOAC (Association of Official Analytical Chemists, 2007): dry matter after drying at 105
°C for 24 h; total ash by combustion (550 °C during 12 h) in a muffle furnace; crude protein (N x 6.25)
by a flash combustion technique followed by a gas chromatographic separation and thermal
conductivity detection with a Leco N Analyzer (Model FP-528, Leco Corporation, USA); crude lipid by
petroleum ether extraction (40-60 °C) using a Soxtec™ 2055 Fat Extraction System (Foss, Denmark),
with prior acid hydrolysis with 8.3 M HCI; gross energy in an adiabatic bomb calorimeter (Werke C2000,
IKA, Germany);

Phosphorus concentrations in diets, faeces and whole-fish, as well as yttrium concentrations in
diets and faeces were initially determined by weighting (50-125mg) dry samples in quartz vessels.
Samples were then digested in 6 mL of nitric acid (HNOs tracer grade, 70%) in a Discovery SP-D
microwave digestion unit according to the following program: 200 °C; 4 min ramp; 3 min hold. The
samples were then cooled to room temperature, and a final volume of 10 mL was achieved by adding
ultrapure water. Subsequently, samples were diluted in ultrapure water and the standard curves

prepared. Mineral quantification was performed by MP-AES (Agilent, model 4200) at 371nm for
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phosphorus and 214nm for yttrium. Blank samples containing only the decomposition acid were
included to measure the matrix effects of decomposition, which were subtracted from every element

in each sample.

Experimental diets were analysed for total amino acid content according to Aragao et al.
(2020). Briefly, samples underwent acid hydrolysis (6 M HCl at 116 °C for 48 h in nitrogen-flushed glass
vials) and were then pre-column derivatised with Waters AccQ Fluor Reagent (6-aminoquinolyl-N-
hydroxysuccinimidyl carbamate) using the AccQ Tag method (Waters, USA). Analyses were done by
ultra-high-performance liquid chromatography (UPLC) in a Waters reversed-phase amino acid analysis
system, using norvaline as an internal standard. The resulting chromatograms were analysed with
EMPOWER software (Waters, USA).

Reverse transcription—quantitative real-time PCR (gPCR)

Samples from the anterior intestine from 3 fish per replicate (n = 9 per dietary treatment) at
the end of the growth and challenge periods were analysed. Total RNA was extracted using the
Maxwell® RSC simplyRNA Tissue Kit (Promega, Madison, USA) according to the manufacturer’s
instructions. Total RNA quality and integrity was determined by denaturing agarose gel
electrophoresis, while concentration and purity were based on absorbance at 260 nm and ratios at
260:280 and 260:230 nm, using a Nanodrop OneC (Thermo Fisher Scientific, Waltham, USA).
Complementary DNA (cDNA) synthesis was performed by reverse transcription of 1000ng of total RNA
using the RevertAid H Minus First Strand Kit (Thermo Fisher Scientific), according to the manufacturer’s
protocol. Real-time PCR (RT-PCR) was performed in a CFX384 Real Time PCR detection system (Bio-
Rad, Hercules, CA, USA) with PowerTrack™ SYBR™ Green chemistry (Thermo Fisher Scientific), using
specific primers (Table 3). Primers for each gene were designed using the Geneious Prime version

2023.1 (www.geneious.com) based on sequences from the GenBank database (NCBI; Clark et al.,

2016). Biomarkers for the oxidative status include superoxide dismutase (sod), catalase (cat),

glutathione peroxidase (gpx) and nuclear factor erythroid 2 —related factor 2 (nrf2). Regarding immune
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condition, interleukin-1 (il-18), immunoglobin (igm) and cyclooxygenase-2 (cox2) were analysed. The
intestinal epithelial integrity was assessed for mucin13 (muc13), claudin 12 (cldn12), tight junction
protein 2 (tjp2), occludin (ocl) and proliferating cell nuclear antigen (pcna). The RT-PCR assays were
run in duplicates in a 10 pl volume containing 2 ul of cDNA, 0.625 pl of each specific forward and
reverse primers at 10 uM, 5 pl of PowerTrack™ SYBR™ Green Master Mix (Thermo Fisher Scientific)
and 1.75 pl of nuclease-free water. The amplification protocol was set as follows: an initial denaturation
step of 2 min at 95 °C, followed by 40 cycles of denaturation for 5 sec at 95 °C and 30 sec at 55, 57 or
59 °C for annealing/extension, depending on the primer specificity. Negative controls without sample
templates were consistently executed for each primer set. The specificity of reactions was confirmed
through the examination of melting curves, using ramping rates of 0.5 °C/ 5 sec, across a temperature
span of 60-95 °C. Gene expression levels were normalised using the geomean from two reference
housekeeping genes, elongation factor 1 a (ef1-a) and 18S ribosomal RNA (18S). The relative mRNA
expression of the target genes was calculated according to the Pfaffl method (Pfaffl, 2004). The relative
gene expressions of fish fed each diet were analyzed at the end of the growth and challenge periods.
At the end of the growth period, gene expressions were calculated using the CTRL dietary treatment
as reference. To compare the expressions pre and post stress, the expressions at the end of the growth

period were used as reference.
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NCBI GenBank

Gene  Forward Primer Sequence (5’ - 3’)  Reverse Primer Sequence (5' - 3')

Accession Number
sod TCACAGGAGAAATCAAAGGGCT GGACCGCCATGATTCTTACCAT JQ308832
cat CGACATGGTGTGGGACTTCT CGCTCACCATTGGCATTGAC 10308823
gpx TTTACGCCCTGACAGCCAAT AGTAACGACTGTGGAGCTCG KC201352
nrf2 TGAAGGAGGAGAAGGAGCGT AGTACTCGGACGGCGAGTAT XM_030427725

il-16 TCCAAGCTTGCATCTGGAGG GCTGAAGGGAACAGACACGA AJ277166
igm GACAACCTCAGCGTCCTTCA CTTTTGAGTCTGCAGCGTCG JQ811851
cox2 GACATCATCAACACTGCCTCC GATATCACTGCCGCCTGAGT AM296029
mucl3 CTGTCTACTGAACGGGGCAA ATTCTGTCACTGAACGCCGT 1Q277713
cldn12 AGCCGTATTTGCCTGTCCAG CGTAACTTTGTGAGGGGGCA XM_030393069.1
tjp2 CTGCTGGATGTGACACCCAA GGCGATCCTCTGTCTCAAGG XM_030417304.1
ocl TACGGTGGAATCGGAGGGAA CTGGTGAGACACGACGATGA 10692876
pcna TCATGATCTCCTGCGCCAAG CAAAGATCAGCTGGACGGGT KF857335
efl-a GGAGATGCACCACGAGTCTC GCGTTGAAGTTGTCAGCTCC AF184170
185 TGCAGAATCCTCGCCAGTAC GGTGAGCCCGGATCTTCTTC AM490061

Abbreviations: sod: superoxide dismutase; cat: catalase; gpx: glutathione peroxidase; nrf2: nuclear factor

erythroid 2 — related factor 2; il-18: interleukin-1B; igm: immunoglobin; cox2: cyclooxygenase-2; mucl3:

mucinl3; cldn12: claudin 12, tjp2: tight junction protein 2, ocl: occludin; pcna: proliferating cell nuclear

antigen; efl-a: elongation factor 1 a; 18S: 18S ribosomal RNA.

Data analysis and statistics

All results are expressed as mean + standard deviation (mean * SD). Data were checked for

normality and homogeneity of variances with Shapiro-Wilk and Levene’s test, respectively. Results

expressed as percentages (VFI, RGR, VSI, HSI, survival, ADCs, whole-body composition, retentions)

were, prior to statistical analysis, transformed using arcsine square root. Relative gene expression data

were transformed by a Box-Cox transformation. When conditions were met, a One-way ANOVA

followed by Tukey’s multiple-comparison test were used to identify differences among groups. If
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conditions were not verified, a non-parametric Kruskal-Wallis followed by a Dunn’s post-hoc pairwise
comparison test were performed instead. To identify specific differences in the relative gene
expression before and after the stress, a one-way ANOVA planned contrasts analysis (Myers et al.,
2010) was planned a priori. Here we planned the following contrasts: 1 — across all dietary treatments
at the end of the growth and challenge periods, to identify which relative genes expressions were
affected by the overcrowding event, regardless of the dietary treatment; 2,3,4 - each dietary treatment
independently (CTRL, ORG, ECO) at the end of the growth and challenge periods, to identify which
genes’ relative expression were significantly affected by the challenge period within each dietary
treatment. To complement such analysis and understand the overall response of fish, we followed an
integrative approach through an exploratory multivariate analysis. Here, we integrated the relative
expression of biomarkers associated with oxidative status, immune condition, intestinal epithelium
integrity and homeostasis in a principal component analysis (PCA) using RStudio (Boston, USA). Since
the PCAis an unsupervised exploratory technique, it was used to identify dataset underlying structures
that could reveal if there was an association between overall response to stress patterns and diets,
and also to highlight the main variables that had the most influence on the data. Accordingly, for the
PCA analysis, the standard prcomp function in R was applied to the auto-scaled matrices, while score
plots for the first two principal components (PC1 and PC2) were generated using the ggbiplot and
factoextra packages. PC1 and PC2 were chosen as the main principal components given that their eigen
values accounted for most of the dataset variability. The score plots included confidence ellipses
representing 95% confidence intervals around the centroid of each data cluster. The fviz_cos2 function
was used to view the quality of representation (cos2) of the variables in the principal components. The
scores from the retrieved principal components were further analysed as new variables, which
underwent a Box-Cox transformation and were subsequently analysed using a Student's t test to

identify differences between the growth and challenge periods. The level of significance considered
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was P < 0.05 for all statistical tests. Statistical analyses were performed using the computer package
IBM SPSS Statistics version 26.0 and RStudio version 4.2.
RESULTS

Apparent digestibility coefficients of diets

Nutrient and energy ADCs are presented in Table 4. Diet ORG showed significantly higher ADCs
of protein (p = 0.001) and phosphorus (p = 0.023) compared to the other feeds. Dry matter (p = 0.516),
lipids (p = 0.330) and energy (p = 0.999) were similar between ORG and CTRL. Diet ECO showed a
similar digestibility to diet CTRL regarding protein (p = 0.066) and phosphorus (p = 0.985), while dry
matter (p = 0.001), lipids (p = 0.001) and energy (p = 0.003) were significantly higher in CTRL.
Table 4 - Apparent digestibility coefficients (ADCs; %) of nutrients and energy of experimental diets

(CTRL, ORG and ECO) given to gilthead seabream (Sparus aurata) during the growth and challenge

periods.
Diets
CTRL ORG ECO p value
Dry matter (DM; %) 80.6 + 3.5° 79.2 +£3.1° 61.8+9.9° 0.003
Protein (%) 94.7 +1.1° 96.6 £ 0.5° 89.6 +2.9° 0.001
Lipids (%) 98.5+0.3° 98.3+0.2° 96.4 +0.7° 0.002
Phosphorus (%) 66.6 +9.0° 77.5+2.8° 67.2+7.8° 0.023
Energy (%) 94.0+1.3° 94.3+0.7° 86.4+3.7° 0.003

Data are presented as mean * standard deviation (n = 3). Different superscripts within the same row indicate
significant differences (Kruskal-Wallis; p < 0.05) between dietary treatments.

Growth performance, feed intake and somatic indices

All fish increased their initial body weight at least three-fold (Table 5). There were no statistical
differences regarding the relative growth rate (RGR; p = 0.061) among dietary treatments.
Nevertheless, the final body weight (FBW) of fish fed ECO and CTRL diets were higher than ORG fish (p
=0.002). A similar pattern was observed on the voluntary feed intake (VFI; p = 0.046) that consequently
reflected a higher feed conversion ratio (FCR; p = 0.046) in fish fed ORG compared to CTRL and ECO

fish (Table 5). The dietary treatments had no significant impact (p > 0.05) regarding the protein

128



Chapter Il

efficiency ratio (PER; p = 0.051), viscerosomatic index (VSI; p = 0.245), hepatosomatic index (HIS; p =
0.757) and condition factor (K; p = 0.174). Similarly, survival was high (>92%) and not affected by the
dietary treatments (p = 0.109).

Table 5 - Growth performance, feed intake and somatic indices of gilthead seabream (Sparus

aurata), after 65 days of feeding (growth period) with three different experimental diets (CTRL, ORG

and ECO).
Diets

CTRL ORG ECO p value
FBW (g) 47.8 +1.4° 42.6+0.3° 48.8 +1.6° 0.002
RGR (%.day™) 19+0.1 1.7+0.0 1.9+0.0 0.061
VFI (%BW.day™) 1.8+0.2° 1.4+0.0° 1.8+0.1° 0.046
FCR 1.1+0.1° 1.2+0.0° 1.1 +0.0° 0.046
PER 19+0.1 1.6 £0.0 1.9+0.1 0.051
VSI (%) 7.7+0.7 8.2+0.2 7.610.3 0.245
HSI (%) 1.1+0.1 1.2+0.1 1.2+0.0 0.757
K 1.4+0.0 1.5+0.0 1.5+0.0 0.174
Survival (%) 96.7+0.1 96.7+1.9 92.9+3.5 0.109

Data are presented as mean * standard deviation (n=3 replicates per dietary treatment). Different
superscripts within the same row indicate significant differences (one-way ANOVA; p < 0.05) between dietary
treatments. Abbreviations: FBW: Final body weight; RGR: Relative growth rate; VFI: Voluntary feed intake;
FCR: Feed conversion ratio; PER: Protein efficiency ratio; VSI: Viscerosomatic index; HSI: Hepatosomatic index,
K: Condition factor.

Fish whole body composition, retentions and phosphorus balance

Regarding data on fish whole-body composition and retentions, most of the nutrients or
energy showed no statistically significant differences among dietary treatments in the analysed
parameters (Table 6). The only exception was phosphorus retention, which was significantly higher in

fish fed ORG than those fed CTRL (p=0.033).
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Table 6 - Whole-body composition (% wet weight) and retention of nutrients and energy (%
digestible intake) in gilthead seabream (Sparus aurata), after 65 days of feeding (growth period)

with three different experimental diets (CTRL, ORG and ECO).

Diets
Initial CTRL ORG ECO p value

Whole body composition (% wet weight)

Dry matter (DM; %) 26.8+1.1 29.5+£0.2 30.2+0.8 30.1+0.4 0.308
Protein (%) 149+0.6 153104 15.8+0.2 15.8+0.2 0.066
Lipid (%) 7.0+£0.3 8.7+0.7 9.31£0.5 89+04 0.428
Ash (%) 3.9+0.0 42+04 4.4+0.3 4.2+0.2 0.697
Phosphorus (%) 0.9+0.0 0.8+0.1 1.0+0.1 1.0+0.1 0.073
Energy (k)/g) 5.8+0.1 6.5+0.2 6.9+0.3 6.7+0.1 0.208
Retention (% digestible intake)

Protein (%) - 28.1+2.1 25.8+0.9 27.8+t1.6 0.061
Lipid (%) - 489+6.4 47.1+24 48.2+1.6 0.434
Phosphorus (%) - 65.4+10.3° 78.6+7.6° 67.4+6.8" 0.033
Energy (%) - 28.7+2.2 27.2+1.6 27.7+1.4 0.362

Data are presented as mean + standard deviation (n = 3 pools per dietary treatment). Different superscripts
within the same row indicate significant differences (one-way ANOVA or Kruskal-Wallis; p < 0.05) between

dietary treatments.

The daily phosphorus balance is presented in Figure 1. The dietary treatments only had a
significant effect on the daily phosphorus faecal loss (p < 0.001). Fish fed with ECO diet had significantly
higher faecal phosphorus losses (79.0 + 2.0 mgP kg™ d™!) than those fed with CTRL (65.8 + 2.5
mgP kg™ d) and ORG (42.5 + 0.8 mgPkg™? d™). Phosphorus gain (p = 0.111) ranged from
163.0+18.3 mgP kg dlin the ECO treatment to 129.2 +19.6 mgP kg™ dlin the CTRL treatment.

Metabolic phosphorus losses were very small and comparable among diets (p = 0.972).
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Figure 1 - Daily phosphorus (P) balance (mg P/kg fish/day) in gilthead seabream (Sparus aurata),

after 65 days of feeding (growth period) with three different experimental diets (CTRL, ORG and
ECO). Data are presented as means + standard deviation (n = 3). Different letters indicate significant
differences (one-way ANOVA; p < 0.05) between dietary treatments among the same fraction.

Molecular biomarkers analysis

Most of the molecular biomarkers at the end of the growth period were not significantly
affected by the dietary treatments (Table 7). The exceptions were interleukin-18 (il-18) which was less
expressed in fish fed ECO than those fed CTRL (p = 0.040), immunoglobulin M (igm), where fish fed
ORG and ECO showed an up-regulation (p < 0.001) when compared to those fed CTRL and mucin 13
(muc13) which was more expressed in fish fed ECO when compared to both CTRL and ORG treatments
(p=0.004).

To analyze the effects of the challenge period, the planned contrasts for one-way ANOVA
revealed that the overcrowding stressful event significantly affected the relative expression of several
genes (Fig. 2). The first contrast compared the expression of all genes in all dietary treatments pre and

post stress, revealing that cat (p = 0.001), gpx (p < 0.001), il-16 (p < 0.001), igm (p < 0.001), cox2 (p =
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0.001), cldn12 (p = 0.004) and tjp2 (p < 0.001) were significantly down-regulated following the
challenge period. Fish fed the CTRL diet showed a down-regulation of il-18 (p = 0.001), while pcna was
up-regulated (p = 0.001) following the challenge period. Fish fed ORG had cat (p = 0.019), gpx (p =
0.021), igm (p < 0.001), cox2 (p = 0.026), cldni2 (p = 0.035) and tjp2 (p = 0.015) significantly
downregulated when comparing the expression values between fish sampled at the end of the growth
and challenge periods. Similarly, cat (p = 0.030), gpx (p = 0.002), il-18 (p = 0.019), igm (p < 0.001), cox2
(p =0.001), cldni2 (p = 0.032), tjp2 (p = 0.001) and oc/ (p = 0.002) in fish fed ECO had their relative

expression decreased after the stress event.

The PCA revealed that fish response was affected by the crowding environment (Fig. 3). When
assessing data structure through PCA, the PC1 and PC2 accounted for 58.3% of the dataset variability.
The PC1 alone accounted for 40.8% and was strongly related with stress (e.g., before and after stress
groups’ pattern distinguished along PC1). This was loaded mainly by the lower relative expression of
cat, gpx, il-18, cox2, cldn12, tjp2 and ocl mainly from fish fed ORG and ECO. This differential response
of fish before and after stress was confirmed with significant differences between the groups’ scores
(p < 0.001; supplementary data). When assessing the impact of each diet on the overall response
pattern before and after the stress based on the scores retrieved for each group, fish fed CTRL or ECO

diet had no differences, whereas fish fed ORG had different scores before and after stress (p = 0.048).
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Table 7 — mRNA relative expression of genes of the anterior intestine of gilthead seabream (Sparus

aurata) juveniles, after 65 days of feeding (growth period) with three different experimental diets

(CTRL, ORG and ECO).

Diets

CTRL ORG ECO p value
Oxidative Status (mRNA relative expression)
sod 1.0+£0.3 1.0£0.3 1.1+0.2 0.640
cat 1.5+1.3 20+1.3 1.9+0.9 0.559
gpx 0.9+0.5 1.0+ 0.8 1.3+0.8 0.468
nrf2 1.1+£0.6 0903 0.9+0.2 0.757
Immune Condition (mRNA relative expression)
il-186 1.0+0.3? 0.8+0.5% 0.6 +0.4° 0.040
igm 0.9 +0.6° 13.8+1.2° 13.2+1.0° <0.001
cox2 1.1+0.5 1.1+0.9 0.9+0.6 0.781
Epithelium Integrity (mRNA relative expression)
mucl3 1.1+0.4° 1.1+0.4° 1.8+0.4° 0.004
cldni2 1.2+0.7 14+1.1 1.0+04 0.962
tjp2 1.1+£0.6 1.8+1.2 1.7+1.0 0.353
ocl 1.2+0.7 1.6+1.1 1.9+0.7 0.330
pcna 1.1+04 1.2+0.3 1.2+05 0.564

Data are presented as mean + standard deviation (n = 9). Different letters indicate significant differences (one-

way ANOVA; p < 0.05) between dietary treatments. Abbreviations: sod: superoxide dismutase; cat: catalase;

gpx: glutathione peroxidase; nrf2: nuclear factor erythroid 2 — related factor 2; il-18: interleukin-1B; igm:

immunoglobin; cox2: cyclooxygenase-2; muc13: mucinl3; cldn12: claudin 12, tjp2: tight junction protein 2,

ocl: occludin; pcna: proliferating cell nuclear antigen.
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Figure 2 - Relative expression (mRNA relative expression) of genes encoding for a) oxidative status
(sod, cat, gpx and nrf2), b) immune condition (il-18, igm and cox2) and c) intestinal epithelium
integrity (mucl3, cldn12, tjp2, ocl and pcna) in the anterior intestine of gilthead seabream (Sparus
aurata) juveniles, after feeding with three different experimental diets (CTRL, ORG and ECO),

analysed pre- and post-stress. Data are presented as mean * standard deviation (n = 9). Different
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letters (CTRL — a and b, ORG — A and B, ECO — a and B) indicate significant differences (planned
contrasts one-way ANOVA; p < 0.05) between sampling periods (growth vs challenge) among the
same dietary treatment. Genes within lines on top with p value indicate significant differences
(planned contrasts one-way ANOVA; p < 0.05) between sampling periods (growth vs challenge)

while considering all dietary treatments. Molecular biomarkers abbreviations same as in Table 7.

Group

@ PrecTRL
. Post-CTRL
@ PreoRG
@ rostorRG
() PreECO
@ PostEcO

cos2

.08

08

PC2 (17.5%)

04

PC1 (40.8%)

Figure 3 - Score plot from the Principal Component Analysis (PCA) based on the relative gene
expression in the anterior intestine of gilthead seabream (Sparus aurata) juveniles, after feeding
with three different experimental diets (CTRL, ORG and ECO), analysed pre- and post-stress. The first
two principal components (PC1 and PC2) are shown on the axis. Scores were grouped by
experimental diet (CTRL, ORG, ECO), pre- and post-stress. Each point represents the projection of

an individual sample in the PC1 and PC2 axes. The ellipses represent 95% confidence intervals
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around the centroid (larger point) of each data cluster. Cos2 scale indicates variable loadings.
Abbreviations: Pre-CTRL, Post-CTRL, Pre-ORG, Post-ORG, Pre-ECO, Post-ECO: fish fed diet CTRL, ORG
or ECO, respectively, at the end of the growth (pre-) or challenge (post-) period. Molecular

biomarkers abbreviations same as in Table 7.

DISCUSSION

To attain a sustainable development, while ensuring the performance and robustness of
farmed organisms, aquaculture should formulate feeds considering alternative ingredients that align
with societal concerns. Additionally, these new formulations ideally should encompass ingredients that
could potentially aid to decrease the industry environmental footprint. In this study, diet formulations
based on organic or circular economy-driven frameworks were tested. At the end of the growth period
and regardless of the diet, fish health was maintained, based on the relative gene expression and
somatic indices, while achieving growth increases of at least three-fold. Although fish fed ORG showed
lower growth, the VSI, HSI and K were similar to those from CTRL and ECO fish, suggesting a proper
nutrition. Some of these values are slightly different from previous data on seabream fed alternative
and organic-based diets (Aragdo et al., 2020; Estruch et al., 2020; Tefal et al., 2023b). However, in the
present study, values were within the expected range and differences could be attributed to fish size,
experimental conditions and feeding regimes (Piccolo et al., 2007, 2017). Furthermore, there was no
clear evidence that the chronic overcrowding event negatively affected the overall fish stress response.
The experimental feeds were highly digestible, and no differences were observed in feed utilization
between experimental treatments. Feed intake is usually regulated by feed proximal composition and
palatability (Peng et al., 2016). Feeds were formulated to fulfil the known species nutritional
requirements, being isonitrogenous and isoenergetic. Moreover, although the fatty acid profile was
not evaluated, the values of eicosapentaenoic + docosahexaenoic acids (EPA+DHA), monounsaturated
(MUFA) and total polyunsaturated fatty acids (PUFA) were all estimated and considered during

formulation to fulfil the nutritional requirements in all diets. Accordingly, the potential effects of
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biochemical composition on the lower fish performance of fish fed ORG are unlikely. Therefore, feed

palatability appears to be the most possible cause for the reduced intake.

Particularly the inclusion of plant ingredients, might have been the main responsible for the
reduced ORG palatability, decreased intake and consequently lower growth. Compared with CTRL and
ECO feeds, ORG had higher amount of plant proteins. A reduction in feed intake and growth has been
observed when fish are fed with plant-rich feeds in gilthead seabream, European seabass
(Dicentrarchus labrax), channel catfish (Ictalurus punctatus) and Atlantic salmon (Salmo salar)
(Abasubong et al., 2021; Pérez-Pascual et al., 2020; Pratoomyot et al., 2010; Randazzo et al., 2023).
Conversely, a plant mixture did not alter or even increased intake and growth of juvenile seabream in
other studies (Aragdo et al., 2020; Dias et al., 2009; Monge-Ortiz et al., 2016). Different results can be
attributed to differences in fish size, formulations, ingredient processing and inclusion levels of plants
(Christopher et al., 2020; Estruch et al., 2020). Diet ORG could have had a bitter taste and astringent
properties, making fish avoid it as they can discriminate the presence of bitter flavours (Enami, 2010;
Morais et al., 2019; Puchol et al., 2022). In addition, the presence of antinutritional factors (ANFs;
tannins, phytic acid, saponin and gossypol), as well as changes in pellet properties (e.g., hardness,
colour) due to a higher inclusion of particular vegetables sources (e.g., spirulina, rapeseed meal) could
have also impacted feed palatability and intake (Hardy and Kaushik, 2021; Jiang et al., 2022; Krogdahl
et al., 2010; Pérez-Pascual et al., 2020). Regardless of the lower palatability of ORG, all experimental

feeds were highly digestible.

All ADCs of the experimental feeds were considered to be high and normal for the species,
with only ECO being less digestible than the other feeds, likely due to the inclusion of LAPs and algae
meal (NRC, 2012, 1993). LAPs must undergo harsh processing conditions (e.g., heat treatment) during
the rendering process that can affect digestibility (Hatlen et al., 2015). Moreover, LAPs can have a low
nutritional value, mainly due to presence of connective tissue, skin, high keratin content, and could

induce negative impacts on the activities of digestive enzymes, as they may contain protease and lipase
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inhibitors (Fasakin et al., 2005; Gisbert et al., 2018; Karapanagiotidis et al., 2019; Nengas et al., 1999;
Touhata et al., 2017). Literature has reported that Schizochytrium can affect lipid and protein
digestibility as it contains lipase and phospholipase inhibitors, as well as due to its complex cellulosic
cell wall integrity, which may not be efficiently disrupted during processing and feed production or can
resist digestion by digestive enzymes in the fish intestinal tract (Bitou et al., 1999; Kousoulaki et al.,
2015; Mayer et al., 1993; Zhang, 2013). Energy digestibility was likely indirectly affected by protein and
lipid ADCs, and was in agreement with other studies using alternative formulations (Pérez-Pascual et
al., 2020; Tefal et al., 2023a; Vale Pereira et al., 2023). Nevertheless, the observed ECO digestibility

differences did not affect feed utilization.

From the whole-body composition, and nutrient and energy retentions, only phosphorus
retention differed between dietary treatments, which may suggest that fish physiological mechanisms
efficiently utilized feed and metabolic functions remained unaffected by the dietary treatments. No
changes in body composition were observed when alternative and eco-organic feeds were fed to
gilthead seabream and red seabream (Pagrus major) (Gunathilaka et al., 2023; Tefal et al., 2023b). In
the case of ECO, it is likely that fish exhibited the ability to compensate for lower diet digestibility
through efficient metabolic processes (Fontinha et al., 2021; Psofakis et al., 2020). Similarly, a previous
study showed that a feed rich in LAPs also had lower protein digestibility, but showed increased
retention, no effects on the whole-body composition of juvenile seabream and resulted in better fish
growth than the control treatment (Aragdo et al., 2020). Similarly to feed utilization being unaffected

by the dietary treatments, fish robustness was also maintained.

At the end of the growth period, in agreement with overall performance, from all the assessed
markers, only the expression of il-18, igm, and mucl3 were affected by the dietary treatments,
suggesting that the experimental feeds maintained fish health status. The cytokine il-18 is involved in
early immune response to stress, so its downregulation in fish fed ECO could suggest a dampening of

a possible deteriorating health effect induced by the stressor (Harris and Bird, 2000; Mokhtar et al.,
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2023). Immunoglobulin is a class of antibodies produced by B cells, that trigger and play a crucial role
in early humoral immune regulation, tolerance and response against pathogens or environmental
stress (Estensoro et al., 2012; Mu et al., 2022; Salinas, 2015). In this sense, an increase in expression
of igm could suggest a stronger and enhanced adaptive immunity of fish fed ORG and ECO (Harris and
Bird, 2000; Mokhtar et al., 2023; Tort, 2011). A study reported an upregulation of igm in the anterior
intestine of juvenile seabream when fed a diet rich in LAPs (Naya-Catala et al., 2021). Mucin13 is
involved in protecting and lubricating the epithelial surfaces of various organs, including the intestine
(Adamek et al., 2017; Dhanisha et al., 2018; Maher et al., 2010). A higher expression of mucin13 in
ECO fish can indicate an enhancement of the barrier function of the mucosal surfaces and increased
protection of the intestinal epithelium against bacteria-, virus- or pH-derived damages, also
contributing to a thicker layer (Estruch et al., 2018; Lang et al., 2007; Naya-Catala et al., 2021; Pérez-

Sanchez et al., 2013). In addition to the growth period, fish were exposed to a chronic challenge event.

After a chronic challenge, planned contrasts and PCA analysis revealed distinct responses in
fish before and after the stress, however an overall downregulation of the genes may be just a new
allostatic equilibrium. In medium or long-term stressful situations, the relative expression of immune-
related, antioxidant and epithelium integrity genes were affected and decreased in the intestine of
common carp (Cyprinus carpio), darkbarbel catfish (Pelteobagrus vachelli), Atlantic salmon, rainbow
trout (Oncorhynchus mykiss) and gibel carp (Carassius gibel) (Dai et al., 2023; Dawood et al., 2022;
Goncgalves et al., 2019; Sundh, 2009; Wang et al., 2023). Stress is a immunosuppressor process in
chronic stressful periods, hence fish have a higher energy demand that is primarily directed towards
coping mechanisms (Tort, 2011; Tort et al., 2004). Therefore, it is common for the molecular machinery
responsible for oxidative stress management, immune modulation and intestinal barrier integrity to
reduce activity, as these processes are energy-demanding (Harris and Bird, 2000; Mokhtar et al., 2023;
Tort, 2011; Tort et al., 2004). Planned contrasts indicated that fish fed ECO and ORG diets had more

downregulated genes compared to fish fed CTRL, indicating a stronger downregulation following
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stress. At least in ECO feed, such differences could be related with the lower digestibility levels that
could result in lower energy available in stressed fish. However, when assessing the overall response
integrating all markers using the PCA analysis, it was not significantly different (PC1 scores not
significant before and after stress). Nevertheless, the health measurement in the present study was
only at the molecular level. Still, there was no indication that gene downregulation in fish fed ECO and
ORG feeds reflected in a less robust fish, particularly since fish continued to eat and grow, which
suggests that seabream were coping effectively with the stress. In the future, incorporating disease
response into similar studies would provide an additional perspective on fish health status. Besides

fish robustness, some of the possible environmental impacts of aquafeeds were assessed.

In addition to having no negative effects on fish performance and health, the experimental
feeds could provide some environmental consequences. ORG and ECO feeds exhibited a higher global
warming potential (GWP) than CTRL due to differences in feed composition. ORG and ECO had higher
inclusions of by-products and side streams (LAPs, salmon oil, brewer’s yeast and microbial meal), algae
(Arthrospira platensis and Schyzochytrium) and plant-based sources (e.g., potato protein concentrate,
wheat gluten, corn gluten meal), along with the reduced inclusion of marine ingredients (fishmeal, fish
protein hydrolysate and fish oil). LAPs, SCMs and plants can significantly contribute to carbon
emissions due to their production (e.g., fertilizer usage, risk of deforestation), processing (e.g.,
rendering, grinding, drying) and transport (Campos et al., 2020; Glencross et al., 2024; Maiolo et al.,
2020; Malcorps et al., 2019; Newton et al., 2023; Zortea et al., 2018). Atlantic Salmon, rainbow trout,
European seabass and meagre (Argyrosomus regius) feeds richer in plants, had a higher GWP than
others with a higher inclusion of marine resources (Boissy et al., 2011; Konstantinidis et al., 2021).
Other studies reported that marine ingredients have a remarkably low carbon footprint and are even
considered to be among the most sustainable of all global fisheries (Hilborn et al., 2022; Newton et
al., 2023; Parker et al., 2018). Although ORG and ECO showed a higher GWP, it may not necessarily

bring a higher environmental impact, as this topic includes many other variables (e.g., eutrophication,
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acidification, resource usage, land use) out of the scope of this study. Moreover, the GWP of LAPs,
SCMs and other ingredients with high energy requirements, tends to decrease dramatically when clean
and renewable energies, within the societal urge for decarbonization, are used (Bartek et al., 2021;
Glencross et al., 2024; Saracevic et al., 2019). In addition, despite the higher GWP, it is relevant to note
that the inclusion of particularly LAPs and SCMs, could indirectly improve system-wide performance,
valorise side streams and by-products from other industries, increase resource efficiency and reduce
waste (Agboola et al., 2021; Campos et al., 2020; Glencross et al., 2024; Jones et al., 2020). In fact,
phosphorus retention of fish fed diet ORG was higher than CTRL fed fish, which can be related with the
higher digestibility of diet ORG (Idris and Patang, 2023; Vale Pereira et al., 2023). Such improvement
in retention, could reduce the discharge of phosphorus into the environment, reducing potential

negative ecological issues (Chary et al., 2023).

CONCLUSIONS

This study showed that while the organic feed may slightly reduce fish performance, due to
lower intake and palatability, likely caused by plant ingredients, it still allowed fish to increase their
initial body weight three-fold, in line with the other dietary treatments. Despite the lower digestibility
of the eco-efficient feed, all feeds were easily digestible and efficiently utilized. In addition, metabolic
functions and fish health remained unaffected throughout the growth period, while overall fish
robustness to stress was not affected after the chronic stressful event. Although the novel feeds have
a higher GWP associated, they can promote system-wide performance and their environmental
footprint can be reduced depending on the type of substrate, carbon and energy sources used. In fact,
the organic feed can reduce phosphorus releases into the environment. Organic and circular economy-
driven feeds have potential to address consumer concerns and mitigate some of the potential

environmental impacts of aquaculture, without compromising fish performance and robustness.
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4. General Discussion

Aquaculture is an essential sector to ensure global food security that must prioritize
sustainability while considering its environmental, economic and social impacts. Circular economy-
driven and organic aquafeeds address some environmental and ethical concerns that currently can
hamper the development of the industry. In addition, these feeds align with consumers preferences
and comply with national and international policies and priorities, including those of the EU.
Nonetheless, before a full commercial implementation, these feeds require a comprehensive
evaluation of their environmental footprint and impacts on the performance and robustness of farmed
organisms. This PhD thesis has undertaken an holistic approach investigating the feeding behaviour
(Chapter 1), performance and feed intake (Chapter I, Il and Ill), feed digestibility (Chapter Il and 1l1),
feed utilization (Chapter Il and 1ll) and robustness (Chapter Il and Ill) of Nile tilapia and gilthead
seabream fed circular economy-driven or organic feeds. Additionally, the global warming potential of

such feeds was assessed (Chapter Ill).

4.1. Feeding behaviour

Assessing fish dietary preferences is a novel approach to investigate feed acceptance, since fish is
asked to freely choose their preferred diet. In Chapter |, using self-feeders, Nile tilapia exhibited a
dietary preference for a specific feed formulated with alternative ingredients (e.g.., spirulina,
sunflower, quinoa, rapeseed, lupins) that address some of the current environmental concerns and/or
ethical issues associated with traditional commercial formulations. This preference was based on fish
nutritional needs (post-ingestive and/or post-absorption) and regardless of feed organoleptic
characteristics (texture, flavour and odour) (Fortes et al., 2016). Additionally, tilapia avoided feeds with
a slight reduction of methionine, revealing that fish can sense in detail the nutritional composition of
the diets. Conversely, in the self-selection trial, gilthead seabream showed no feed preferences
(Chapter 1), which could be due to absence of major differences in taste, smell and texture of the diets

or an incapability of noticing any differences. However, these results indicate that self-feeding trials
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should be included during the initial screenings of alternative feed ingredients as they allow fish to

express their natural feeding behaviours and provide valuable insights on feed regulation and intake.

4.2. Fish performance and feed intake

Feed intake significantly impacts various aspects of aquaculture production, including fish growth
and health, being affected, among others by feed formulation. Underfeeding may result in increased
aggression among individuals, lower performance and lead to wellbeing concerns, while overfeeding
results in feed waste and higher feed conversion ratios (Fgre et al., 2016; Huntingford et al., 2012). In
Chapters Il and lll, two feed concepts (ORG - based on ingredients compatible with organic certification
and ECO - formulated using circular economy-driven emergent ingredients including by-products from
fisheries, aquaculture and agriculture) were tested for Nile tilapia and gilthead seabream. In Chapter
I, tilapia significantly reduced their intake of the ORG feed, which contained quinoa and spirulina,
compared to the control diet. This contrasted with the self-feeder trial (Chapter 1), where tilapia
preferred feeds containing both ingredients. Such discrepancy between trials could have been due to
various factors such as experimental conditions, fish developmental stage, ingredient batches, feed
formulations and feeding regimes. In Chapter lll, gilthead seabream fed with ORG (with spirulina) and
ECO (no spirulina or quinoa) feeds, only had a lower intake of ORG compared to fish fed CTRL or ECO
feeds. In both species, the lower intakes were likely related with a reduced feed palatability, and/or
bitter nature of the feeds, due to the inclusion levels of specific ingredients, including quinoa, rapeseed
meal, spirulina and plant sources, or their combination with the other ingredients included. In the case
of tilapia, the inclusion levels are a strong variable as during the growth trial (Chapter Il), fish fed ECO,
which contained quinoa, rapeseed meal and spirulina as in ORG, but in a lower amount, had a similar
intake to those fed CTRL. In turn, the feed intake affected fish performance in both trials, but with
distinct degrees of severity.

For novel fish feeds to be used commercially, they must maintain or enhance fish performance,
which is fundamental for farm profitability. Nile tilapia fed ORG had lower growth compared to fish fed
CTRL, likely due to reduced feed intake (Chapter Il). Nevertheless, the growth of fish fed ECO was not
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significantly different from the control treatment. For gilthead seabream, only the ORG feed resulted
in slightly lower performance, while the ECO feed sustained an equal growth to fish fed the control
diet (Chapter Ill). Other studies using alternative eco-efficient or organic-based ingredients have also
reported distinct effects on performance (Aragdo et al., 2020; Estévez and Vasilaki, 2023, 2023; Naya-
Catala et al., 2021; Pérez-Pascual et al., 2020; Petereit et al., 2022; Tefal et al., 2023a, 2023a; Vale
Pereira et al., 2023). Different results can be attributed to differences in fish species, sizes,
formulations, ingredient batches and processing, experimental conditions and feeding regimes
(Christopher et al., 2020; Estruch et al., 2020). In any case, the reduced performance was not related

with nutritional deficiencies or feed digestibility.

4.3. Feed digestibility

Feed digestibility affects growth, ensures efficient nutrient utilization and impacts feed metabolic
waste. In Chapters Il and lll, feed digestibly was assessed for tilapia and gilthead seabream feeds.
Although some eco-efficient feeds had reduced digestibility compared to the control diets, the
apparent digestibility coefficients remained high, indicating that the novel formulations were easily
digestible and unlikely to have negatively impacted fish performance. The causes of a slightly reduced
digestibility can be challenging to identify; however the incorporation of LAPs, plants and microalgae
could have played a role. Regardless of the feed ADCs, feed utilization was mainly affected when feed

intake was reduced.

4.4, Feed utilization

Whole body composition and nutrient/energy retention provide information about fish
metabolism and feed utilization efficiency, which affect metabolic nutrient waste. In Chapter Ill,
gilthead seabream showed differences only in phosphorus retention between dietary treatments,
while whole-body composition and nutrient/energy retention of tilapia were negatively affected by
the ORG and ECO feeds (Chapter Il). The reduced feed utilization in tilapia, was most likely directly
related with the reduced feed intake, “forcing” the fish to oxidize their lipid reserves, which

consequently affected energy composition. Notably, protein content was only slightly reduced,
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indicating that tilapia were primarily eating feed to maintain weight. Despite these effects on feed

utilization, fish robustness may have not been compromised.

4.5. Fish robustness and somatic indices

Nutrition should maintain/enhance fish robustness, ensure welfare (addressing consumers
concerns) and allow them to cope with adverse situations that may occur during the production cycle.
Based on the assessed biomarkers for immune condition, oxidative status and gut epithelium
integrity/permeability, fish health was barely affected by the ORG and ECO feeds (Chapters Il and Ill).
In the tilapia trial (Chapter Il), from the eleven analysed biomarkers, only glutathione reductase, an
important biomarker for oxidative status, was affected by the dietary treatments, being upregulated
in fish fed ECO compared to those fed the control diet. This upregulation could have been induced by
the antioxidant properties of quinoa and spirulina. Changes in only one biomarker, likely suggest that
fish health was not significantly affected by the alternative feeds. In the gilthead seabream trial
(Chapter lIl), the relative gene expression of molecular biomarkers of the anterior intestine were
assessed at the end of the growth period and after exposure to a challenge period (overcrowding). Fish
health and robustness were maintained in the growth and challenge periods. Although in the latter
period an overall downregulation of many genes occurred, it likely does not necessarily indicate a
declined fish health and may be just a new allostatic equilibrium. Other studies have also observed
effects on fish health, induced by alternative feeds, in European seabass (Dicentrarchus labrax),
yellowtail kingfish (Seriola lalandi), and rainbow trout (Oncorhynchus mykiss) (Dam et al., 2020;
Estruch et al., 2018; Lazzarotto et al., 2018; Naya-Catala et al., 2021; Torrecillas et al., 2017). For
example, adult gilthead seabream, fed with a strict plant protein-based diet, had a lower expression in
genes related to pro-inflammatory response and immune condition (Estruch et al., 2018). Feeds based
on processed animal proteins, insect meal, yeast and microbial biomasses, fed to juvenile seabream,
induced inflammatory systemic markers (Naya-Catala et al., 2021).Besides the biomarkers, fish somatic

indices and condition factor where only slightly affected by the experimental feeds.
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VSI, HSI, and K can be used to understand if fish are receiving adequate nutrition and serve as an
indicator of fish welfare. Although gilthead seabream fed the ORG diet showed slightly lower
performance, the somatic indices and condition factor were similar to those of fish fed the CTRL and
ECO diets (Chapter lll). Regarding tilapia, the VSI and HSI were similar to those of fish fed the CTRL and
ECO diets, while K was only slightly reduced in fish fed ORG compared to the other dietary treatments,
despite the reduced performance (Chapter Il). This small decrease may indicate that tilapia ate
primarily to maintain their body weight and survive. Since there were no other changes in the indices,
it may indicate that the physiological functions and health of tilapia may not have deteriorated.
Furthermore, the VSI, HSI, and K for both species were normal and similar to previous published data
(Aragdo et al., 2020; Asmamaw et al., 2019; Estruch et al., 2020; Ighwela et al., 2011; Keyombe et al.,
2017; Piccolo et al., 2017, 2007; Tefal et al., 2023b). Differences among studies can be the result of
distinct fish size, developmental stage, experimental conditions, feed formulations and feeding

regimes (Piccolo et al., 2007, 2017).

4.6. Feeds’ global warming potential

Estimating aquafeeds' GWP provides a glimpse of their total environmental impact, which is
relevant for consumers and stakeholders, as well as sustainable aquaculture development. In Chapter
11, the GHG emissions of seabream feeds were as follows: the ORG feed (1961 kg CO2 eq/ton product)
had the highest GWP, followed by ECO (1550 kg CO2 eq/ton product) and CTRL (1407 kg CO2 eqg/ton
product) diets. A similar assessment for tilapia feeds showed a slightly different scenario, where the
ORG feed had the highest CO, emissions (1991 kg CO, eq/ton product), followed by the CTRL (1918 kg
CO; eq/ton product) and ECO (1774 kg CO, eqg/ton product) feeds (Mendes et al., unpublished data).
Plant sources (e.g., pea protein concentrate, wheat, rapeseed meal, sunflower meal, whole peas) were
the main ingredients for both species and were also the primary contributors to total GWP (Fig. 1).
Plants are associated with deforestation, transportation, processing, as well as heavy use of energy-
intensive fertilizers, herbicides, and pesticides, all of which contribute to the carbon footprint

(Glencross et al., 2024; Malcorps et al., 2019; Newton et al., 2023; Zortea et al., 2018). A higher GWP

165



General Discussion

in plant-based feeds has also been noted in aquafeeds for Atlantic salmon, rainbow trout, European
seabass and meagre (Boissy et al., 2011; Konstantinidis et al., 2021). Nevertheless, the GWP is only
one of the several aspects (e.g., eutrophication, acidification, resource usage, land use) that a LCA can
determine (Glencross et al., 2024; Newton et al., 2023). Hence, the higher GWP of the socially-
acceptable feeds tends to bring, but does not necessarily mean, greater environmental impacts.
Besides, the GWP of SCMs, LAPs and other ingredients that require energy-demanding processes, are
highly dependent on the type of energy sources used (Bartek et al., 2021; Glencross et al., 2024). In
the context of innovation and decarbonization of society, more greener energies are likely to be used,

thus likely reducing the GWP.
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Figure 1 — Contribution of each type of ingredient for the total GWP (kg CO, eq/ton product) of a)
tilapia and b) gilthead seabream feeds (CTRL, ORG and ECO).

This PhD Thesis provides a broaden evaluation and understanding of the acceptability,
digestibility, utilization, effects and global warming potential of novel organic or circular economy-
driven feeds on Nile tilapia and gilthead seabream aquaculture. This holistic approach highlighted the
potential trade-offs between the environmental impacts and physiological responses of farmed

organisms to alternative aquafeeds, which are crucial for the sustainable development of aquaculture.
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5. Conclusions & Future Perspectives

This PhD Thesis attained the following conclusions:

1. Nile tilapia showed an ability to self-select a diet, expressing their feeding behaviour.
Therefore, self-selection experiments may be considered as a possible tool for an initial

screening of new aquaculture feed ingredients (Chapter I).

2. The socially-acceptable feed formulations induced extreme effects on the voluntary feed
intake of Nile tilapia, due to reduced palatability, and resulted in poor feed utilization.
Nevertheless, diet digestibility was high and the impact was only noted in fish performance,

but not on robustness (Chapter Il).

3. For gilthead seabream, the organic and circular economy-driven feeds were easily digestible
and efficiently utilized by the fish, ensuring good fish performance and robustness, even after

a chronic stressful event (Chapter Ill).

4. The organic and circular economy-driven tilapia feeds, and the organic seabream feed had
the highest GWP. However, in the long-term, such diets may promote a better system-wide

performance (Chapter Ill).

The main findings of this PhD Thesis suggested several approaches to deepen the tailoring of
aquafeeds, so to become increasingly sustainable. Feed formulations can be optimized by carefully
selecting ingredients and setting limits to their inclusion levels, incorporating distinct combinations of
protein sources or adding feed attractants to enhance feed palatability and acceptability. Analysing the
fatty acid profiles and the digestibility of individual ingredients could provide more accurate insights
about feed utilization and overall digestibility. Assessing other environmental impacts of feed
ingredients, including eutrophication, acidification, resource usage and/or land use, would provide a
more holistic view of the environmental footprint of aquafeeds. Furthermore, when determining the
environmental impacts of the feed ingredients, it should be a priority that the assessments are carried

out using the same rules and framework, to minimize the variations and uncertainty, especially if the
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data are received from external sources. In the future, it is recommended that more self-feeding and
growth studies should be conducted on other commercially important species (e.g., salmon and carp)
in response to alternative aquafeeds, as such studies would take into account the differences in the
species’ digestive systems, physiological responses, metabolic rates and feeding behaviours. To allow
the inclusion of alternative ingredients, additional funding, better regulatory frameworks, increased
consumer acceptance and education, enhanced cost-effective production and processing techniques,
as well as more access to renewable energies would be beneficial. Ultimately, a holistic and transparent
approach that balances the nutrition, feeding behaviour, performance and robustness of farmed
species with the environmental, social and economic sustainability of aquaculture is necessary to
ensure the long-term development of the sector, as a vital source of animal protein for the booming

global population.
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8. Resumen en Castellano

El objetivo de esta tesis doctoral es desarrollar un conjunto de piensos basados en la economia
circular (ecoeficientes) o en marcos organicos que incluyan, en particular, harinas vegetales no
tradicionales (p. ej., girasol, quinoa, colza, altramuces), subproductos de animales terrestres (p. €j.,
harinas de sangre, plumas y aves), subproductos del mar (p. ej., concentrado de proteinas de pescado,
aceite de salmén), harinas de insectos (p. ej., mosca soldado negra, Hermetia illucens, o gusano de la
harina, Tenebrio molitor) y microorganismos unicelulares (p. ej., bacterias, cianobacterias, microalgas
y levaduras). Ademas, se investigé el potencial de calentamiento global, asi como la aceptacion y los
efectos (p. €j., en la ingesta de alimentos, el crecimiento, la salud intestinal, la condiciéon inmunoldgica
y el estado oxidativo) de estos peinsos innovadores, utilizando dos especies de acuicultura
comercialmente relevantes, la tilapia del Nilo (Oreochromis niloticus) y la dorada (Sparus aurata). Asi,

se persiguieron los siguientes objetivos especificos:

1) Formular una nueva generacién de piensos organicos o ecoeficientes para peces que respondan
a las preocupaciones de la sociedad y reduzcan el uso de ingredientes tradicionales para piensos (p.

ej., recursos marinos y soja) (Capitulos I, Il y Ill).

2) Investigar el comportamiento alimentario de la tilapia del Nilo y la dorada, asi como sus
preferencias por la nueva generacién de piensos organicos o ecoeficientes, utilizando una metodologia

de autoseleccion (alimentadores a demanda) (Capitulo I).

3) Evaluar la digestibilidad de las dietas y sus efectos sobre los indicadores clave de rendimiento
(aumento de peso, indice de conversidn alimentar, ingesta de alimento), la robustez de los peces (salud
intestinal, estado inmunitario y estado oxidativo) y la utilizacién del alimento (composicién corporal,
retencién) en juveniles de tilapia del Nilo y dorada, mediante estudios experimentales a largo plazo

(Capitulos Il y 111).
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4) Evaluar el potencial de calentamiento global (GWP) de los nuevos piensos un LCA con asignacion

econdmica (Capitulo IlI).

Esta Tesis Doctoral se ha realizado con el apoyo de una ITN Industrial (EASYTRAIN) y con la
supervision principal de un socio industrial (SPAROS), lo que ha garantizado la aplicacidn directa de los
resultados por parte de la industria. Los resultados de esta investigacion proporcionaran una
evaluacion exhaustiva de los efectos y las repercusiones medioambientales de piensos acuicolas
socialmente aceptables. En general, esta tesis doctoral arrojara luz sobre la nutricién, comportamiento
alimentario, fisiologia y salud de los peces de acuicultura alimentadas con estos nuevos piensos, asi

como sobre su huella medioambiental.

Para cumplir estos objetivos se desarrollaron diversos experimentos que aparecen organizados en

3 capitulos experimentales, los cuales aparecen resumidos a continuacion.

Capitulo I: Autoseleccion alimentaria de la tilapia del Nilo y la dorada con piensos alternativos

Las evaluaciones cldsicas de los nuevos piensos para peces son antropocéntricas y se centran
principalmente en el crecimiento. Aunque esta metodologia es precisa, no tiene en cuenta la
perspectiva de los peces. El objetivo de este estudio era investigar las respuestas conductuales y las
preferencias alimentarias de la tilapia del Nilo (Oreochromis niloticus) y la dorada (Sparus aurata)
mediante un ensayo de autoseleccidon con alimentadores a demanda. A ambas especies se les
ofrecieron tres piensos: uno de control (PD) de tipo comercial y dos dietas (ORG1 y ORG2) formuladas
con diferentes inclusiones de ingredientes alternativos para abordar algunas de las actuales
preocupaciones medioambientales y/o cuestiones éticas a menudo asociadas con las formulaciones
comerciales. Se probaron tres grupos de tilapias con un peso medio de 163.0 g + 4.3 g (media + DE) y
cuatro grupos de doradas con 174.7 g + 27.0 g. La tilapia mostré preferencia por el ORG2 (46.5%),
influida por las propiedades sensoriales del alimento y las sefiales posteriores a la ingestidn. La dorada
no mostrd preferencia por ningln alimento. Estos resultados ponen de relieve la eficacia de los

experimentos de autoseleccidn para permitir a los peces expresar su comportamiento alimentario y
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sus preferencias. Por lo tanto, este enfoque deberia tenerse en cuenta en la seleccidn inicial y el disefio
de nuevos piensos e ingredientes para la acuicultura.

Capitulo Il: Las formulas de piensos socialmente aceptables pueden influir la ingesta voluntaria de
alimento y el crecimiento, pero no la robustez de la tilapia del Nilo (Oreochromis niloticus)

La sociedad es cada vez mas exigente con la huella medioambiental de la acuicultura, el uso
de recursos y el bienestar de los animales. Para mitigar estas preocupaciones, las férmulas de los
piensos podrian basarse en ingredientes ecoeficientes (basados en la economia circular) u organicos.
El objetivo de este estudio era investigar el rendimiento, la utilizacién del alimento y el estado de salud
de los juveniles de tilapia del Nilo (Oreochromis niloticus) alimentados con estos nuevos piensos. El
ensayo de crecimiento durd 8 semanas y los peces tenian un peso inicial de 31.0 + 0.5 g (media * DE).
Los peces fueron alimentados hasta la saciedad visual, por cuadruplicado, con uno de los tres piensos
experimentales isonitrogenados e isoenergéticos: un pienso de tipo comercial sin harina de pescado
(PD), una dieta basada en ingredientes compatibles con la certificacién ecoldgica (ORG) o un pienso
formulado utilizando subproductos e ingredientes emergentes impulsados por la economia circular
(ECO). Los peces alimentados con ECO mostraron una tendencia a la disminucién de la ingesta de
alimento, mientras que los peces alimentados con ORG redujeron significativamente su ingesta en
comparacién con los alimentados con PD. En consecuencia, los peces alimentados con ECO mostraron
casi la mitad de crecimiento que los alimentados con PD, mientras que los peces ORG practicamente
no aumentaron de peso. Las dietas ECO y ORG presentaron una digestibilidad mas baja de proteinas,
lipidos y energia que las dietas PD. La utilizacién del alimento de los peces alimentados con ECO u ORG
también fue inferior a la de los alimentados con PD. De los genes relacionados con la salud analizados,
sélo la glutatién reductasa (gsr) mostré diferencias estadisticamente significativas, siendo mas
expresada en los peces alimentados con ECO que en los alimentados con PD. Asi pues, aun cuando
tales formulaciones novedosas indujeron efectos extremos en la ingesta voluntaria de alimento, su

impacto solo se dejé notar en el crecimiento de los peces, pero no en su robustez.
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Capitulo II: Impacto de la alimentacion ecoldgica y basada en la economia circular en el rendimiento
y la robustez de juveniles de dorada (Sparus aurata)

Para adaptarse a las demandas de la sociedad, la acuicultura necesita mejorar el huella
medioambiental de sus piensos, garantizando al mismo tiempo la salud de los organismos cultivados.
Con este objetivo, las formulaciones novedosas podrian basarse en ingredientes orgdnicos o
impulsados por la economia circular. El objetivo de este estudio era evaluar el potencial de
calentamiento global (GWP) y la digestibilidad de dichos piensos, asi como sus efectos sobre el
rendimiento, la utilizacién de los alimentos y el estado de salud de los juveniles de dorada (Sparus
aurata) en condiciones de crecimiento y tras la exposicién a un desafio (hacinamiento). Se formularon
tres dietas experimentales isonitrogenadas e isoenergéticas: un pienso de control (CTRL) de tipo
comercial; una dieta ecoldgica (ORG) basada en ingredientes compatibles con la certificacidon
ecoldgica, con inclusion limitada de proteinas animales; y un pienso ecoeficiente (ECO) que utilizaba
subproductos impulsados por la economia circular, con inclusién limitada de harina de pescado. El
GWP de cada pienso se calculé utilizando la metodologia de Evaluacion del Impacto del Ciclo de Vida
con asignacidon econdmica. Se alimenté a juveniles de dorada tres veces al dia, por triplicado, seguin
una tabla de alimentacién durante un periodo de crecimiento de 9 semanas y un periodo de desafio
de 2 semanas, con una densidad inicial de 12.5 kg/m? (a partir de 8 kg/m? al final de la fase de
crecimiento). Aunque al final del periodo de crecimiento el peso corporal final fue mayor en los peces
alimentados con las dietas CTRL y ECO que en los alimentados con ORG, todos los peces aumentaron
su peso corporal inicial al menos tres veces. La salud de los peces se mantuvo durante el periodo de
crecimiento y la resistencia general al estrés no se vio afectada tras el evento estresante créonico. Todos
los alimentos se utilizaron eficazmente y presentaron coeficientes de digestibilidad altos y normales.
A pesar de tener un GWP mas alto, los piensos ORG y ECO pueden proporcionar beneficios
medioambientales, y en particular los peces ORG pueden aumentar la retenciéon de fésforo. Los

piensos organicos y de economia circular tienen potencial para responder a las preocupaciones de los
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consumidores y disminuir algunos de los impactos ambientales de la acuicultura, al tiempo que
garantizan un buen rendimiento y robustez de los peces.
Basado en los resultados obtenidos de los capitulos experimentales, esta tesis doctoral alcanzé

las siguientes conclusiones:

1) La tilapia del Nilo mostré una capacidad para seleccionar su dieta, expresando su
comportamiento alimenticio. Por lo tanto, los experimentos de auto demanda pueden
considerarse una herramienta posible para una evaluacion inicial de nuevos ingredientes para

alimentos en acuicultura (Capitulo I).

2) Las formulaciones de alimentos socialmente aceptables indujeron efectos extremos en la
ingesta voluntaria de alimento de la tilapia del Nilo, debido a la reduccién de la palatabilidad,
lo que resulté en una pobre utilizacion del alimento. No obstante, la digestibilidad de la dieta
fue alta y el impacto solo se observd en el rendimiento del pez, pero no en su robustez

(Capitulo 1).

3) En el caso de la dorada, los alimentos basados en la economia circular y organica fueron
facilmente digestibles y eficientemente utilizados por los peces, asegurando un buen

rendimiento y robustez incluso después de un evento de estrés crénico (Capitulo IlI).

4) Los alimentos para tilapia basados en la economia circular y organica, asi como el alimento
organico para dorada, presentaron el mayor GWP (potencial de calentamiento global). Sin
embargo, a largo plazo, tales dietas pueden promover un mejor rendimiento a nivel de sistema

(Capitulo 1lI).

Los principales hallazgos de esta Tesis Doctoral sugieren varios enfoques para profundizar en
la personalizacion de los alimentos para acuicultura, con el fin de que sean cada vez mas sostenibles.
Las formulaciones de alimentos pueden optimizarse seleccionando cuidadosamente los ingredientes

y estableciendo limites en sus niveles de inclusidn, incorporando combinaciones distintas de fuentes
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de proteinas o afadiendo atrayentes alimentarios para mejorar la palatabilidad y aceptacién de los
alimentos. Analizar los perfiles de acidos grasos y la digestibilidad de los ingredientes individuales
podria proporcionar una visidn mas precisa sobre la utilizacién de los alimentos y su digestibilidad
global. Evaluar otros impactos ambientales de los ingredientes de los alimentos, incluyendo la
eutrofizacion, la acidificacion, el uso de recursos y/o el uso del suelo, proporcionaria una vision mas
holistica de la huella ambiental de los alimentos para acuicultura. Ademads, al determinar los impactos
ambientales de los ingredientes alimentarios, deberia ser prioritario que las evaluaciones se realicen
utilizando las mismas reglas y marco, para minimizar las variaciones y la incertidumbre, especialmente
si los datos provienen de fuentes externas. En el futuro, se recomienda que se realicen mds estudios
de auto-alimentacién y crecimiento en otras especies de importancia comercial (por ejemplo, salmdén
y carpa) en respuesta a alimentos alternativos para acuicultura, ya que dichos estudios tendrian en
cuenta las diferencias en los sistemas digestivos, respuestas fisioldgicas, tasas metabdlicas vy
comportamientos alimenticios de las especies. Para permitir la inclusién de ingredientes alternativos,
serian beneficiosos un mayor financiamiento, mejores marcos regulatorios, una mayor aceptacion y
educacion por parte del consumidor, técnicas de produccion y procesamiento mas rentables, asi como
un mayor acceso a energias renovables. En Ultima instancia, un enfoque holistico y transparente que
equilibre la nutricién, el comportamiento alimenticio, el rendimiento y la robustez de las especies
cultivadas con la sostenibilidad ambiental, social y econdmica de la acuicultura es necesario para

asegurar el desarrollo a largo plazo del sector, como una fuente vital de proteina animal.
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